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Highlights

• Synthesis of γ−monoclinic WO3 by a novel template-mediated sol-gel method

Study of acetone sensing by WO3 in inert and simulated air to unveil the

O2 role Density functional theory used to unravel the sensing mechanism by

γ−WO3 The acetone interaction through carbonyl group releases electrons

to WO3 surface Balance between simple acetone adsorption and its reaction

depending on O2 presence
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Abstract

The acetone sensing mechanism by WO3 was investigated through a com-

bined experimental and theoretical approach. The γ−monoclinic WO3 powder

was synthesized by a template-mediated sol-gel method and characterized on

structural, surface, morphological and optical points of view. A thin film of

WO3 was deposited on interdigitated Au electrodes by hot-spray method and

tested at 300 ◦C (while applying a bias of 1.0 V) for acetone gas sensing, both in

presence and absence of oxygen in the gas carrier. Interestingly, the absence of

oxygen had no significant effect on the sensor response intensity but it dramat-

ically increased the recovery times (from 120 s to 2700 s). In order to explain

these experimental results, by means of ab initio density functional theory cal-

culations we modeled a defective γ−WO3 surface structure and simulated the

adsorption of acetone and oxygen molecules on top of it. We evidenced that, in

presence of surface oxygen vacancies, both acetone adsorption and its oxidation

reaction can occur. However, their contribution to the sensor response strictly

depends on the inert/oxidative atmosphere present in the sensing chamber,

which in turn strongly affects the surface oxygen population. Our findings can

either be the guidelines for future studies aimed at delineating the possible re-

action products or pave the way for the engineering of tailored nanomaterials

having specific surface features and enhanced sensing properties.

Keywords

Acetone, WO3, metal oxides, gas sensor, DFT
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1 Introduction

Diabetes is a lifelong condition that severely affects the quality of life of a rapidly

growing number of individuals. The disease is accompanied by a series of metabolic

disorders that have to be constantly monitored before reaching dangerous extents,

eventually leading to death.1–3 Acetone has been taken into consideration as a se-

lective bio-marker for type-1 diabetes,4–6 since its concentration in breath can be

correlated to insulin and glucose blood levels.7 This concentration can increase from

300-900 ppb for healthy individuals to 1800 ppb and more in diabetic patients.8

Breath analysis by means of portable devices constitutes a valid alternative with

respect to traditional techniques, allowing very rapid and non-invasive measure-

ments.4,9,10 However, in order to detect this small difference (around 900 ppb) be-

tween healthy and ill people, in such a complex gas mixture as the human’s breath, a

highly sensitive and selective acetone sensor is required. Among the various, largely

investigated metal oxide-based chemiresistors, SnO2, TiO2, ZnO, In2O3 and WO3

have been widely exploited.11,12 In particular, tungsten trioxide has proved to be

one of the most promising materials for this application, due to its high sensitivity

towards Volatile Organic Compounds (VOCs) combined with impressive structural

and thermal stabilities.10,13

If on one hand the technological applications of this material are nowadays well-

established, the mechanism that produces, at the atomic level, the final sensor re-

sponse towards acetone molecules and VOCs in general is still debated.14–17 Several

experimental and theoretical studies have been made on a wide range of materials

and polymorphs, including hexagonal WO3, SnO2, ZnO and many more,16,18–21 re-
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sulting in very few mechanisms that can be easily generalized to all sensors based

on metal oxide materials.14 The most popular one, known as “ionosorption model”,

involves either a reception or a transduction step.14,15,22 Notably, this mechanism is

quite close to the one already reported for photodection processes.23,24 The adsorbed

oxygen species can be considered as free oxygen ions electrostatically stabilized on

the metal oxide semiconductor (MOS) surface. The first step implies a physisorption

mechanism that turns into ionosorption upon electrons transfer from the semicon-

ductor to the oxygen species themselves. Hence, several negatively charged species

are formed, such as O –
2 , O– and O2– . Zheng et al.25 reported that, in general,

below 150 ◦C, the O –
2 molecular form dominates whereas, above this temperature,

the other two atomic species prevail. The chemisorption of these oxygen-containing

ions causes the formation of a depleted region, characterized by reduced electron mo-

bility near the MOS surface.14,26 In the presence of a reducing gas such as acetone

or ethanol, the oxygen ions concentration on the MOS surface decreases due to reac-

tions with the target analyte, leading to a larger mobility which results in a current

increase. This hypothesis has shown promising results when applied to simple inor-

ganic species such as NO, NO2 and CO,18,19,27,28 since their reaction mechanism can

be explained in terms of single oxygen atom transfer from or towards the surface.

However, extending such mechanism to larger organic molecules such as acetone,

toluene and ethanol, is a more challenging task, since a complex, multi-step reac-

tion would be involved.21,29,30 Other studies suggest a less popular mechanism, called

the “oxygen-vacancy model”.14 As the name implies, it contemplates the partial re-

duction and re-oxidation of the MOS surface. Specifically, considering an n-type
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semiconductor, which is rich in oxygen vacancies, its partial reduction upon inter-

action with a reducing analyte (e.g. ethanol or acetone) can cause the formation of

other oxygen vacancies and, consequently, an injection of electrons into the conduc-

tion band (CB) of the MOS, thereby increasing the conductivity. Once the analyte is

oxidized, it leaves the oxide surface, re-oxidizing it if oxygen, that fills the vacancies,

is present in the atmosphere over the material surface.14,16 A third mechanism has

been proposed by Abokifa et al.,16 in which the direct adsorption of VOCs on the

MO surface rather than their oxidation by means of ionosorbed oxygen species can

explain the sensing performance.

In this work, the combination of experimental and theoretical approaches was

exploited in order to possibly unravel the gas sensing mechanism by WO3 as MOS

prototype. WO3 powder was synthesized through a novel synthetic route compris-

ing the use of a non-ionic surfactant, namely Pluronic R© F127, in order to increase

the final active surface area, which is known to play a pivotal role in the sensing

behavior.3,31 Sensing tests were performed at high operating temperature (300 ◦C)

in simulated air, evidencing very promising features of the as-prepared material in

terms of either sensitivity or response/recovery times. Moreover, to give insights

into the role played by the oxygen species, the same tests were carried out in inert

N2 atmosphere. In parallel, density functional theory (DFT)32 was exploited in or-

der to better elucidate the sensing mechanism. Therefore, after defining the WO3

bulk and surface structures, the adsorption of the in-play gaseous species, such as

acetone and oxygen, was simulated. Notably, our results show that, alongside the

key role of gaseous O2 in forming negatively adsorbed species and reacting with the
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analyte molecules, also the direct acetone adsorption onto the WO3 surface should

be considered in order to explain the sensor response.

2 Experimental

2.1 Synthesis of WO3 nano-powder

All the chemicals were of reagent-grade purity and were used without further purifi-

cation; doubly distilled water passed through a MilliQ apparatus was utilized. All

the reagents used were purchased from Sigma-Aldrich.

In a typical synthesis, 2.0 g of Pluronic R© F127 (as templating agent) were dis-

persed in a mixture of ethanol (25 mL) and MilliQ water (20 mL). Under vigorous

stirring (at 80 ◦C), ca. 5.0 g of H2WO4 (templating agent/tungsten precursor weight

ratio equal to 0.4) were added into the previous ethanol/aqueous solution. The sys-

tem was kept under stirring at 200 rpm for 3 h. The resultant sol solution was

dried in oven at 60 ◦C, then calcined at 400 ◦C under oxygen flux (5 h, 9 NL h−1)

to remove the organic traces. Finally, the powder was washed several times with

ethanol and MilliQ water to eliminate the residual block copolymers. Afterwards,

the as-synthesized powder was dried in oven at 60 ◦C.

2.2 Physico-chemical characterizations

X-ray diffraction (XRD) analyses were performed on a Philips PW 3710 Bragg-

Brentano goniometer equipped with a scintillation counter, 1◦ divergence slit, 0.2 mm

receiving slit and 0.04◦ soller slit systems. We employed graphite-monochromated
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Cu Kα radiation (Cu Kα1 λ = 1.54056 Å, Kα2 λ = 1.54433 Å) at 40 kV × 40 mA

nominal X-rays power. Diffraction patterns were collected between 10◦ and 70◦ with

a step size of 0.02◦ and a total counting time of about 1 h. A microcrystalline Si-

powdered sample was used as a reference to correct for instrumental line broadening

effects.

The morphology was investigated by high-resolution transmission electron mi-

croscopy (HR-TEM) using a JEOL JEM 3010UHR microscope operating at 300 kV

and equipped with a LaB6 single crystal filament. Sample powders were dry de-

posited on 200 mesh Cu “holey” carbon grids before the analyses.

Specific surface area and porosity distribution were determined from N2 adsorp-

tion/desorption isotherms at 77 K using a Micromeritics Tristar II 3020 (Norcross,

USA) apparatus and the instrumental software (Version 1.03) by applying Brunauer-

Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH) analyses, respectively. Be-

fore measurements, sample powders were pretreated at 150 ◦C (4 h under N2 flux)

to remove adsorbed species.

In order to evaluate powders optical band gaps by Kubelka-Munk elaboration,

diffuse reflectance spectra (DRS) were measured on a UV/Vis spectrophotometer

Shimadzu UV-2600 equipped with an integrating sphere; a “total white” BaSO4 was

used as reference.

2.3 Deposition of WO3 onto interdigitated electrode

WO3 powder was deposited on alumina substrates topped with interdigitated Au

electrodes (IDEs) by hot-spray method. The IDEs were made of alumina on which
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interdigitated Au lines with 200 µm in width and space have been deposited (G-

IDEAU200, DropSens, Oviedo, Spain).23 To remove any contamination from the

electrodes, all substrates were sintered at 300 ◦C for 6 h and washed by several

washing ethanol/drying cycles before deposition. Then, 4.0 mL of 2.5 mg mL−1

ethanol powders suspensions were sprayed by keeping constant the air-brush pressure

(0.8 bar), the temperature of the heating plate (230 ◦C) and the deposition height

(ca. 8 cm). A final calcination step at 350 ◦C for 1 h was performed to guarantee a

good powders film adhesion on the IDE.

2.4 Sensing tests

Sensing tests were performed using a custom-built stainless steel cell.33 The IDE

coated sensors were placed above a hotplate connected to a PID (Proportional-

Integral-Derivative) temperature controller, and the upper part of the cell was closed

with a quartz window. The sensor response was measured while flowing either a 80%

N2 20% O2 gas mixture or 100% N2 (in both cases 0.5 L min−1 was set as the total

flow rate) regulated by mass flow controllers (Bronkhorst, The Netherlands). The

desired amount of target gases up to 20 ppm was introduced into the cell by means

of a four-way switching valve. The analyte concentration was varied by dilution of

a proper flow of a starting 500 ppm acetone in N2 gas mixture, keeping constant

the total flow rate of 0.5 L min−1. For the gas sensing tests, two gold probes were

separately placed on top of the powders covered IDE and the dynamic response was

recorded by an electrochemical workstation (Autolab PGStat30, Ecochemie, The

Netherlands, potentiostat/galvanostat controlled by NOVA 2.0 software), applying
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a bias of +1.0 V. Tests were performed at 300 ◦C. The sensor response is reported

as (Rair / Ranalyte) 1, where Rair is the film resistance in air and Ranalyte is the film

resistance at a given concentration of the target gas which varies with time.34,35 Both

sensors response and recovery times have been evaluated considering the 90% of the

final response, as already reported elsewhere.34,35

3 Computational details

Ab-initio calculations on γ−monoclinic phase of WO3
36,37 were performed using

DFT as implemented in the SIESTA code (Spanish Initiative for Electronic Sim-

ulation with Thousands of Atoms),38 choosing PBE39 as the exchange-correlation

functional. Norm-conserving pseudopotentials for W and O were generated, based

on the Troullier-Martins parameterization.40 The tungsten pseudopotential includes

scalar relativistic corrections and was generated for the [Xe]4f 146s15d5 configuration,

utilizing the cutoff radii provided by Rivero et al..41 The basis set for tungsten is of

DZP type and has been taken, without modifications, from the same authors.41 For

oxygen atoms we have uniformly used a value of 1.47 Å for the radii of all the angu-

lar components of the pesudopotential, while the basis set was a custom DZP which

included the cut-off radii suggested by Lambert-Mauriat et al.,42 further corrected

by changing the second cutoff radius of the 2s basis functions from 5.2 Å to 2.2 Å.

Bulk phase calculations were performed on a 6×6×6 k-point grid in the 32 atoms

monoclinic unit cell, with b as unique axis, using a 450 Ry as mesh cutoff. In order

to overcome the heavy band gap underestimation typical of pure functionals such
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as PBE, we applied to the oxygen pseudopotential the half-occupation technique

described by Ferreira et al.,43,44 which led to great improvements in the band gap

value. After the treatment, the latter increased from 1.1 eV to 2.48 eV, which is

much closer to the experimental gap (2.6−2.7 eV) reported in literature45–47 and

measured by ourselves (see Section 4.1).

4 Results

4.1 WO3 material characterization

The structural properties of the as-synthesized WO3 nano-powder were first inves-

tigated by XRD analysis. Figure 1a displays the registered X-ray pattern, in which

the characteristic peaks at 2θ = 23.1◦, 23.7◦ and 24.3◦ correspond to the (0 0 2), (0 2

0) and (2 0 0) Millers indexes of the monoclinic polymorph. Moreover, the XRD line

reveals a good degree of sample crystallinity, as witnessed by the crystallite domains

size of 30 nm.

Surface morphological properties were evaluated through N2 adsorption/desorption

analysis. The specific surface area value is quite low (7 m2g−1) as expected for WO3-

based materials,48,49 as well as the total pore volume of 0.030 cm3g−1 (as shown in

inset of Fig. 1b). Notably, both the presence of F127 tenside and the calcination step

may have contributed to the high percentage of macropores, with diameters greater

than 20 nm (inset of Fig. 1b). Furthermore, the BET hysteresis loop, reported in

Fig. 1b, indicates the presence of typical H3-type pores, i.e. slit-shaped ones.

On the morphological point of view, high-resolution TEM images, in Fig. 1c,
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display highly crystalline particles that form dense aggregates having micrometric

and sub-micrometric sizes. Specifically, the analysis of both the interference fringes

(observable in the magnification of the HR-TEM image in Fig. 1c) and the Fourier

Transform pattern (inset) evidence the presence of monoclinic WO3 (ICDD n. 01-

075-2072),50 with spacing between planes ascribable to d(1 1 1) of 0.31 nm.

Finally, as regards the optical properties, band gap values were determined by

Kubelka-Munk elaboration of the relative diffuse reflectance spectrum (Fig. 1d) re-

sulting in an optical band gap of 2.6 eV, a value comparable to those already reported

for tungsten trioxide.45–47

4.2 Chemical sensing properties

The performance of the as-prepared material was investigated at 300 ◦C in simulated

air, i.e. 80% N2 20% O2, mimicking the major carrier of the humans breath.

The relative response obtained is displayed in Fig. 2a (black line). Remarkably,

200 ppb could be easily detected showing a quite fast response of about 70 s and a

recovery time of ca. 120 s, values comparable to the most performing WO3-based

sensors already reported in literature.1,51 Alongside with the achievement of a highly

sensitive WO3 sensor, our final aim is to provide a comprehensive description of the

sensing mechanism by MOS nano-architectures. In order to do so, perceiving the

role of oxygen in either enhancing or quenching the MOS sensing features is crucial.

Experimentally, this aspect was investigated by performing an additional test in inert

atmosphere (100% N2), shown in Fig. 2a (red line). Interestingly, an intense signal,

comparable with the one measured in the previous test, was observed independently
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of the presence of gaseous O2. In this case, however, both the response and recovery

times were higher and, especially, the latter were affected by a dramatic increase

(from 120 s to 2700 s). Finally, we performed a hybrid test (see Fig. 2b) where the

response to 20 ppm acetone was measured, at first, under 100% N2 flow. Then, in

recovery phase, the atmosphere composition was changed to simulated air. Finally,

another peak at 20 ppm acetone was measured under these conditions. This test

highlights the differences in the raw current output according to the composition of

the gaseous environment. In particular, in inert atmosphere the current intensity is

generally higher with respect to the test performed in presence of O2.

In order to retrieve useful information concerning the sensing mechanism, the

experimental data described in this section were combined with the theoretical ones.

In particular, the following theoretical simulations were conducted: i) bulk and sur-

face structure of the γ−monoclinic WO3 material, in stoichiometric form as well as

in presence of oxygen vacancies ii) adsorption of acetone and oxygen species on the

defective surface.

4.3 Theoretical characterization of the active WO3 surface

WO3 surface was modeled by applying the
(
1 1
1 −1

)
reconstruction, i.e. the most

stable structure according to the literature.42 This reconstruction can be obtained

by removing half of the terminal O atoms exposed in the top layer. Since the W-

O-W chains along the c axis are characterized by alternating long and short W-O

bonds,36 we removed the terminal O atoms characterized by longer (hence weaker)

W-O bonds. The same process was applied to the bottom layer. By doing so, no
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artificial mid-gap states appear in the electronic structure of the surface. The final

slab used in our calculations is shown in Fig. 3a: it has a thickness of six “WO6”

octahedra and includes a 18 Å vacuum layer to avoid spurious interactions between

periodic replicas of the cell. The geometry of the first four layers has been optimized

to take into account surface relaxation effects. The electron density distribution

of the system has been analyzed within the framework of the Quantum Theory of

Atoms in Molecules,52 using the Critic2 code.53

The density of states (DOS) of the clean, non-defective surface, reported in

Fig. 3b, shows that it acts as an insulator, with a calculated band gap amount-

ing to 2.06 eV (to be compared with the calculated bulk value of 2.48 eV). The

valence band is dominated by the 2p orbitals of the O atoms, while the d states of

W atoms fill the conduction band. All the W atoms (both the esacoordinated and

the pentacoordinated ones) have an oxidation state very close to W6+, as expected

in a strongly ionic crystal.

4.3.1 With a bulk oxygen vacancy

Typical WO3 samples are often sub-stoichiometric in oxygen,54 giving rise to a certain

conductivity which drastically decreases when an oxidizing species such as molecular

oxygen is pumped in the chamber. The crucial role of oxygen vacancies in standard

WO3 is commonly reported in literature and widely exploited in order to interpret the

material electrical and magnetic behaviour, as well as its sensing properties.30,55 In

our simulations, this defect was reproduced by removing a neutral oxygen atom at the

center of the slab, and relaxing the system again. In this case the density of oxygen
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vacancies amounts to 0.7% (one vacancy every 144 oxygen atoms). As expected,

the two electrons left in the system cause a partial population of the conduction

band, correctly reproducing the experimental electrical response (see Fig. 3c). The

new empty state, due to the bulk vacancy and appearing just above the Fermi level

(EF), is mainly localized on the W atoms belonging to the chain extending along

c (normal to the surface) and including the defect. The two extra electrons in the

conduction band are delocalized and belong to the whole system. Differently, the

surface state which appears at the top of the valence band in Fig. 3c is completely

localized on the O atoms of the first layer of the slab. Due to the presence of this

surface state, the band gap slightly decreases down to 1.9 eV. The electric dipole

moment of this defective slab amounts to −0.67 a.u., reflecting an electron transfer

towards the surface of 0.4 e−, due to the surface state in the first layer. This defective

slab (Surf in the following) is still non-magnetic, because of the very low vacancies

concentration: the more complex configurations presented in the following will be

discussed in relation to this reference system.

4.3.2 With both a bulk and a surface vacancy (Surf-O system)

It is known from the literature16 that, while bulk oxygen defects mainly affect the

conductivity, surface vacancies are a key component for the adsorption and transfor-

mation mechanisms on metal oxide surfaces, acting as particularly reactive sites for

gas adsorption and molecular reactions.56 When considering a surface with an addi-

tional oxygen vacancy in the first layer (Surf-O hereinafter, shown in Fig. 4e), the

situation retrieved by our calculations changes significantly and the system becomes
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magnetic with a magnetic moment equal to 0.9 µB. The energy necessary to remove

a couple of non-interacting O atoms from the surface and to form one O2 molecule

in gas phase amounts to 3.15 eV per atom. From a thermodynamic perspective,

this means that an oxygen molecule prefers to dissociate in presence of defective sur-

face, leaving O atoms adsorbed on it. On the other hand, this behaviour was never

observed on a stoichiometric surface. All terminal oxygen atoms, including those in-

volved in the adsorption/desorption process, are electronically equivalent and bear a

total charge of approximately 8 electrons. Hence, they can be classified as O2– . The

density of states of the Surf-O system (see red line in Fig. 4a and b) shows four new

sharp peaks around EF, of which only one is occupied and corresponds to a majority

state localized on the W atom just below the surface vacancy and weakly hybridized

with the bulk vacancy state. The oxidation state of this tungsten becomes in this

way W5+. The analogue minority state is empty and the remaining two empty peaks

in the conduction band are still localized on W atoms but without any hybridization.

Three out of the four electrons in the conduction band are delocalized on the whole

system and in particular on the surface layers. To sum up, when a terminal O2–

species detaches from the surface leaving a vacancy, it releases two electrons in the

conduction band. One of them is delocalized on the whole system and adds up to

the ones released by the bulk vacancy, contributing to the global conductivity, while

the other one is localized on the W atom below and contributes to the surface reac-

tivity. As a consequence, the electric dipole moment changes its sign and measures

2.08 a.u., due to the charge unbalance caused by the surface vacancy.
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4.3.3 With a bulk and two surface vacancies (Surf-2O system)

As already highlighted, gas sensing is predominantly a surface-based phenomenon;

hence, surface architecture and oxidation states are very significant factors that

largely influence the sensor performance. In order to better explore this point, we

also studied an even more defective surface, trying to detect the role of W atoms

with modified oxidation states. This system, called Surf-2O and shown in Fig. 4g,

has one bulk oxygen vacancy plus two surface ones, not contiguous. The energy

involved in the desorption/adsorption process is almost equivalent to the previous

case, i.e. the energy cost to remove the second oxygen is 3.23 eV. The DOS (see

purple line in Fig. 4c) shows four peaks around the Fermi level, three of which are

occupied while one is empty. The two occupied majority states are localized on the

two W atoms just below the surface defects, while the minority occupied state is lo-

calized on just one of them. It follows that one of these W atoms has a 4+ oxidation

state, which qualifies this site as the most reactive one. Notably, the presence of

the second surface vacancy does not increase the number of electrons participating

to the conduction, as the additional two released electrons are both localized on the

W4+. Consequently the magnetic moment of the system is still ca. 1 µB. In this

configuration, the electric dipole moment further increases to 3.93 a.u. Remarkably,

any increase in the number of surface vacancies is accompanied by a slight migration

of conduction electrons from the bulk material towards the surface. This behaviour

can be put in relation with the hypothesis, often advanced in literature,14,57 that

adsorbed oxygen species may scatter conduction electrons away from the surface,

determining the formation of a depletion layer which reduces the electron mobility
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and hence the MOS conductivity. The formation of surface vacancies acts in the

opposite direction, leading to a larger active volume.

4.3.4 Acetone adsorption on Surf-O

Finally, in order to investigate the device response towards acetone gas, we have

considered one acetone molecule interacting with a WO3 slab of 190 atoms, including

both a bulk and a surface oxygen vacancy (Acet@Surf-O, see Fig. 4f). The dipole

moment qualifies the adsorption geometry with the carbonyl group of the acetone

molecule pointing towards the surface as the most energetically stable. The oxygen

atom of acetone directly interacts with one of the pentacoordinated W atoms of

the first layer, with an W-O interatomic distance that spans from 2.11 to 2.24 Å,

depending on the specific adsorption site. Accordingly, the binding energy ranges

from 1.26 to 1.58 eV, reaching its highest value when the molecule is adsorbed on

a vacancy site. A modest charge transfer of about one tenth of electrons from the

acetone molecule to the sensor surface occurs in all configurations. The electric dipole

moment of the acetone molecule in the gas phase amounts to 1.32 a.u. and sums up

with that of the surface, resulting in a value of 6.19 a.u. for the global Acet@Surf-O

system. The magnetic moment is still positive and equal to 0.76 µB. Looking at the

DOS comparison reported in Fig. 4b, it can be seen that the electronic properties of

this system do not change significantly with respect to the Surf-O slab. The localized

state close to EF is still ascribable to the W atom below the surface vacancy, whose

oxidation state remains W5+.
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5 Discussion

The ionosorption model is rather popular in the literature and is often invoked in

order to explain the sensing behaviour of WO3
30 and of several metal oxides, in-

cluding for example SnO2
29 and ZnO.21 The model considers many reactive steps

between acetone and surface oxygen species, eventually leading to complete oxida-

tion to CO2 and H2O. Unfortunately, to the best of our knowledge, only a few

studies58–60 provide direct evidence of the evolution of the products of acetone oxi-

dation upon MOS, and, among them, only one concerns WO3.
60 Sun et al. identified

several acetone oxidation products on Mn3AlO,58 while El-Mazaawi et al. reported

CO2 evolution from acetone on TiO2 under UV irradiation.59 The closest comparison

with our specific case is provided by Li et al., which reported CO2 evolution from

acetaldehyde on WO3 only by effect of thermal heating.61 These considerations sug-

gest that acetone oxidation on WO3 surface is indeed possible, an hypothesis which

is confirmed and strenghtened by our DFT calculations which point out a reactivity

enhancement of many surface sites upon oxygen exchange with the environment. At

the same time, given the overall complexity of the scenario, other phenomena might

play an important role in the sensing process alongside with reactions. This section

follows the course of a typical sensing experiment, with the aim of identifying the

physico-chemical processes determining the device response.
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5.1 Sample stabilization at 300 ◦C

At the beginning of each sensing test, sample temperature is raised from RT to

300 ◦C, while keeping the chamber under inert atmosphere (100% N2). The resulting

current response, shown in the inset in Fig. 2b consists in a rapid increase, followed by

a slower decrease until a plateau is reached. In a recent study by Yu et al.,62 where

temperature programmed desorption analysis was performed on WO3 samples, a

desorption peak measured around 300-350 ◦C was attributed, among the possible

oxygen-based adsorbates, to O –
2 . According to our calculations, however, oxygen

can significantly affect the surface electronic properties only if adsorbed as O2– . That

being said, we cannot exclude that a more sophisticated modelization may lead to

a larger variety of oxygen adsorbates. Whatever the nature of the desorbed species,

the cited study provides experimental evidence that an electron attractor is removed

from WO3 surface at our operating temperature. Every time a chemically bound

oxygen species leaves the surface, a vacancy is formed and some charge is released

back to the conduction band (two electrons, in case of O2– ). Part of this charge is

delocalized and can directly contribute to the material conductivity, justifying the

initial current increase. The corresponding change in the material electronic structure

is highlighted by the DOS comparison in Fig. 4a. The slow current decrease following

the peak can be attributed to the saturation of the recently formed surface vacancies

by temperature-promoted slow diffusion of lattice oxygen from the material bulk

phase towards its surface, as already suggested by Li et al..61 The driving force of

this process is the lower thermodynamic stability of surface vacancies with respect

to bulk vacancies (0.51 eV). The result is a surface oxygen enrichment which, as
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previously discussed, leads to a less conductive state. Furthermore, as pointed out in

Section 4.3, decreasing the number of surface vacancies determines the migration of

conduction band electrons from the material surface towards the bulk phase, lowering

in this way the sensor conductivity.

Overall, it can be reasonably assumed that temperature promotes three different

processes on WO3 and in general on metal oxide semiconductors: i) simple thermal

promotion of electrons from defect states to the conduction band; ii) dissociation

of W-O bonds resulting in formation of surface oxygen vacancies; iii) oxygen atom

diffusion from the bulk phase towards the surface.

5.2 Oxygen introduction

As soon as O2 is introduced into the sensing chamber, kept under inert atmosphere

at high temperature, an abrupt current decrease is observed (see inset in Fig. 2b).

According to the aforementioned DFT simulations, this behaviour can only be at-

tributed to the saturation of surface oxygen vacancies by O2, which dissociates into

an oxygen atom directly bound to the surface and a free oxygen radical, which can ei-

ther saturate another surface vacancy or be available for reactions. Each adsorbed O

atom withdraws electrons from the conduction band, explaining the observed current

decrease.

As a consequence, a net difference in baseline height is observed when comparing

the sensor response in presence and in absence of gaseous oxygen, as shown in Fig. 2b.

In the former case, surface oxygen coverage is assumed to be higher due to the con-

tinuous replenishment of surface vacancies by the constant O2 flow, thus determining
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lower baseline values. Conversely, in the latter case, the baseline current values are

approximately two times higher. Indeed, in absence of O2, the only possible vacancy

saturation mechanism is lattice oxygen diffusion from the bulk material, which is a

slow process and should reasonably determine a lower surface oxygen coverage at the

equilibrium.

5.3 Acetone introduction

When acetone gas is introduced, a net current increase determines the sensor re-

sponse. The origin of this behaviour can be ascribed to two different mechanisms: i)

simple acetone adsorption as an electron donor; ii) acetone adsorption in presence

of a reactive surface site followed by acetone oxidation, that leads to a net decrease

of oxygen surface coverage.

These two mechanisms do not conflict and should produce the same rough ex-

perimental output, i.e. a current increase. They are both compatible with our

experimental and theoretical observations, hence we cannot exclude their simulta-

neous occurrence. However, the specific experimental conditions may favour one

process rather than the other, affecting the shape of the sensor response, i.e. the

signal intensity, the response and recovery times.

In normal experimental conditions, the sample is exposed to gaseous oxygen,

which enriches WO3 surface of oxygen atoms (still leaving a not negligible amount

of surface vacancies). When an acetone molecule adsorbs, it transfers to the sample

ca. 0.1 electrons, according to our calculations. As stated in Section 4.3, surface

vacancies can significantly alter the oxidation states of the tungsten atoms below,
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which could act as highly reactive adsorption sites for acetone oxidation. If an ox-

idation reaction occurs, each O atom transferred from the surface to the reaction

products releases about 2 electrons back to the material, a fraction of whom can di-

rectly contribute to the system conductivity. Figure 4b can be seen as a qualitative

comparison between the DOS structure before (Acet@Surf-O) and after (Surf-2O)

the reaction, in which also a single O atom is removed from WO3 surface. Never-

theless, proposing a specific reaction path would require a whole set of DFT and

molecular dynamics calculations and it will not be discussed herein. Besides, as pre-

viously touched on, many experimental studies confirm the reactivity of MOS sensors

towards organic molecules.58,63 The oxygen transferred to the reaction products is

continuously replaced by O2, which can partially restore the surface oxygen concen-

tration providing new fuel for subsequent reactions and/or release oxygen radicals

which can eventually react in gas phase, promoting further oxidation steps. Surface

oxygen vacancies formation (caused by reactions) and saturation (by O2) reach an

equilibrium whose position strictly depends on surface acetone concentration, hence

on the total amount of acetone molecules present in the chamber. The net difference

between surface oxygen coverage during this phase and the one prior to acetone ex-

posure determines the peak height. Assuming that each reacting acetone molecule

causes the detachment of at least one oxygen atom, in oxygen-rich atmosphere the

contribution of reactions to the current increase can rapidly outweigh the one deriv-

ing from simple acetone adsorption, since the charge transfer to the surface is much

higher in the former process.

If O2 is not present in the atmosphere, surface oxygen coverage prior to acetone
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introduction has to be significantly lower, compared to a situation in which surface

vacancies can be rapidly replenished by surrounding O2 molecules. Thus, adsorbed

acetone molecules have much less oxygen fuel at their disposal in order to undergo

oxidation reactions. On the other hand, the availability of free adsorption sites

largely increases. As shown in Fig. 4b, the effect of bare acetone adsorption on

WO3 electronic structure is almost negligible. The amount of charge transferred

from an acetone molecule to WO3 is small as well, compared to the charge released

to the material whenever an oxygen atom is detached. Nevertheless, since acetone

surface coverage is now much higher, the contribution of simple charge transfer to the

total current change should increase, competing if not outweighing the contribution

deriving from reactions. Moreover, the latter may prevail as soon as acetone is

introduced and progressively lose importance, due to the rapidly consumption of the

available oxygen atoms that cannot be readily replaced.

5.4 Acetone removal

When the analyte is purged out of the sensing chamber, two scenarios can be depicted

depending on the experimental conditions: i) in presence of gaseous O2, the pristine

surface oxygen concentration is rapidly restored, determining the fast recovery times

observed in Fig. 2a; ii) in absence of gaseous O2, unreacted acetone molecules can

detach from the surface only by effect of thermal motion and, possibly, collisions with

inert N2 molecules. Each detached molecule removes a slight amount of charge from

the WO3 conduction band. The pristine surface oxygen concentration is restored by

slow thermal diffusion from the bulk phase. The combination of these two phenomena
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determines much longer recovery times (about an hour), as Fig. 2a confirms.

6 Conclusions

Herein, a comprehensive study on the acetone sensing mechanism by n-type WO3

chemiresistors was pursued on both experimental and theoretical points of view, in

order to perceive the actual key role played by oxygen species. Since gas sensing is

renowned to be a phenomenon occurring at the material surface, an accurate model

of the real γ−monoclinic WO3 structure (the main polymorph from the adopted tem-

plate synthesis) was obtained by including both bulk and surface vacancies. We found

that target acetone molecules, adsorbed pointing the oxygen of the carbonyl group

towards one of the pentacoordinated surface W atoms, release about 0.1 electrons

to the semiconductor surface. Hence, to give insight into the surface phenomenon,

we experimentally performed sensing measurements both in absence and presence

of molecular oxygen in the gas carrier. We firstly observed that the introduction of

pure O2 into the sensing chamber provokes a drastic increase of the WO3 resistance,

as confirmed by our DFT calculations for which oxygen can saturate the material

surface vacancies withdrawing electrons from the conduction band. Besides, when

acetone is added to the in-going flux, two different phenomena, i.e. the simple ace-

tone adsorption or its oxidation reaction, can be favoured depending on the presence

or not of the oxygen flux. Particularly, the adsorption of oxygen fills the material

surface vacancies tipping the balance towards a more favorable acetone oxidation,

resulting in a transfer of oxygen atoms from the surface to the reaction products with

26

                  



a considerable electrons release to the WO3 conduction band. This leads to a ma-

terial resistance decrease. On the other hand, the absence of oxygen may cause the

simple acetone adsorption to prevail over the oxidative reaction contribution. Then,

once the acetone flux is stopped, the initial WO3 conductivity is rapidly restored

in the presence of oxygen carrier, whereas it takes longer in inert atmosphere, since

the pristine surface oxygen concentration can be restored only by the slow thermal

diffusion of lattice oxygen from the bulk phase. To the authors’ best knowledge, a

deeper understanding of the acetone sensing by WO3 material has not been reported

so far. Furthermore, the unraveling of the oxygen role can actually open up new

scenarios for the engineering of novel nanomaterials with boosted sensing features.
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laiche, L.; Park, K.; Ferrer, J.; Barraza-Lopez, S. Systematic pseudopotentials

from reference eigenvalue sets for DFT calculations. Comput. Mater. Sci. 2015,

98, 372–389.

(42) Lambert-Mauriat, C.; Oison, V. Density-functional study of oxygen vacancies

in monoclinic tungsten oxide. J. Phys.: Condens. Matter 2006, 18, 7361.

(43) Ferreira, L. G.; Marques, M.; Teles, L. K. Approximation to density functional

theory for the calculation of band gaps of semiconductors. Phys. Rev. B 2008,

78, 125116.

(44) Ferreira, L. G.; Marques, M.; Teles, L. K. Slater half-occupation technique

33

                  



revisited: the LDA-1/2 and GGA-1/2 approaches for atomic ionization energies

and band gaps in semiconductors. AIP Adv. 2011, 1, 032119.

(45) Koffyberg, F. P.; Dwight, K.; Wold, A. Interband transitions of semiconducting

oxides determined from photoelectrolysis spectra. Solid State Comm. 1979, 30,

433–437.

(46) Miyake, K.; Kaneko, H.; Sano, M.; Suedomi, N. Physical and electrochromic

properties of the amorphous and crystalline tungsten oxide thick films prepared

under reducing atmosphere. J. Appl. Phys. 1984, 55, 2747–2753.
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Figure 1: (a) XRD pattern of WO3 γ−monoclinic polymorph in which the main
peaks are indicated by the Millers indexes. (b) BET isotherm alongside with the
pores distribution by BJH analysis and active surface area value. (c) HR-TEM
images (inset: Fourier Transformation evidencing the (1 1 1) plane). (d) Optical
band gap evaluation by Kubelka-Munk elaboration of the DRS spectrum.
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OT = 300 °C
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Figure 2: (a) In black: sensor response in simulated air 80% N2 20% O2 towards
decreasing acetone concentrations. In red: sensor response in inert atmosphere (100%
N2). The table reports the respective average response time (tres) and recovery time
(trec). (b) Sensor response towards 20 ppm acetone when the atmosphere is changed
from inert to simulated air. Inset: material current variation only by changing the
gas carrier in the sensing chamber. After the first 80 s, the temperature is raised
from RT to 300 ◦C.
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Figure 3: (a) Structural model of the surface slab structure. The bulk O atom that
was eventually removed in calculations has been coloured in yellow. Right panels:
surface band structure and corresponding density of states, including projections
over tungsten and oxygen atoms for (b) the clean surface and (c) in presence of a
bulk vacancy. Panel (b) includes a representation of the surface Brillouin zone and
an highlight of the path used for the band structure calculations.
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Figure 4: (a) Comparison, focused on the portion of conduction band around the
Fermi level, between the total DOS calculated for the WO3 surface slab with a single
surface oxygen vacancy (Surf-O, red line) and without surface oxygen vacancies (Surf,
blue line). (b) DOS comparison between slabs with a single surface oxygen vacancy,
in presence (Acet@Surf-O, green line) and in absence (Surf-O) of an adsorbed acetone
molecule. (c) DOS comparison between the slab with a single surface oxygen vacancy
in presence of an adsorbed acetone molecule (Acet@Surf-O) and the slab with two
oxygen vacancies (Surf-2O, purple line). This case compares the system before and
after acetone reaction with surface oxygen. (d-g): top views of the systems mentioned
above: Surf, Surf-O, Acet@Surf-O, Surf-2O, respectively. Surface oxygen vacancies
are highlighted by yellow dots. The bottom layers of the slabs are coloured with
lighter colours for better visualization of the top layer.
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