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Ab-initio density functional theory study
of a WO3; NHj3-sensing mechanism*
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WOs3 bulk and various surfaces are studied by an ab-initio density functional theory technique. The band structures

and electronic density states of WO3 bulk are investigated. The surface energies of different WO3 surfaces are compared

and then the (002) surface with minimum energy is computed for its NH3 sensing mechanism which explains the results

in the experiments. Three adsorption sites are considered. According to the comparisons of the energy and the charge

change between before and after adsorption in the optimal adsorption site O1¢, the NH3 sensing mechanism is obtained.
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1. Introduction

The detection of gas molecules relevant to chem-
ical and biochemical processes is of critical impor-
tance in industrial, environmental and medical mon-
itoring. In practice, solid-state gas sensors are com-
monly utilized for the monitoring task.[? Semicon-
ducting metal oxide materials have attracted consid-
erable attention during the past decade because of
advantages such as their chemical sensing property
and great compatibility with microelectromechani-
cal processing.>~®! Among the metal oxides which
change their electrical resistance properties under re-
action with surrounding gases, WO3 was considered
as one of the most promising materials for ammonia
detection.[® As a consequence, the understanding of
the surface reactions at the solid—gas interface was the
object of several studies, aimed to improve the WOj3
electrical response.!”] However, the sensing mechanism
was argued based on experimental phenomena.® To
reveal the mechanism of gas sensors, theoretical cal-
culations are an effective way to model the physi-
cal and chemical properties of complex solids at an
atomic level as a complement to experimental work.
As for WO3 nanomaterial, there are few reports on

WOj3 crystal model computation and surface sensing
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mechanism; although its sensing properties have been
well studied for several years.[=11 Thus, a theoretical
study on WOg surface properties is of significance for
the development of relevant experiments.

In this paper, a WO3 bulk model is built and op-
timized. Then we perform periodic density functional
theory total energy calculations to study the energet-
ics of WOj3 surfaces by using the slab model. Consid-
ering that the surface with minimal energy is best to
crystallize, we investigate the NHs-sensing mechanism

of the surface with the lowest energy.

2. Computational details

2.1. Method

We performed a first-principle calculation based
on spin-polarized DFT.[213] All calculations were
carried out by using the Cambridge sequential total
energy package (CASTEP)['415] in Materials Studio
(Version 4.4) of Accelrys Inc. The widely used lo-
cal density approximation (LDA) with the exchange
correlation functional parameterized by Ceperley and
Alder (CA-PZ) was adopted.'®! The cutoff energy
of the plane waves was set to be 310 eV. For the

surface calculation, the cutoff energy of the plane
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waves was 340 eV. The Brillouin zone integration
was performed using a 3x4x1 Monkhorst—Pack grid.
The convergence criteria for structural optimization
and energy calculation were set to be medium qual-
ity with tolerance for self-consistent field (SCF), en-
ergy, maximum force and a maximum displacement of
2.0x107% eV /atom, 2.0x107° eV /atom, 0.05 eV/A,
and 2.0x1073 A (1 A=0.1 nm), respectively. A Fermi

smearing of 0.1 eV was utilized.

2.2. Model

Based on experiment data,’” WO3; monoclinic

crystal was built and optimized. The surfaces were

obtained by cleaving WOj3 crystal and represented by
one upper layer with relaxation, while two lower layers
were fixed to simulate the bulk layers. In order to re-
duce the interaction of the close periodical image, the
unit cell was doubled with a 15-A vacuum slab placed
on it. Some low-indexed (001), (100), (101), (010),
(020), and (002) surfaces were studied; the models
of these surface are shown in Fig. 1. The surfaces
were simulated within slab geometries and for all ori-
entations the slabs were based on (1x1) geometries.
3x4x1 k-point grids were used. After comparison of
the surface energies, we selected the surface with the
lowest energy as a model to calculate NH3 adsorption

properties.
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Fig. 1. Low-indexed WO3 surface models (light balls represent W atoms; dark balls represent O atoms).

For the n-type semiconductor, band gap E; is de-
fined as!®!

Eg = Ec - Eva (1)

where E. and E, represent the lowest unoccupied and
the highest occupied levels, respectively. As Fr varies
between E. and (1/2)(E. + E,) for n-type semicon-
ductors, Er is considered to be at LDA mid-gap in
this paper.

We used the surface energy method to predict the
surface energetics of WOj3. The surface energy is cal-
culated from the difference between the total energy
in the bulk per unit surface area and the energy of the
surface ions'®19 as shown below

Egurt = (Egtab — nEpuik) /A, (2)

where FEgu¢ is the surface energy, Ejgap is the total
energy per repeated slab supercell, Eyx is the en-

ergy per unit cell in the bulk, n is the number of unit
cells and A is the total surface area per repeated unit.
For a crystal in equilibrium with its surroundings, the
surface energy must be minimal for a given volume.
Hence the surface morphology has an important ef-

fect on surface energy.

3. Results and discussion

3.1. Properties of bulk WO;
3.1.1. Geometric structure of WQO3

WOj3 crystallizes in the primitive anorthic system
with space group P21/C. The calculated structural
parameters and bond lengths of bulk WOg3 are given
in Table 1. It is found that the bulk structures of WO;5

are well reproduced. The calculated result is in good
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agreement with the experimental result.!”] The atom

periodic arrangement is shown in Fig. 2.

Table 1. Optimized structure parameters of WO3s bulk.

Lattice parameters/A Cell angles/(°)

a = 5.278604 a = 90.000000
b = 5.123629 8 = 90.931293
¢ = 7.659448 ~ = 90.000000
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Fig. 2. Model of WO3 (light balls represent W atoms;
dark ones mean O atoms).

3.1.2. Band structure and electronic state of
WO;

The band structure and partial density of states
(PDOS) are shown in Figs. 3 and 4.
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Fig. 3. (a) Band structure and (b) partial density of state
(PDOS) of the bulk WOs3.

The total bulk energy was calculated to be
—25994.4043 eV, the band gap 1.446 eV and Fermi
energy 3.2619 eV. The figure of the band structure
also shows that WOj3 is a direct band gap material
and the Fermi energy level sites in band gap.?! Fig-
ure 3(b) depicts that the valence band mainly consists
of the 2p, 2s states of O and 5d states of W. It can
be observed that O 2s states are predominantly found
between —18.9 eV~ —15.0 eV, while the O 2p states
appear in a range of —7.5 V ~ 0.7 €V, which plays a
main role for the valance band nearest to Fermi en-
ergy. W 5d states give rise to some bands in ranges
of —18.5 eV ~ —15 eV and —7.5 eV ~ 0.5 eV below
the valence band maximum. In addition, the lowest
conduction band is dominated by W 2s states, and O
2p and W 5d states have great effects on conductive

band above Fermi energy.
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Fig. 4. The PDOS in intrinsic WO3 of (a) O atoms and
(b) W atoms.

3.2. Surface energy of WO3

The relaxation of the slab surfaces has an appar-
ent effect on surface energy. It makes the surface close
to the real surface. It is reported that the surface
relaxation reduces the surface energy by as much as
80%. From Table 2, we can see that the WO3 (002)
surface has the lowest energy; while surfaces (101) and
(020) have the same highest surface energy. Based on
equilibrium morphology theory, the crystal surface en-
ergy is related to its growth morphology and it prefers
to crystallize towards a low energy state.(?"22] There-
fore, we choose a WO3 (002) surface to study the NHg

sensing mechanism further.
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Table 2. WO3 surface energies.

Surface energy  Convergence
WOg3 indexed surface

J(eV/A2) /107
(001) 0.2844 3.831
(100) 0.3514 2.035
(101) 0.5863 3.619
(010) 0.3872 2.398
(020) 0.5863 6.184
(002) 0.1738 1.490

3.3.NH3 adsorption on a WOj3 (002)
surface

3.3.1. Adsorption models of NH3 adsorption on
a (002) surface

The ideal (002) surface model is shown in Fig. 5.
All of the atoms are arranged in periodic way with
three slabs and the outermost oxygen atoms are
1-fold coordinated and defined as Oi.; W atoms
in plane are 6-folds as Wg. and oxygen atoms in
plane with 2-fold coordinate are marked as Oqc.
When building the model of NHs adsorption on
a (002) surface, we developed three models with
the N atom connecting to the surface, considering
that it is easier for N to coordinate with O and

bridging ‘oxygen

plane dgeyeen

old W

Fig. 5. Ideal WO3(002) surface model.

W atoms.?324 In our work, we built three possible
models. As shown in Fig. 6, figure 6(a) shows the
NH; adsorption on Oj. site, named Sp; figure 6(b)
indicates the model of NH3 adsorption on Wy, site,
marked Sq, and figure 6(c) exhibits the model of NHg
adsorption on Os, site, named Ss.

Fig. 6. NH3 adsorption models on (002) surface.

3.3.2. Optimum adsorption site of NHs

In order to investigate the adsorption site of NHj,
the adsorption energies of different models were cal-
culated first. Table 3 shows the results of adsorption
energies for different adsorption models. It is obvious
that NHs’s were adsorbed on three sites spontaneously
without any extra energy (all adsorption energies are
negative). In terms of energy, the S; model is the
most stable and probable adsorption structure. It is
also reasonable because O7. has a free bond and is
also the topmost atom. Thus, next we will discuss
the adsorption properties of NHsz on (002) surface O,
adsorption, specifically.

The whole system was first optimized in order to
Then through the
difference between the reconstructed surface and the

calculate its physical properties.

whole system, the adsorption energy and contribution
from charge transfer were gained. The adsorption en-
ergy can be expressed as[25-27]

Eads - ENHSJrsurf - Esurf - ENHBv (3)

where ENpgstsurt 18 the total energy for the slab with
adsorbed NHj3 on the surface; Egu¢ and Expgs repre-
sent the total energy of surface and free NH3z molecu-
lar, respectively.

Table 3. Adsorption energies of different models.

Calculated model WOs3 (002) NHj S1 So S3
Energy/eV —19486.542 -319.490 -19811.639 -19811.552 —19810.709
Adsorption energy/eV -5.607 -5.520 —4.677
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When the WO3 (002) surface is exposed to gas
atmosphere, we distinguish two sensing mechanisms:

(i) adsorption-induced reconstruction of the WO3
surface, which occurs as the adsorbate approaches.
The band structure changes correspondingly with the
change of adsorbate type and Ey;

(ii) charge transfer, which occurs because of the
relation between electron affinity of adsorbate and the
work function of the WOj3 surface.

These two mechanisms both contribute to the
charge redistribution in the WOj3 surface and the
change of E, correspondingly. As intrinsic conduc-
tivity is controlled by exp(—FEg/KgT) under a certain
temperature, a change of electronic conductance can
be observed in experiment. In the following, we dis-
cuss NH3 molecule adsorption on a (002) WO3 surface.

3.3.3. Effect of NH3 adsorption on a WO3 (002)
surface O;. site on surface structure

The geometrical structure of NHg on (002) sur-
face O1. adsorption is that N atom reacts with O,
vertically; the bond length of N-Oj, is 1.40092 A; the
bond lengths of N-H change a lot as shown in Table 4.

Table 4. Bond lengths of N-H/A.

Bond length  Before adsorption  After adsorption

N-H; 1.02793 1.03583
N-H» 1.02911 1.85994
N-Hjs 1.02840 1.05348

Table 5 shows the relative displacements of the
WOj3 (002) surface outermost atoms after NHj ad-
sorption. Except for two-fold Og. swelling outside,
other kinds of ions all move towards the internal part
of the structure. This indicates that NH3 adsorption
does not change the surface structure clearly. Because
NHj3 complements the free bond on the surface, the

surface relaxation phenomenon is changed.

Table 5.
atoms after NHs adsorption.

Relative displacements of the outermost

Relative displacement/nm

Model
Olc Wee OQC
(002) surface -0.2615 -1.9250 —2.5745
NHj3 adsorbed
—0.2958 —2.1879 —2.4490

on (002) surface

3.3.4. Effect of the NH3 adsorption on the sur-
face of the O, site on surface conductive

property

Comparing the DOS/PDOS figures of the WOs3
(002) surface before and after NHjz adsorption, as

shown in Figs. 7 and 8, we can find that the adsorp-
tion has had a certain influence on the DOS of the
whole surface. As for the lower valence band between
—42 eV~ —35 eV, the band width and peak num-
ber both decrease after adsorption, which are caused
mainly by the W 5p states, as shown by comparing
Fig. 7 with Fig. 4; while for upper valance band in a
range of —25 eV~ 0.7 eV, the curve shape changes a
lot, especially the peak number is reduced and the top-
most peak moves from —4.59 eV to —5.45 eV, which
are apparently induced by the change of O 2s and
2p states as shown by comparing Fig. 7 with Fig. 8.
At the Fermi level, the whole electronic state drops
off by about 6.5 electrons/eV, from 15.5 electrons/eV
down to 9.0 electrons/eV. Above the Fermi level, the
peak increases by almost 4 electron/eV. From Fig. 8
it follows that the changes in electronic state near the
Fermi level are due mainly to the changes of O 2s and

2p states.
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Fig. 7. DOSs of WO3 (002) surface before and after NHz
adsorption.
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Fig. 8. PDOSs of WOs3 (002) surface: (a) before and
(b) after NH3 adsorption, and (c) PDOS of O atoms after
NH3 adsorption.
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The PDOSs in Figs. 9(a) and 9(b) show that O
2p states at the Fermi level drop off from 4.2 elec-
trons/eV to zero after adsorption. Obviously, a new
peak appears in a range of —10 eV~ —7 eV, which
makes the band range widen from —10 eV to —0.5 eV.
Although the peak number increases, the heights of all
peaks decrease a lot, by almost a half. These are the
consequence of O1.—N bond interaction. Thus, the O,
2p state contributes to the whole DOS change. Also,
because the peak height decreases, it appears as a less
sharp peak in the whole DOS. It should also be noticed
that the Oj. 2s state appears at about —16 eV after
adsorption, which is consistent with the total DOS.
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Fig. 9. PDOSs of O1c before (a) and after (b) NH3 ad-
sorption on surface.
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Fig. 10. (a) DOSs of Wgp, and (b) PDOSs of W, 5d

states before and after NH3 adsorption on surface.

From Fig. 10 (a), it can be seen that there are few
changes of the states, except for all states shifting to-

ward the left after adsorption. Owing to the change of
Wer, 5d state clearly seen from Fig. 10(b), the peak in
the conductive band rises to about 1.2 electrons/eV,
which is the cause of conductive band peak rise in the
whole DOS.

From Figs. 11(a) and 11(b), it is obvious that af-
ter adsorption, the band width is narrower, while the
heights of all peaks sharply fall to one-tenth of those
before. At the same time, the peak number is also
reduced. The Os. 2p state peak above the Fermi level
drops off by about 3 electrons/eV. All of these changes
correspond to the total DOS change.
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Fig. 11. PDOSs of Oy (a) before and (b) after NHgz

adsorption on surface.

From all the analyses stated above, NH3 adsorp-
tion not only affects the O;. atom state density on
adsorbing site Oq., but also exerts a certain influence
on other atoms at the surface. Except for the above
PDOS change, adsorption does not add an extra state
to the band gap; but NH3 adsorption makes the Fermi
energy change from —2.2701 eV to —1.1943 eV, which
means that the surface density state shifts toward the
right by about 1.08 €V in total. Therefore, both DOS
change and Fermi energy increase are the main reasons
for the change of surface conductive properties.

3.3.5. Electron population analysis of NHj3 ad-
sorption on (002) surface O;. site

Table 6 shows that electron populations of a NHs
molecule before and after adsorption on an Oq. site.
After adsorption, for the N atom, 2s and 2p electrons
both decrease, for the H atom of Hs, some 1s electrons
are lost, while for other H atoms of, for example, Hy
and Hs, 1s electrons increase. So the bond energy of
N-H changes, which can also be indicated by the bond
length change.
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The free NH3 molecules before adsorption are of
electric neutrality, while after adsorption, the electron
number of N atom reduces 0.65, the number of the
H atom increases 0.03, thus the electron number of
the whole NH3 molecule is reduced by 0.62. As for
the (002) WOj3 surface, it will obtain 0.62 electron
transfer from the NHs molecule; so the resistance of
the surface decreases. This result is in good agreement
with the experimental result. The electron population
provides the number of transferred electrons resulting
from adsorption, quantitatively.

Table 6. Electron populations of NHs molecule before and
after adsorption.

Before adsorption/e After adsorption/e

S P Total
Hi 0.57 0.00 0.57 0.63 0.00 0.63
Ho 0.57 0.00 0.57 0.58 0.00 0.58
Hs 0.57 0.00 0.57 0.53 0.00 0.53

N 1.76 4.53 6.30 1.65 4.00 5.65

Atom

Total s P

4. Comparison with existing ex-

periments

WOj3 nano-thin films (0.9 cmx2.4 cm) were de-
posited on porous silicon substrates at room tempera-
ture (RT) by a DPS-IIT ultra-high vacuum facing tar-
get magnetron sputtering system. The sensors were
fabricated as follows:[28] two interdigital Pt electrodes
were deposited on the top surface of WQOj3 film. The
structure of the sensor is given in Fig. 12. After an-
nealing at 450 °C in dry air for 4 h, the sensors were
loaded into a homemade static gas test system and
connected to outside electronics to monitor their re-
sistance change independently. The sensor response is
defined as

S = (Rga,s - Rair)/Raira (4)

where R, is the resistance in ambient air and Rg,s is
the maximum resistance in NH3 and air-mixed gas.
Figure 13 shows the response and the recovery of
WOs3/PS gas sensor upon exposure to 50-ppm NHg
at room temperature 20 °C and 50 °C, respectively.
When the target gas was injected into the chamber,
the sensor showed an obvious decrease of resistance.
This phenomenon can be explained by our theoretical
computational results. First of all, Er improvement
after NH3 adsorption makes the carriers move to con-
ductive band easily, so that the resistance is reduced.
In addition, NH3 molecules injection brings some elec-
trons into WOg3 surface; WQOj3 is an n-type semicon-
ductor, so the increase of electron number causes the

number of carriers to increase. This is another factor
used for reducing resistance.

WO3
Pt ‘ Pt

1

1

Fig. 12. Schematic diagram of WO3/PS gas sensor.
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Fig. 13. Response and recovery of WO3/PS to 50-ppm
NHj3 at 20 °C and 50 °C.

5. Conclusion

In this paper, DFT calculations are performed to
reveal WOj3 crystal and surface properties. WO3 is a
direct band gap material and the band gap is 1.446 eV.
After energy calculation of several low index surfaces,
a WO3 (002) surface with the lowest surface energy,
0.1738 eV, appears to have the most stable electronic
structure.

The (002) surface is examined for a NHj gas-
sensing mechanism because of its advantages of elec-
tronic stability and low energy. In terms of energy,
the adsorption way in which NHs connects to Oq,
atom of (002) surface with N atom is the most stable.
NHj3 adsorption does not change the surface struc-
ture clearly. Because NH3 complements the free bond
on the surface, the surface relaxation phenomenon is
changed. Adsorption does not add any extra state to
the band gap; but NH3 adsorption makes the Fermi
energy change from —2.2701 eV to —1.1943 eV; and
the surface density state moves toward the right by
about 1.08 eV wholly. At the same time, (002) surface
obtains 0.35 electrons transferred from NH3 molecule.

Based on the above analyses, two mechanisms
control this sensing process—the adsorption-induced
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reconstruction of the WOs surface and the charge
transfer leading to changes of the electronic structure
of the (002) WOg3 surface, resulting in a change of
When the NH3 molecule is adsorbed on
the surface, the resistance of the gas sensor changes

resistance.

because of the joint effect of these two mechanisms.
These results are shown to be in good accordance with
our experimental results and conducible to the under-
standing of the sensing mechanism of WOj3-based gas
Sensors.
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