
Journal of
Materials Chemistry A

PAPER

Pu
bl

is
he

d 
on

 2
4 

A
ug

us
t 2

01
6.

 D
ow

nl
oa

de
d 

by
 C

ha
ng

ch
un

 I
ns

tit
ut

e 
of

 O
pt

ic
s,

 F
in

e 
M

ec
ha

ni
cs

 a
nd

 P
hy

si
cs

, C
A

S 
on

 2
0/

06
/2

01
7 

08
:0

4:
27

. 

View Article Online
View Journal  | View Issue
Sub-stoichiomet
aState Key Laboratory of Electro Analytical C

Modern Analytical Techniques, Changchun

Academy of Science, Changchun, 130022,

Fax: +86 431852628 00; Tel: +86 4318526 2
bState Key Laboratory of Luminescence and A

Sciences, No. 3888 Dongnanhu Road, Chan

† Electronic supplementary informa
10.1039/c6ta04291k

Cite this: J. Mater. Chem. A, 2016, 4,
14416

Received 24th May 2016
Accepted 23rd August 2016

DOI: 10.1039/c6ta04291k

www.rsc.org/MaterialsA

14416 | J. Mater. Chem. A, 2016, 4, 144
ric WO2.9 for formaldehyde
sensing and treatment: a first-principles study†

Dandan Wang,a DongXue Han,*a Lei Liub and Li Niua

The on-line detection and treatment of atmospheric formaldehyde (HCHO) at real-time levels, especially in

indoor environments, is becoming more and more important. Herein, by first principles calculations,

a highly active sub-stoichiometric WO2.9 (010) surface for HCHO sensing and treatment has been

demonstrated. The exposed one-coordinated terminal O atoms (O1c), two-coordinated bridge O atoms

(O2c) and five-coordinated W atoms (W5c) at the surface are found to be active sites for HCHO

adsorption. HCHO molecules can anchor on the WO2.9 (010) surface through newly formed OF–W5c

and/or CF–O1c/O2c/W5c bonds, forming ‘ridge-like’/’hobbyhorse-like’ or slantwise adsorption

configurations. The absorbed HCHO molecules may exchange electrons with the WO2.9 (010) surface

and change the conductivity of the surface, which is the working mechanism of WO2.9 based sensors.

Furthermore, Cl-NEB results suggest that the absorbed HCHO molecules tend to dissociate under

moderate excitation (for example, solar visible light) at room temperature due to the minimum energy

barrier of only 0.54 eV. The HCHO dissociation results in an H adatom bond to a surface O1c atom and

a formate or formyl group chemisorbed to the surface with elongated OF–W5c and CF–W5c bonds,

which means that OF–W5c and CF–W5c bonds are active and prone to breaking. These results

demonstrate the potential of WO2.9 in HCHO sensing and elimination.
1. Introduction

Formaldehyde (HCHO) pollution, which is especially mainly
concentrated in houses, textiles and food, has been paid more
and more attention.1,2 This colourless, pungent-smelling gas
may do great harm to human health, and is even a carcinogenic
risk as concentrations or exposure time increase. In view of its
wide use and harmfulness, HCHO detection and removal are
required in both residential and industrial environments.3,4 In
the past few decades, various technologies for gas sensing have
been established, including spectrophotometry, chromatog-
raphy, polarography, and so on.5–9 However, these technologies
require sample collection and the instruments are expensive,
bulky and sophisticated which limits their application in the
real-time monitoring of indoor HCHO. In recent decades, gas
sensors based on metal oxide semiconductors, such as TiO2,10,11

ZnO,12,13 SnO2,14,15 In2O3,16,17 WO3,18–21 and other complex
oxides,22,23 have been attractive for the portable real-time
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measurement of toxic gases due to their high sensitivities, fast
responses and low cost.

As an important oxide semiconductor, WO3 has ignited
intensive interest for application in gas sensors. However, both
experimental and theoretical research into the gas sensitivity of
WO3 mainly concern CO, H2S, NOx, and H2, as well as some
organic gases,19–21,24 while WO3 based HCHO sensors have been
occasionally studied only in the past several years. In 2012,
Deng et al. reported mesoporous WO3 sensors with enhanced
HCHO-sensing properties under visible-light irradiation, which
operated at room temperature.25 In the past year, an Fe-doped
WO3 based sensor for HCHO (50 ppm) at an operating
temperature of 225 �C has been investigated by Upadhyay et al.26

It is noteworthy that both works have made efforts to enhance
the HCHO-sensing properties through either morphology
modications or metal atoms doped in WO3. Thus it can be
seen that it’s very important to modify the pristine oxide
semiconductor to enhance its sensing performance.

To tuneWO3 into a more active sensing material, many other
approaches have been employed, such as the deposition of
metal nanoparticles as catalytic additives on the WO3 surface19

and the synthesis of WO3 with various dimensionalities and
morphologies.20,24 Recently, tungsten oxide with decient
oxygen (WO3�x, 0 < x < 1) content has attracted much attention
because of its unique structural and electronic properties.
Shpak et al. have demonstrated that sub-stoichiometric WO2.9

and WO2.72 exhibit better H2-sensing performance compared
This journal is © The Royal Society of Chemistry 2016
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with stoichiometric WO3.27 Hu et al. reported that a nano-
composite of n-WO3�x/n-porous silicon showed enhanced NO2-
sensing properties, and that the large amount of oxygen
vacancies in n-WO3�x is one of the main factors in the perfor-
mance improvement.28 It's well known that when target gases
come in contact with sensors, the absorption of gas on the
semiconductor and the electron exchange between them will
change the conductivity of the sensor. This simple working
mechanism indicates that the quality of sensors is determined
by the interaction between the target gases and the sensing
materials. Therefore, it is very meaningful to study the
absorption behaviour of various toxic gases towards metal oxide
semiconductors for the development of high performance
sensors. Recently, Li et al. reported a facile thermal treatment to
modify the local structure of WO3 at an atomic level, to activate
the stoichiometric tungsten oxide into sub-stoichiometric
WO2.9. They found that the catalytic activity for hydrogen
evolution in acidic water was effectively enhanced due to the
improved H adsorption ability at the ve-coordinatedW atom in
the local defect region of theWO2.9 (010) surface.29 What's more,
Wang et al. have reported that WO2.9 shows similar absorption
edges at around 480 nm, which is consistent with the WO3 band
gap of 2.6 eV (which could theoretically utilize 12% of solar
light) and exhibits almost the same position of valence band
maximum as that ofWO3.30 So we anticipate that the local defect
region of such a defective WO2.9 (010) surface might be suitable
for effective HCHO absorption and that WO2.9 is an alternative
material for HCHO sensing and treatment under visible-light
irradiation.

In this work, we have studied HCHO absorption behavior
towards a WO2.9 (010) surface using rst principles calculations
for the rst time. Total energy calculation results indicate that
WO2.9 (010) exhibits excellent absorption properties for HCHO
molecules due to the activity of exposed atoms at the surface.
HCHO molecules can absorb on the WO2.9 (010) surface
through newly formed OF–W5c and/or CF–O1c/O2c/W5c bonds,
forming ‘ridge-like’/‘hobbyhorse-like’ or slantwise adsorption
congurations. As expected, the adsorption energies of HCHO
Fig. 1 Optimized structures of a clean WO2.9 (010) surface: (a) side vi
respectively. Just to be clear, the surface one-coordinated terminal O a
divided into a defect region, which is covered by the light gray shaded a

This journal is © The Royal Society of Chemistry 2016
molecules in the defect region of the WO2.9 (010) surface are
higher than those out of the defect region. What's more, the
absorbed HCHO molecules dissociate across an energy barrier
of 0.54 to 1.94 eV under solar visible light or other moderate
excitation, resulting in a H adatom bond to a surface O1c atom
and a formate or formyl group chemisorbed to the surface, with
elongated OF–W5c and/or CF–W5c bonds which tend to break
under moderate irradiation, even at room temperature. The
ndings in this work may hold promise for the development of
HCHO sensing and treatment methods.

2. Computational method

Our theoretical calculations are based on DFT within the Per-
dew–Burke–Ernzerhof (PBE) generalized gradient approxima-
tion31 and the projected augmented wave (PAW) method32,33 as
implemented in the Vienna ab initio simulation package (VASP).
To reach the convergence criteria for both the energy and forces,
special K-point sampling with a k-point separation of 0.03 Å�1 is
applied for the Brillouin-zone integration and the cutoff energy
for the plane wave basis set is 600 eV. The ground state geom-
etries of the bulk and surfaces are obtained with all the atomic
positions relaxed until their residual forces are less than 0.05 eV
Å�1. The calculated lattice parameters for the bulk monoclinic
WO2.9 (a ¼ 12.20 Å, b ¼ 3.82 Å, c ¼ 23.87 Å, and b ¼ 94.51�) are
a little greater than the experimental values (a ¼ 12.05 Å, b ¼
3.77 Å, c ¼ 23.59 Å, and b ¼ 94.72�),29 which suggests the PBE
method may provide 98% accuracy in describing the lattice
structures. The surface models are constructed from the opti-
mized bulk unit cell and a vacuum thickness of 15 Å is adopted
in building the periodic slab models.

For the WO2.9 (010) surface, a slab consisting of seven atomic
monolayers is constructed and the geometric structure is shown
in Fig. 1. As Li et al. have reported, half of the surface oxygen
atoms are transferred from the top to the bottom layer to cancel
the dipole effect, similar to the (O2� O2) R45� reconstruction of
the WO3 (001) surface.29 For convenience, the characters Tn, Bn

(B0
n), and Wn indicate the exposed one-coordinated terminal O
ew, and (b) top view. Red and cyan balls represent O and W atoms,
toms are indicated by pink balls. The WO2.9 (010) surface is artificially
rea, and the region out of the defect region.

J. Mater. Chem. A, 2016, 4, 14416–14422 | 14417
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atoms (O1c), two-coordinated bridge O atoms (O2c) and ve-
coordinated W atoms (W5c), respectively.

Before adsorption, the isolated HCHO molecule is simulated
in a large cubic cell of 15 Å in length, and the O, C, and H atoms
of HCHO are denoted as OF, CF, HF here. HCHO adsorption is
investigated by placing two HCHO molecules symmetrically on
both sides of the slab to eliminate the dipole effect. For all the
absorption congurations, the atomic positions are fully relaxed.
The adsorption energies are calculated following the equation
Eads¼ EHCHO + Esurface� EHCHO/surface, where EHCHO/surface, EHCHO,
and Esurface are the total energies of the WO2.9 (010) surface with
the adsorbed HCHOmolecule, the isolated HCHOmolecule, and
the WO2.9 (010) surface without an adsorbent, respectively. The
HCHO adsorption at various coverages is investigated to clarify
the high absorption performance of HCHO on WO2.9 (010)
surfaces. Density of states (DOS), partial density of states (PDOS)
and difference charge density are obtained at the optimized
geometry. Moreover, we have investigated the dissociative
pathway for absorbed HCHO molecules using the climbing
image nudged elastic band (Cl-NEB) method for nding saddle
points andminimum energy paths between known reactants and
products34,35 and demonstrated the possibility of the treatment of
HCHO using a WO2.9 (010) surface.

3. Results and discussion
3.1 Molecule adsorption of HCHO on a WO2.9 (010) surface

A number of molecule absorption congurations for HCHO on
aWO2.9 (010) surface have been considered to explore the stable
Fig. 2 Side and top views of the molecule absorption configurations for
stable ‘ridge-like’ states, denoted as type I; (d) is the second stable state,
denoted as type III; and (h) and (i) show slantwise absorption, denoted a
atoms, C atoms and H atoms, respectively. Pink balls indicate surface on

14418 | J. Mater. Chem. A, 2016, 4, 14416–14422
absorption states. According to calculations, physically adsor-
bed HCHO molecules tend to deviate from the surface or
transform into chemically absorbed HCHO, because of the
small physical adsorption energies (<26 meV). Contrarily,
HCHO molecules prefer to anchor on the WO2.9 (010) surface
through chemisorption with larger adsorption energies. Herein
we will discuss the chemisorption states of HCHO in detail.

Through total energy calculations, the most stable molecule
absorption congurations (type I) for HCHO on the WO2.9 (010)
surface are depicted in Fig. 2(a)–(c). The OF atom binds to
a surface W5c atom and simultaneously the CF atom binds to
a surface O1c atom, forming a ‘ridge-like’ closed ring. The bond
lengths of the newly formed OF–W5c bond and CF–O1c bond are
about 1.90 Å and 1.41 Å, respectively. Moreover, the CF–HF bond
of HCHO is slightly shortened to 1.10 Å (0.02 Å shorter) and the
CF–OF bond of HCHO is lengthened to 1.42 Å, 0.21 Å longer than
that of an isolated HCHO molecule. As expected, the absorption
energies of HCHO absorbed in the defect region are 2.18 eV
(Fig. 2(b)) and 1.81 eV (Fig. 2(c)), higher than that out of the defect
region (1.59 eV, Fig. 2(a)). For comparison, the absorption ener-
gies of different congurations are summarized in Table 1.

In the second stable molecule absorption conguration
shown in Fig. 2(d) (type II), HCHO interacts with theWO2.9 (010)
surface through both the OF and CF atoms bonding to the
surface W5c atoms, also in the form of a ‘ridge-like’ closed ring.
The CF–OF and CF–HF bond lengths of the absorbed HCHO of
this type are similar to those of type I. The bond lengths of
OF–W5c and CF–W5c are 1.91 Å and 2.27 Å, respectively, and the
absorption energy is 1.38 eV.
HCHO molecules on a WO2.9 (010) surface: (a)–(c) represent the most
denoted as type II; (e)–(g) indicate ’hobbyhorse-like’ absorption states,
s type IV. Red, cyan, gray and white balls represent lattice O atoms, W
e-coordinated terminal O atoms.

This journal is © The Royal Society of Chemistry 2016
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Table 1 The absorption energies of different molecule adsorption
configurations of Wn–Tn, Wn–Bn (Wn–B0

n), and Wn, where Wn denotes
the surface exposed W5c atom which bonds to an OF atom, and Tn/Bn

(B0
n) represents a surface O1c/O2c atom which bonds to a CF atom.

Wn–Tn and Wn–Bn (Wn–B0
n) indicate absorption configurations with

two newly formed bonds of CF–O1c/O2c (type I/II) and OF–W5c (type
III). Wn expresses absorption configurations with only one newly
formed bond of OF–W5c (type IV)

Conguration Eads (eV) Conguration Eads (eV)

W1–T1 1.56 W1–B1 0.96
W1–T2 1.54 W1–B2 0.88
W1–T3 1.59 W1–B3 0.96
W1–T4 1.49 W1–B4 0.86
W2–T1 1.74 W2–B0

1 0.96
W2–T2 1.76 W2–B0

2 0.58
W2–T5 1.52 W2–B5 0.70
W2–T6 2.18 W2–B6 1.03
W3–T6 1.74 W3–B0

6 0.95
W3–T7 1.72 W3–B7 0.93
W3–T8 1.68 W3–B8 0.87
W3–T9 1.81 W3–B9 0.89
W4–T10 1.50 W5–W6 1.38
W1 1.04 W5 1.01
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HCHO can also chemisorb to a WO2.9 (010) surface similarly
to the most stable absorption conguration, expect that the CF

atom binds to a surface O2c atom rather than an O1c atom, while
the OF atom still binds to an exposed W5c atom. These
absorption congurations are also closed rings and look like
a ‘hobby-horse’ (type III). Though the absorption energies of
these congurations are below 1.0 eV, these absorption states
are stable, with bond lengths of 1.93 Å and 1.47 Å for the newly
formed OF–W5c and CF–O2c bonds, respectively. The structures
and bond lengths of the absorbed HCHO molecules have
similar changes to those of type I.

What's more, HCHO absorbed to the WO2.9 (010) surface
solely through the OF atom bonding to a surface W5c atom,
forming a slantwise absorption (type IV) relative to the surface,
with an absorption energy of about 1.00 eV. The bond length of
the newly formed OF–W5c is about 2.20 Å. In this kind of
absorption type, the CF–OF bond of HCHO is 1.23 Å, close to that
of an isolated HCHO molecule, indicating that the structural
change in the absorbed HCHO molecule is very small. Absorp-
tion congurations with only one newly formed chemical bond
between the CF atom and surface W5c atom have also been
studied. However, the atomic relaxation can't converge to a local
minimum, indicating the impossibility of the absorption state.

It's worth noting that the type I and III adsorption congu-
rations involve bonding between CF and the lattice O (O1c or O2c)
on WO2.9 (010), and reaction barriers could exist in such
processes owing to electronic repulsion. Comparing the
absorption structures of the four types, we have found that type
I and III adsorption congurations may be transformed from
type IV. Therefore, the barriers and corresponding transition
states of type I and III adsorption congurations are studied
and presented in Fig. S3,† in which the initial structure is W1 in
type IV and the nal structures are W1–T3 in type I and W1–B3 in
This journal is © The Royal Society of Chemistry 2016
type III, respectively. Cl-NEB results reveal that the reaction
barriers for the transformation from W1 to W1–T3 and W1–B3

are 0.52 eV and 0.37 eV, respectively, which ensures the possi-
bility of type I and III adsorption congurations.

To further investigate the absorption properties of HCHO on
a WO2.9 (010) surface, we have also investigated the coverage
dependent HCHO absorption on a WO2.9 (010) surface. The
absorption energy variation with coverage is nearly linear, as
shown in Fig. S1.† The absorption energy for full monolayer
coverage is about 1.30 eV, through an extrapolation approxi-
mation, implying that the WO2.9 (010) surface exhibits excellent
HCHO absorption properties.
3.2 Electronic properties of the WO2.9 (010) surface with
HCHO absorption

The electric structure of the WO2.9 (010) surface has been
studied through a further analysis of total and partial density of
states. As seen from the TDOS and PDOS of clean WO2.9 (010)
shown in Fig. S2,† the top of the valence band mainly originates
from O atoms, while the bottom of the conduction band is
mainly from W atoms. What's more, the PDOS of W atoms
shows that the Fermi level of the WO2.9 (010) surface is higher
than the bottom of the conduction band, indicating evident
metallic properties. Further partial charge analysis reveals that
the band appearing across the Fermi level mainly originates
fromW5c atoms, which favours electron transfer fromW5c to OF

and bonding between W5c and OF. Fig. 3 presents the TDOS and
some atomic PDOS for a HCHO absorbed WO2.9 (010) surface
with the stable congurations presented in Fig. 2. To facilitate
a comparison, the TDOS of a clean WO2.9 (010) surface is always
shown and the Fermi level of the WO2.9 (010) surface is assigned
at 0 eV. Obviously, new electronic states occur at around �12 eV
and �21 eV aer HCHO absorption for type I, III and IV, while
new electronic states arise only at around�12 eV for absorption
type II. The PDOS for the CF/OF atom and for the corresponding
O1c/W5c surface atom which is bound to the CF/OF atom are
considered. The PDOS for the CF/OF atom is broadly dispersed
compared to that for gas-phase HCHO (see Fig. S1†) and an
overlap between CF and O1c atoms and between OF and W5c

atoms can be clearly seen. These PDOS results indicate the
obvious charge redistribution and newly formed covalent bonds
for CF–O1c and OF–W5c.

To understand the local charge transfer between the most
stable adsorbed HCHO molecules and the WO2.9 (010) surface,
which is the primary mechanism for HCHO sensing properties,
we have investigated the charge density difference originating
from adsorption, presented in Fig. 4, in which the blue wire-
frames denote a loss of electrons while yellow wireframes
denote a gain of electrons. For absorption types I and III, there
is obvious charge transfer from the surface W5c atom to the OF

atom and from the CF atom to the surface O1c atom, as shown in
Fig. 4(a)–(c) and (e)–(g), which agrees well with the PDOS results
presented in Fig. 3(a) and (c), indicating the strong binding of
the HCHO molecule to the defect sites on the WO2.9 (010)
surface. As seen from Fig. 4(d), charge transfer mainly occurs
between the OF atom and surface W5c atom for absorption type
J. Mater. Chem. A, 2016, 4, 14416–14422 | 14419
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Fig. 3 DOS and PDOS for a HCHO absorbedWO2.9 (010) surface of (a)
type I, (b) type II, (c) type III, and (d) type IV. The black curves present
the TDOS for a WO2.9 (010) surface and the TDOS of the clean surface
is always plotted to facilitate comparison. The blue curves denote the
DOS for WO2.9 (010) surfaces with absorbed HCHO molecules. Red
curves are PDOS for the CF atom of HCHO molecules and the olive
curves are PDOS of O1c atoms (bound to the CF atom of HCHO) of the
WO2.9 (010) surface. Dark yellow curves express PDOS for the OF atom
of HCHO molecules and magenta curves represent PDOS of the W5c

atoms (bound to the OF atom of HCHO) of the WO2.9 (010) surface.
The Fermi level of the WO2.9 (010) surface is assigned at 0 eV.

Fig. 4 The isosurface of the difference in charge density with an
isovalue of 0.003 Å�3; the blue (yellow) wireframes denote a loss (gain)
of electrons. (a)–(i) correspond to the isosurface of structures pre-
sented in Fig. 2(a)–(i), respectively. Red, cyan, gray and white balls
represent lattice O atoms, W atoms, C atoms and H atoms, respec-
tively. Pink balls indicate surface one-coordinated terminal O atoms.
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II, while the amount of charge transfer between the CF atom and
surface W5c atom is small, in accordance with the bond lengths
of O–W5c and C–W5c and the PDOS results shown in Fig. 3(b).
Obviously, for the slantwise absorption state of type IV, the only
charge transfer occurs between the OF atom and the surface W5c

atom, while the impact on the charge distribution of CF is tiny
and the peaks in the PDOS for CF in absorption of type III are
relatively sharp, as shown in Fig. 3(d). Moreover, for these
slantwise absorption congurations, there is a hydrogen bond
between the HF atom and surface O1c atom, besides the charge
transfer between the OF atom and surface W5c atom, which can
be seen from Fig. 4(h) and (i).
3.3 Dissociative adsorption of HCHO on the WO2.9 (010)
surface

To investigate the possibility of HCHO dissociation on the
WO2.9 (010) surface, we rst start with the stable molecule
absorption conguration shown in Fig. 2, which means the
14420 | J. Mater. Chem. A, 2016, 4, 14416–14422
initial states are those HCHO molecules absorbed on a WO2.9

(010) surface of type I, II, III and IV, while the nal states are the
relaxed structures of a dissociative adsorption conguration,
with one formate/formyl group and one H adatom absorbed to
the surface, which result from the rupture of the C–H bond in
the absorbed HCHO molecule and then the lively H atom binds
to an adjacent O1c atom. And the transition states are deter-
mined as those structures of saddle points obtained using the
Cl-NEB method.

As presented in Fig. 5(a), in the dissociation reaction, the
C–H bond scission is accompanied by a rotation of the other
C–H bond toward the surface normal. The minimum energy
path for the dehydrogenation reaction of HCHO determined by
the Cl-NEB method is also shown with an overall reaction
barrier of 1.12 eV, and the energy change between the initial and
nal states is �0.48 eV (an exothermic process). The bond
lengths of C–O, the C–H bond in the HCHO structure and the
corresponding O–Wbond lengths of the transition state (TS) are
quite close to those of the initial state (IS), meaning that the TS
is more reactant-like than product-like. Aer the dehydroge-
nation reaction, the bond lengths of the C–O bonds in the HCO2

structure are shortened to 1.27 Å and 1.28 Å, while the bond
lengths of the O–W bonds between HCO2 and the surface are
enlarged to 2.12 Å and 2.16 Å, indicating that the formate can
deviate from the surface under moderate conditions.

Fig. 5(b) presents the reaction pathway for the dehydroge-
nation of absorbed HCHO molecules of type II. Similarly, the
C–H bond scission is accompanied by a rotation of the other
C–H bond, with the bond length almost unchanged. The
dehydrogenation reaction needs to cross two transition states
and the highest barrier is only 0.54 eV, which can be easily
surmounted. What's more, the energy change between the
initial and nal states is 0.06 eV, indicating a weakly endo-
thermic process. In the FS, the bond length of CF–W5c shows
almost no change, while the bond length of the OF–W5c bond is
lengthened to 2.19 Å (0.28 Å longer). The fact that there are large
bond lengths for OF–W5c and CF–W5c between the formyl group
(HCO) and the surface allows us to propose an assumption that
This journal is © The Royal Society of Chemistry 2016
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Fig. 5 Theminimum energy path for the dehydrogenation reaction of absorbed HCHOmolecules (a) of type I; (b) of type II; (c) of type III; and (d)
of type IV. For all dehydrogenation reactions, the C–H bond scission is accompanied by a rotation of the other C–H bond, with the bond length
almost unchanged. The red, cyan, gray and white balls represent lattice O atoms, W atoms, C atoms and H atoms, respectively. Pink balls indicate
surface one-coordinated terminal O atoms.
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the formyl group is highly active and prone to oxidation, even at
room temperature under solar visible irradiation. The bond
lengths of the corresponding TS2 are quite close to those of the
FS, suggesting that the TS is more product-like than reactant-
like.

The dehydrogenation pathway for the HCHO structure in
a ‘hobbyhorse’ conguration of type III is shown in Fig. 5(c). The
dehydrogenation reaction needs to cross three transition states
with a highest barrier of 1.94 eV, and the energy change between
the initial and nal states is 0.03 eV (a weakly endothermic
process). The bond lengths of the C–O bonds in the HCO2

structure are shortened to 1.25 Å and 1.34 Å, and the length of
the corresponding O–W bond between HCO2 and the surface is
enlarged to 2.17 Å, which means that the O–W bond can be
broken easily leaving a chemisorbed formyl group on the
surface. The bond lengths of the corresponding transition state
(TS) are quite close to those of the nal state (FS), suggesting
that the TS is more product-like than reactant-like.

Interestingly, by analysing the reaction pathway for the
dehydrogenation of absorbed HCHO molecules of type IV, we
have found that the molecule absorption of HCHO of type IV
tends to turn into a more stable absorption conguration, just
like type II, across an energy barrier of only 0.19 eV, which can
be seen from the transform pathway presented in Fig. S4.† The
simulated minimum energy path indicates the absorption
This journal is © The Royal Society of Chemistry 2016
conguration of type II is more stable, 0.40 eV lower per HCHO
absorbed on the WO2.9 (010) surface than for the absorption
conguration of type IV. Therefore, we study the dehydrogena-
tion reaction of absorbed HCHO molecules of type IV starting
with a conguration of type II. The reaction pathway is shown in
Fig. 5(d) and the overall reaction barrier is 0.97 eV. The total
energy change, TS and FS are similar to those of Fig. 5(b) and
the TS is also more product-like than reactant-like.

In consideration of the energy barrier of 0.54 to 1.94 eV for
the four types of dissociation reaction and the band gaps and
edges of WO2.9 which are appropriate for HCHO sensing,25,30

HCHO dissociation can occur under moderate excitation at
room temperature, such as under visible light irradiation. The
adsorption and dissociation properties of HCHO on a WO2.9

(010) surface indicate that sub-stoichiometric WO2.9 may nd
potential application in HCHO sensing and elimination at room
temperature.

4. Conclusions

We have systematically investigated the HCHO absorption
performance on a sub-stoichiometric WO2.9 (010) surface using
rst principles calculations. The calculated results suggest that
exposed O1c, O2c andW5c atoms at the surface are active sites for
HCHO adsorption, and HCHO molecules can fasten on the
J. Mater. Chem. A, 2016, 4, 14416–14422 | 14421
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surface mainly in four types through newly formed OF–W5c and/
or CF–O1c/O2c/W5c bonds. HCHO molecules chemisorbed to the
WO2.9 (010) surface are inclined to dehydrogenate across an
energy barrier of 0.54 to 1.94 eV, leaving formate or formyl
groups and H adatoms absorbed on the surface. The larger
bond lengths between the formate/formyl group and the surface
mean that the activity of the formate/formyl group may deviate
from the surface under moderate irradiation, resulting in non-
toxic CO2 or HCOOH nally. These results indicate that a sub-
stoichiometric WO2.9 (010) surface is appropriate for HCHO
sensing and elimination at room temperature under moderate
conditions, for example, visible-light irradiation, electro-
chemical excitation, and so on.
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