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ty and Ins
A B S T R A C T

It is known that exposed surface determines material’s performance. WO3 is widely used in gas sensing
and its working surface is proposed to control its sensitivity. However, the working surface, or most
exposed surface with detailed surface structure remain unclear. In this paper, DFT calculation confirmed
that oxygen vacancy O-terminated surface is the most exposed hexagonal WO3 (001) surface, judging
from competitive adsorption of CO and O2, working surface determination for CO sensing and
comparison of oxygen vacancy formation energies on different h-WO3 (001) surfaces. It is found that DFT
can be a useful alternate for exposed surface determination. Our results provide new perspectives and
performance explanations for material research.
© 2020 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.
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Study found that material’s performance originated from the
exposed surface [1]. Understanding a material often starts from
its most stable exposed surface [2], which is also the working
surface in practical applications. This is especially true for gas
sensing materials [3], the particular surface of which deter-
mines the sensitivity. While the exposure of material surfaces is
often the result of a variety of factors constraining and balancing
each other, so determining the exposed surfaces of materials is
rather challenging. Recently, technological progress allows the
consideration on the exposed surface become more and more
widely [1–4]. The confirmation of exposed surface will provide a
solid foundation for materials understanding, potential explor-
ing, performance analyzing, and modification performing.
However, in the study of materials, a truth is emerged gradually
that the more detailed structure of exposed surface is the
decisive factor in material performance, which has not yet been
fully realized [4].

In fact, the importance of surface derives from the decisive role
of structure to nature. The understanding degree of surface
structure determines the understanding depth and controlling
breadth over material properties. Experiments usually determine
the exposed surface through the pattern of diffraction spots. The
most commonly used experimental method is transmission
titute of Materia Medica, Chinese
electron microscope (TEM). It does play a key role in determining
the way materials working in many influential studies. However,
the traditional resolution has so far stayed on the order of
nanometers [5], although new efforts are continuingly performed,
more detailed description of surface is still not easy to be achieved
[6]. This directly leads to the lack of the basicmechanism of various
chemical-physical processes associated with surface [1]. In the
context of experimental technology that has yet needed to be
improved and generalized, theoretical predication is undoubtedly
a convenient and powerful choice.

In the research of hexagonalWO3 (h-WO3) (001) surface [7–10],
a fact discovered theoretically that the oxygen vacancy
O-terminated (001) surface is actually the most exposed (001)
surface in working conditions, especially in air as the most
frequently working scene. This can be derived firstly from the
strong oxygen-absorbing ability ofWO3 surface [10–12], which can
be called by effective surface or working surface as Zhou et al. [4]
have ever clamed in a recent job. They found that photocatalytic
activity of surfaces is determined by the actual working surface
structure, the adsorbate reconstructed surface instead of their
intrinsically clean one. Therefore, when the surface structure of h-
WO3 (001) was changed, the performance varied significantly as
disclosed in the case of CO andH2 sensing [7–10]. It can be said that
there is a kind of structure change which does not change the TEM
pattern ultimately, while it is large enough to change the
performance of material. All these indicate that just knowing
the intrinsic surface structure is far from the complete and
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Fig. 1. Slab models of hexagonal WO3 (001) surfaces [7–10]: (a) O-terminated surface, (b) O-terminated surface with oxygen vacancy, (c) WO-terminated surface and
(d) WO-terminated surface with oxygen vacancy. Blue and red balls represent W and O atoms, respectively. [TD$INLINE] represents oxygen vacancy.

Table 1
CO and O2 competitive adsorption [7,8,10] on the four surfaces: O-terminated, vacancy O-terminated, WO-terminated and vacancy WO-terminated h-WO3 (001) surfaces.

(001) Surface Eads of O2 (eV) Relationship Eads of CO (eV) Dominant adsorption Working surface for CO sensing

O- 0.19 < < 2.64 CO O-
Vac O- 0.24 < < 1.96 CO Vac O-
WO- 1.65 > > 0.97 O2 O- or Vac O-
Vac WO- 7.30 > > 1.54 O2 O- or Vac O-

[(Fig._2)TD$FIG]

Fig. 2. Schematic diagrams: (a) O2 dissociation on Vac WO- surface to form a new
Vac O- surface. (b) CO sensing on the most exposed oxygen vacancy O-terminated
surface (Vac O-) [8].
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accurate understanding of material. The surface understanding at
atomic level is essential [2,3].

For thematerial of h-WO3, its (001) surface can be terminated in
two kinds of ways. That is oxygen atom terminated (oxygen
terminated, denoted as O-) and both tungsten and oxygen atoms
terminated (tungsten oxygen terminated, WO-) (001) surfaces
(Figs. 1a and c). When oxygen deficiency takes place on these
surfaces, oxygen vacancy occurs. Then there are new surface
structure emerging, which we can call oxygen vacancy
O-terminated and oxygen vacancy WO-terminated h-WO3 (001)
surfaces (Vac O- and Vac WO-, Figs. 1b and d). Thus there are four
detailed surface structures for h-WO3 (001) now. They are actually
four h-WO3 (001) surfaces. As we have disclosed before, their
performance for the same kind of gas of CO or H2 are very different
[7–10].

Our theoretical consideration of h-WO3 (001) working surface
(the most possibly exposed surface in use) originated from the
competitive adsorptionbehaviorof COandO2disclosed inourCO/h-
WO3 (001)gassensingstudies [7,8,10]. Thedensity functional theory
(DFT) calculations using DMol3 were performed based on Perdew-
Bruke-Ernzerhof (PBE) parameterization of generalized gradient
approximation (GGA) [13]. The h-WO3 (001) surface was simulated
by a periodic (2�1) slab model as shown in Figs. 1a–d. The slab
lattice constant was relaxed to release the static stress. CO and O2

molecules were initially placed above on different binding sites.
Adsorption energy Eads and formation energy of oxygen vacancy Ef

v

are calculated (more details in Supporting information).
Table 1 described the adsorption energy of CO and O2 on the

four kinds of different h-WO3 (001) surfaces, the clean and oxygen
vacancy presented O-terminated surfaces (O- and Vac O-), and the
clean and oxygen vacancy presented WO-terminated surfaces
(WO- and Vac WO-). In comparison of adsorption energies
(Table 1), CO is preferred on O-terminated surfaces, binding to
the oxygen rich O- (binding energy 2.64 eV) or Vac O- surfaces
(1.96 eV). In contrast, O2 is preferred on the oxygen lacking WO-
(1.65 eV) and Vac WO- (7.30 eV) surfaces. For the former two
surfaces, CO can be sensing directly. For the latter two, CO sensing
will be sensitive after O2 adsorption, which is just the scenewidely
accepted in the field of reducing gas sensing [12]. Then due to
adsorption competition, the working surface of CO gas sensing is
actually always the O-terminated surface or oxygen vacancy
O-terminated surface, just as indicated in the last column of
Table 1.

As for the most exposed surface, formation energy of oxygen
vacancy should be a good index. The formation energy of oxygen
vacancy on the O-terminated surface is calculated to be 0.93 eV,
which is much smaller than the vacancy formation energy on the
WO-terminated surface of 4.23 eV. It is consistent well with the
relative stability of O- andWO-terminated (001) surfaces indicated
by surface energy [14]. It confirms that the formation of oxygen
vacancy O-terminated surface (Vac O-) is relatively easier than the
formation of oxygen-vacancy WO-terminated surface (Vac WO-)
from the clean one. Then, Vac O- is easily formed from a perfect
surface, and Vac WO- is difficult to form from a perfect surface.
That is, O- becomes Vac O-. Then the working surface for CO gas
sensing ismainly oxygen vacancy O-terminated surface. That is the
Vac O- is theworking surface for CO sensing. Of course, it is also the
most exposed surface of h-WO3 (001).

In the synthesis process, because it is often impossible to avoid
the generation of oxygen vacancies [15], the possibility of forming
an oxygen-vacancy WO-terminated surface (Vac WO-) is generally
high. However, according to our calculations, this kind of surface is
very difficult to be stable in air. Since oxygen vacancies have superb
oxygen absorption capacity and the adsorption energy can reach as
high as 7.30 eV (Table 1) [10]. O2 dissociative adsorption occurs
when an oxygen atom fills a surface oxygen vacancy to allow it to
recover, and an oxygen atom adsorbs on the immediately adjacent
four coordinatedW4c to become single coordinated O1c exposed to
the outside (Fig. 2a). The recent discovery of the barrier-less
transformation of surface (Vac WO-) with lower oxygen density to
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Fig. 3. The schematic diagram of the relationship between other three surfaces and the most exposed Vac O- surface.
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higher one (Vac O-) confirmed this further (Fig. S1 in Supporting
information). This surface can be firstly called oxygen-absorbed
WO-terminated surface. The essence of it is oxygen vacancy
O-terminated surface (Vac O-) with relatively less oxygen
adsorption. That is, Vac WO- becomes Vac O-.

If the initially formed surface is oxygen vacancy O-terminated
surface (Vac O-), the ability to absorb oxygen is limited in air
because of its strong repulsive effect to oxygen O2, consistent with
the smaller adsorption energy (0.24 eV, Table 1). Therefore Vac
O- is retained.

On the condition that WO-terminated surface (WO-) was
obtained firstly in the synthesis process. It has a strong oxygen-
absorbing ability with the adsorption energy for an oxygen atom
up to 2.67 eV [10] and O2 up to 1.65 eV (Table 1). Thus it has large
possibility of not existing or appearing as an oxygen pre-absorbed
WO- surface, which we know can be regarded as a kind of oxygen
vacancy O-terminated surface with large defect density. ThenWO-
surfaces will convert to Vac O- surface again.

Therefore, no matter which surface is initially synthesized, that
can finally be stably present in air is always the oxygen vacancy
O-terminated surface, Vac O- (Fig. 3). Thus, it can be concluded that
the oxygen vacancy O-terminated surface is the most exposed
surface of hexagonal WO3 (001) in air (From the binding energy
point of view, the working surface is also confirmed in Fig. S2 in
Supporting information). This explains why there are so many
theoretical simulations using this surface directly as the research
objects [16–19]. It also reveals the intrinsic causes of that
the adsorbed oxygen and oxygen vacancies can be found together
to help the material achieve a significant increase in gas
sensitivity [20].

A job from Zhao et al. [20] mentioned that the sensitivity of
material is derived from both adsorbed oxygen and oxygen
vacancies. This may be the scene presented on the oxygen vacancy
O-terminated surface, which simultaneously possesses these two
kinds of active sites (Fig. 1b). Just as we have ever uncovered in the
completed jobs [7–10], on the oxygen vacancy O-terminated
surface, absorbed oxygen (lattice oxygen) and oxygen vacancy both
contribute to the sensitivity, with adsorbed oxygen to be dominant.
Adsorbed oxygen usually displayed as single coordinated O1c and
oxygen vacancy displayed as five coordinated W5c. Then the active
sites of the most exposed h-WO3 (001) surface include O1c site and
W5c site, with the O1c site to be dominant. Fig. 2b describes the
situation of CO sensing on the most exposed oxygen vacancy O-
terminated surface (Vac O-) [8]. Both O1c andW5c can contribute to
the sensitivity of the material.

In fact, what is confirmed here is not only the most stable
exposure of a surface. It is also an effective exposure in its use. We
call it working surface or effective surface. The effective surface is
different from the exposed surface determined in the general TEM
experiments. Compared with the experimentally measured
exposed surface, it is the same surface while provides more
detailed structural information. It should be analogous to intrinsic
structure and reconstructed structure, respectively, mentioned in
Zhou et al.’s study [4]. It can be said that it is the effective surface
that determines the performance of material. Whether the surface
exposed in the application environment can work effectively is
decisive to performance. Material handling based on this
understanding will be more targeted and purposeful so that
facilitates the precise control of materials.

Based on DFT calculation, we have confirmed that the oxygen
vacancy O-terminated surface is the most exposed surface of
h-WO3 (001) inworking condition. This judgment derived from the
confirmation of the effective working surface based on energy
changes, competitive adsorption, and oxygen vacancy formation
energy comparison. The possibility judgement of stable existing of
four different h-WO3 (001) surfaces in air will provide new
perspectives and performance explanations for material research.
And it can be extended to the understanding on other materials.
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