
First-Principles Study on Hexagonal WO3 for HCHO Gas Sensing
Application

Bo-Lin Tang • Guo-Hua Jiang • Wen-Xing Chen • Jun-Min Wan

Received: 2 December 2014 / Revised: 28 December 2014 / Published online: 22 March 2015

� The Chinese Society for Metals and Springer-Verlag Berlin Heidelberg 2015

Abstract The adsorption energy, electronic structure, density of states, and electron population for adsorption of HCHO

on the hexagonal WO3 (h-WO3) (001) surfaces were investigated by density functional theory calculations. The adsorption

energy of HCHO molecule on W and O sites of WO-terminated h-WO3 (001) surface was -0.309 and -0.432 eV

compared with the value at -1.936 eV for HCHO molecule on O-terminated h-WO3 (001) surface. According to the

calculated results, the adsorption of HCHO on h-WO3 (001) surface was spontaneous with physical adsorption on WO-

terminated h-WO3 (001) surface and chemisorption on O-terminated h-WO3 (001) surface. The charge transfer from

adsorbed HCHO molecule to WO3 (001) surface was confirmed by the Mulliken population analysis, which suggested the

potential application of h-WO3 for HCHO gas detection.
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1 Introduction

Monitoring and detection of toxic gas are attracting more

and more attention of researchers because it is closely

connected with the public health and safety. Typically,

formaldehyde (HCHO) gas is a colorless, strong-smelling,

and well-known carcinogen often coming from building

materials, interior decoration materials, wood furniture,

and so on [1, 2]. Usually, HCHO gas can harm people’s

health at low levels, including irritating human eyes and

nose, or causing headache [3]. Thus, it is very necessary to

detect HCHO accurately.

Fortunately, nanostructure metal oxide semiconductors

have shown the advantages of low cost, high sensitivity,

fast response, quick recovery, and excellent stability in

detecting gas pollutants [4–10]. As an important semi-

conductor material, WO3 is widely used to detect various

organic or inorganic gases. Qin et al. [11] found that

monoclinic WO3 (m-WO3) exhibited excellent NO2 sens-

ing properties. However, it was dissatisfactory to detect

other gases due to their inherent space structure [12–16].

Recently, several studies have shown that hexagonal WO3

(h-WO3) had considerable gas sensitivity on a good many

of different gases (such as H2S, NH3, NO2, and CO) [14,

17–19]. The difference of gas sensitivity on m-WO3 and

h-WO3 attracted increasing attention.

Generally, the sensing properties of metal oxide gas

sensors are evaluated by monitoring the variation of the

electrical conductivity [11, 20]. And the electrical
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conductivity of metal oxide is closely related to their elec-

tronic structure. However, not all the gas molecule adsorbed

on the surface of metal oxide would lead to an obvious

variation in resistance. Thus, it is very important to under-

stand electronic structure of metal oxide before and after gas

adsorption theoretically. Tian et al. [21] investigated the

effect of COgas adsorbed on h-WO3 (001) surface by density

functional theory, in which they analyzed the variation of

electronic structure of h-WO3 (001) surface and Mulliken

population of CO before and after adsorption and predicted a

high sensitivity of h-WO3 to CO gas.

Determining the sensitivity of h-WO3 to HCHO gas was

quite necessary. Herein, the band structure, the density of

the states, the adsorption energy, and Mulliken population

of HCHO-adsorbed h-WO3 (001) surface were investigated

scientifically by first-principles theory. The calculated re-

sults indicated the adsorption of HCHO molecule was

spontaneous. Moreover, it had an obvious variation in

electronic structure of h-WO3 (001) surface after the ad-

sorption of HCHO and led to the charges transfer between

adsorbed HCHO molecule and h-WO3 (001) surface, which

implied the conductivity of the surface of h-WO3 (001)

would be changed before and after the adsorption of

HCHO. It indicated the h-WO3-based material is highly

sensitive in detecting HCHO gas.

2 Calculation and Modeling

In this paper, all the structure optimizations, the band

structures, the density of the states, and the energy calcu-

lations were carried out by using the Cambridge Serial

Total Energy Package (CASTEP) codes in Materials Studio

[12, 22]. The ultrasoft pseudo-potentials and generalized

gradient approximation (GGA) with the Perdew–Burke–

Ernzerhof (PBE) exchange correlation functional were

adopted. The cutoff energy for plane-wave was set to be

380 eV, and the minimization algorithm was chosen to be

the Broyden–Fletcher–Goldfarb–Shanno (BFGS) scheme.

The energy, force, stress, and displacement convergence

criteria for structure optimization and energy calculation

were set at 1.0 9 10-5 eV/atom, 0.03 eV/Å, 0.05 GPa,

and 0.001 Å, respectively. All the calculations in this paper

were fully converged. The computational models for h-

WO3 (001) surface were constructed by a periodic (2 9 1)

slab model with a thickness of three layers. A vacuum of

15 Å was added to the slab in order to avoid the interac-

tions of adjacent slab model. The Monkhorst–Pack k-point

sampling was set as 3 9 3 9 6 for the bulk WO3,

1 9 1 9 1 for the clean WO3 (001) surface and adsorption

(001) surfaces. All geometrical structures were fully opti-

mized before adsorption, and all the atoms including WO3

and HCHO were relaxed when HCHO adsorbed on the h-

WO3 (001) surface. All calculations were performed in the

reciprocal space. For calculations of isolated HCHO

molecule, a box of 10 9 10 9 10 Å3 was used. According

to previous studies, the gas adsorption was probably taken

place on W and O sites of WO3 (001) surface [21]. Thus,

the adsorption of HCHO molecule on these two sites will

be studied. The adsorption energy Eads was calculated by

employing the following equation:

Eads ¼ EHCHO=surface� EHCHO þ Esurfaceð Þ

where EHCHO/surface is the total energy of the surface with

HCHO adsorption, EHCHO is the energy of an isolated

HCHO molecule and Esurface is the energy of clean (001)

surface slab [21, 23, 24]. Undoubtedly, a negative value of

Eads indicates a favorable adsorption system.

3 Results and Discussion

The lattice parameters with a = b = 0.74169 nm,

c = 0.38104 nm are obtained after geometry optimization

for h-WO3 crystal structure. These results are in good

agreement with previous theoretical and experimental

values (Table 1), which indicated the reliability of our

calculation method in this paper [25–27]. Figure 1a shows

the band structure of bulk h-WO3. The conduction band

minimum (CBM) and valence band maximum (VBM) lo-

cated at the different k-points (G and H) indicate h-WO3 is

an indirect band gap semiconductor. The calculated band

gap is ca. 2.209 eV between CBM and VBM, which is

smaller than the experimental value of 3.48 eV due to the

shortcoming of the theory frame of density functional

theory (DFT)–GGA to underestimate band gaps [28]. The

Table 1 Calculated and experimental values of the lattice parameters of h-WO3

Method a (10-1 nm) c (10-1 nm) c/a u References

DFT–GGA–PBE 7.4169 3.8104 0.5137 0.5000 This work

DFT–GGA–PBE 7.410 3.808 0.514 0.500 [25]

DFT–GGA 7.410 3.814 0.515 [26]

Experimental 7.298 3.899 0.534 0.500 [27]

a and c are the lattice constants; u is an internal coordinate of h-WO3 which fixes the relative position of the anion and cation sublattice along the

c axis
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total DOS of bulk WO3 is shown in Fig. 1b, and the partial

density of the states (PDOS) of O and W atoms is exhibited

in Fig. 1c, d. PDOS of O and W atoms indicates that the

conduction band (CB) of WO3 is mainly contributed by Op

and Ws electronic states and that the valence band (VB) is

mainly contributed by Op and Wd electronic states. As

discussed hereafter, our results are sufficiently accurate to

interpret qualitatively the resistivity measurements [29,

30].

3.1 Adsorption of HCHO on W and O Sites

of WO-Terminated h-WO3 (001) Surface

HCHO molecule may be adsorbed on W or O sites of WO-

terminated h-WO3 (001) surface (denoted as HCHO–W5

and HCOH–O7, respectively). The calculated model is

shown in Fig. 2. Figure 2a, b shows the crystal structure

and (001) surface of h-WO3, respectively. For the HCHO–

W5 configuration (Fig. 2c), the HCHO molecule is pushed

far away from the (001) surface, and the distance between

O atom of HCHO and W5 is 0.2474 nm after adsorption.

As measured in HCHO molecule, the C=O double bond

with a length of 0.1221 nm has no change compared with

that of free HCHO molecule (0.1219 nm), as listed in

Table 2. The length of C–H bond changed from 0.109 to

0.1111 nm. The geometric construction of (001) surface

and the bond angle of O–C–H1 of HCHO only have a little

difference compared with those before adsorption. The

adsorption energy of HCHO–W5 configuration is calcu-

lated to -0.309 eV, which indicates the adsorption of

HCHO molecule on W site of (001) surface can be taken

place spontaneously. Figure 2d shows the HCOH–O7

configuration. It can be found that the bond angle of H1–C–

H2 and O–C–H2 of HCHO has been hardly changed after

adsorption on O site of (001) surface and its adsorption

energy is calculated to -0.432 eV, which indicates the

adsorption of HCHO molecule on WO-terminated (001)

surface is a physical adsorption [21]. Apparently, the ad-

sorption of HCHO molecule on O site is also spontaneous.

The distance between O7 and H atoms around 0.2356 nm

Fig. 1 The band structure of h-WO3 a, total DOS of h-WO3 b, PDOSs of W c, O d atoms for h-WO3
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can be observed in HCOH–O7 configuration. Due to the

close of the adsorbed distance and adsorption energy for

HCHO–W5 and HCOH–O7 configuration, two adsorption

forms may be existed simultaneously.

The DOS of HCHO-adsorbed WO3 (001) surface is

shown in Fig. 3a (HCHO–W5) and 3c (HCOH–O7). New

energy levels can be observed in HCHO-adsorbed (001)

surface at around -6.5 and -10 eV. The PDOSs (Fig. 3b,

d) of C and O atoms indicate the variation of DOS should

be ascribed to the interaction between C 2p and O 2p or-

bitals of HCHO molecule and atoms of WO3 (001) surface.

To investigate electronic structure of h-WO3 (001) sur-

face, the electron density difference (EDD) of the clean

(001) surface and HCHO-adsorbed (001) surface was fur-

ther analyzed. Figure 4a–c shows the EDD of the clean

(001) surface and HCHO-adsorbed (001) surface. As ob-

served in the marked area (blue circle), electronic structure

of the clean (001) surface (Fig. 4a) is slightly different

from that of the HCHO-adsorbed (001) surface (Fig. 4b, c).

It implies the electron density of HCHO molecule has

changed before and after adsorption. It can be ascribed to

the charge transfer between HCHO molecule and WO3

(001) surface after adsorption [22].

In order to explore the sensing mechanism and elucidate

the sensitive property of h-WO3 to the HCHO gas, Mul-

liken populations of HCHO and WO3 (001) surface were

analyzed. These results are listed in Tables 3 and 4. It can

be found that the free HCHO molecule is electrically

neutral before adsorption. After adsorption, for HCHO–W5

configuration (Table 3), the total Mulliken charge on

Table 2 The bond angle and bond length or atomic distance for optimized free HCHO molecule and three HCHO-adsorbed configurations

Configuration Bond angle (�) Bond length/atomic distance (Å)

O–C–H1 O–C–H2 H1–C–H2 C=O C–H1 C–H2

HCHO 121.889 121.889 116.223 1.219 1.116 1.116

HCHO–W5 121.369 121.365 117.266 1.221 1.110 1.111 O–W5 (2.474)

HCOH–O7 121.175 119.879 118.942 1.234 1.103 1.113 H1–O7 (2.356)

HCOH–O16 110.039 126.835 116.347 1.207 2.024 1.098 H1–O16 (0.986)

Fig. 2 Crystal structure of h-WO3 a, clean WO-terminated h-WO3 (001) surface after optimizing b, and optimized adsorption structures of

HCHO on W5 (HCHO–W5 configuration) c, O7 (HCOH–O7 configuration) d site of WO-terminated h-WO3 (001) surface, respectively
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HCHO molecule changes from 0 to 0.15e, which indicates

the HCHO molecule as a unity losses 0.15e charges

transferred to WO3 (001) surface. The transferred charges

are from O (losing 0.05e) and H (losing 0.12e) atoms of

HCHO. Most of the transferred charges are obtained by

WO3 (001) surface atoms (0.15e). The W5 atom and other

atoms of (001) surface obtain the charge with 0.09e and

0.07e, which confirms the electronic structure of WO3

(001) surface effected by adsorption of the HCHO mole-

cule, as represented in EDD of (001) surface (Fig. 4b). In

the case of HCOH–O7 configuration, 0.12e charges transfer

from HCHO molecule to WO3 (001) surface. As shown in

Table 4, the lost charges come from O (losing 0.07e) and

H2 (losing 0.08e) atoms of HCHO. The charges transferred

to (001) surfaces are obtained totally by atoms around the

O7 atom. As a result of gain of charges, the resistance of

h-WO3 will be decreased [31, 32]. Therefore, h-WO3 ma-

terials may have a good sensitivity to HCHO gas.

3.2 Adsorption of HCHO on O Sites of O-Terminated

h-WO3 (001) Surface

For O-terminated h-WO3 (001) surface, HCHOmolecule can

be adsorbed on O sites (denoted as HCOH–O16). Figure 5a, b

shows the clean O-terminated h-WO3 (001) surface and the

optimized HCOH–O16 configuration, respectively. For the

case of HCHO–O16 configuration, the calculated adsorption

energy is-1.936 eVwhich is larger than those ofHCHO–W5

and HCOH–O7 configurations. It implies the adsorption of

HCHO molecule on O-terminated (001) surface is a

chemisorption process. This conjecture is further confirmed

by the optimized adsorption structure of HCHO on

Fig. 3 Total density of the states of HCHO–W5 a and HCOH–O7 b configurations; PDOSs of C and O atoms of HCHO molecule for HCHO–W5

c, HCOH–O7 d configurations
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O-terminated (001) surface. As observed in optimized

HCOH–O16 configuration (side view, Fig. 5c), the distances

ofW5–O16 andC–H1 bonds increase from0.1975 and 0.109 to

0.2667 and 0.202 nm, respectively. It can be speculated that

the ruptures of O16–W5 and C–H1 bonds should be occurred

after the adsorption of HCHO molecule. Meanwhile, the

distance between O16 and H1 atoms is 0.0986 nm which is

close to that of O–H bond (0.098 nm), indicating the forma-

tion of O–H bond. Furthermore, the angle of C–O16–H1 is

measured to be 106.043�, which is also closed to that of op-

timized HCOOH molecule (107.162�, shown in Fig. 5d).

Concluding from the large adsorption energy and optimized

adsorption structure for HCOH–O16 configurations, the

oxidation of HCHO to form HCOOH occurred. These will be

further verified by DOS analyses of O-terminated (001) sur-

face before and after HCHO adsorption.

To understand the variation of the electronic structure,

DOS of HCOH–O16 configuration was investigated. As

Fig. 4 The calculated electron density difference of the clean (001) surface a, HCHO-absorbed (001) surface for HCHO–W5 b, HCOH–O7

c configurations

Table 3 The Mulliken population analysis for HCHO–W5 configuration before and after HCHO adsorption

Atom Before adsorption After adsorption

s p d Total Charge (e) s p d Total Charge (e)

O 1.84 4.64 6.48 -0.48 1.78 4.65 6.43 -0.43

C 1.26 2.80 4.06 -0.06 1.28 2.80 4.08 -0.08

H1 0.73 0.73 0.27 0.67 0.67 0.33

H2 0.73 0.73 0.27 0.67 0.67 0.33

W5 2.32 6.26 3.64 12.22 1.78 2.34 6.31 3.66 12.31 1.69

Table 4 The Mulliken population analysis for HCOH–O7 configuration before and after HCHO adsorption

Atom Before adsorption After adsorption

s p d Total Charge

(e)

s p d Total Charge

(e)

O 1.84 4.64 6.48 -0.48 1.82 4.59 6.41 -0.41

C 1.26 2.80 4.06 -0.06 1.28 2.79 4.07 -0.07

H1 0.73 0.73 0.27 0.75 0.75 0.25

H2 0.73 0.73 0.27 0.65 0.65 0.35

O7 1.86 4.83 6.69 -0.69 1.85 4.84 6.69 -0.69
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Fig. 6 Total density of states of HCOH–O16 configurations a; PDOSs of C and O16 atoms after adsorption b; PDOSs of O16 and W5 atoms

before and after adsorption c; PDOSs of C and H1 atoms before and after adsorption d

Fig. 5 Clean O-terminated h-WO3 (001) surface a; optimized adsorption structures of HCHO on O16 (HCOH–O16 configuration) b; magnified

image as marked with black ellipse in b image c; optimized structure for HCOOH molecule d
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shown in Fig. 6a, an obvious difference is observed in DOS

before and after the adsorption of HCHO, which suggests

that adsorbed HCHO molecule has an important influence

on the electronic structure of O-terminated (001) surface.

Figure 6b shows the PDOSs of C and O16 atoms. A large

population of overlap between C 2p and O16 2p orbitals

indicates the formation of C–O16 bond. Figure 6c shows

the PDOSs of O16 and W5 atoms before and after HCHO

adsorption. The overlap between O16 2p and W5 5d orbitals

decreases obviously in the range of 0–5 eV after HCHO

adsorption which implies the rupture of O16–W5 bond of

O-terminated (001) surface. Similarly, the PDOSs of C and

H1 atoms are also analyzed. As shown in Fig. 6d, the de-

crease in the peak intensity from 5 to 10 eV indicates the

interaction between C 2p and H1s orbitals was weakened

after HCHO adsorption. The orbitals’ overlap at ca. -3 eV

is disappeared, which further suggests the rupture of C–H1

bond of HCHO. These analysis results confirm the oxida-

tion of HCHO to HCOOH on O-terminated h-WO3 (001)

surface and the change of electronic structure of O-termi-

nated (001) surface.

The Mulliken population of HCHO molecule before and

after adsorption is listed in Table 5. The transferred charge

between HCHO molecule and O-terminated (001) surface

is 0.65e, which is much higher than that between HCHO

molecule and WO-terminated (001) surface. It indicates

O-terminated (001) surface has much higher reactivity to

HCHO than that of WO-terminated (001) surface. As

shown in Table 3, the most of the transferred charges are

from C (0.44e) and H1 (0.23e) atoms, which implies the

great change for the electronic structure of C and H1 atoms,

as shown in Fig. 5d. Therefore, the O-terminated (001)

h-WO3 surface has much higher sensitivity to HCHO gas.

4 Conclusions

Adsorption of HCHO molecule on h-WO3 (001) surface

was investigated using the first-principles calculation based

on the DFT. Three HCHO-adsorbed configurations were

considered. For adsorption on WO-terminated (001)

surface or O-terminated (001) surface, the calculated re-

sults indicated that all adsorption configurations including

HCHO–W5, HCOH–O7, and HCOH–O16 can be formed

spontaneously. The DOS of WO-terminated and O-termi-

nated h-WO3 (001) surface would change after HCHO

adsorption, which implied the electrical properties of (001)

surface would be influenced due to the adsorption of

HCHO. Mulliken populations for three HCHO-adsorbed

configurations verified that the charge transfer was oc-

curred between HCHO and h-WO3 (001) surface. These

results suggested that h-WO3-based materials could be as a

candidate for application in HCHO gas sensing.
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