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a b s t r a c t 

The acetone sensing mechanism by WO 3 was investigated through a combined experimental and theoret- 

ical approach. The γ −monoclinic WO 3 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 WO 3 

was deposited on interdigitated Au electrodes by hot-spray method and tested at 300 ◦C (while apply- 

ing 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 dra- 

matically 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 calculations, we modeled a defective γ−WO 3 

surface structure and simulated the adsorption of acetone and oxygen molecules on top of it. We un- 

precedentedly 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 reaction products or pave the way for the engineering of tailored nanomaterials having specific 

surface features and enhanced sensing properties. 

© 2020 Elsevier Ltd. All rights reserved. 
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. Introduction 

Diabetes is a lifelong condition that severely affects the qual- 

ty of life of a rapidly growing number of individuals. The disease 

s accompanied by a series of metabolic disorders that have to be 

onstantly monitored before reaching dangerous extents, eventu- 

lly leading to death [1–3] . Acetone has been taken into consider- 

tion as a selective bio-marker for type-1 diabetes [4–6] , since its 

oncentration in breath can be correlated to insulin and glucose 

lood levels [7] . This concentration can increase from 30 0-90 0 ppb 

or healthy individuals to 1800 ppb and more in diabetic patients 
∗ Corresponding authors. 
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8] . Breath analysis by means of portable devices constitutes a 

alid alternative with respect to traditional techniques, allowing 

ery rapid and non-invasive measurements [4,9,10] . However, in 

rder to detect this small difference (around 900 ppb) between 

ealthy and ill people, in such a complex gas mixture as the hu- 

an’s breath, a highly sensitive and selective acetone sensor is re- 

uired. Among the various, largely investigated metal oxide-based 

hemiresistors, SnO 2 , TiO 2 , ZnO, In 2 O 3 and WO 3 have been widely 

xploited [11–13] . In particular, tungsten trioxide has proved to be 

ne of the most promising materials for this application, due to its 

igh sensitivity towards Volatile Organic Compounds (VOCs) com- 

ined with impressive structural and thermal stabilities [10,14] . 

If on one hand the technological applications of this material 

re nowadays well-established, the mechanism that produces, 

t the atomic level, the final sensor response towards acetone 

olecules and VOCs in general is still debated [15–18] . Several 

xperimental and theoretical studies have been made on a wide 

https://doi.org/10.1016/j.electacta.2020.137611
http://www.ScienceDirect.com
http://www.elsevier.com/locate/electacta
http://crossmark.crossref.org/dialog/?doi=10.1016/j.electacta.2020.137611&domain=pdf
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mailto:mario.trioni@scitec.cnr.it
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ange of materials and polymorphs, including hexagonal WO 3 , 

nO 2 , ZnO and many more [17,19–23] , resulting in very few 

echanisms that can be easily generalized to all sensors based 

n metal oxide materials [15] . The most popular one, known 

s “ionosorption model”, involves either a reception or a trans- 

uction step [15,16,24] . Notably, this mechanism is quite close 

o the one already reported for photodection processes [25,26] . 

he adsorbed oxygen species can be considered as free oxygen 

ons electrostatically stabilized on the metal oxide semiconductor 

MOS) surface. The first step implies a physisorption mechanism 

hat turns into ionosorption upon electrons transfer from the 

emiconductor to the oxygen species themselves. Hence, several 

egatively charged species are formed, such as O 

−
2 
, O 

− and O 

2 −. 

heng et al. [27] reported that, in general, below 150 ◦C, the 

 

−
2 

molecular form dominates whereas, above this temperature, 

he other two atomic species prevail. The chemisorption of these 

xygen-containing ions causes the formation of a depleted re- 

ion, characterized by reduced electron mobility near the MOS 

urface [15,28] . In the presence of a reducing gas such as acetone 

r ethanol, the oxygen ions concentration on the MOS surface 

ecreases due to reactions with the target analyte, leading to a 

arger mobility which results in a current increase. This hypothesis 

as shown promising results when applied to simple inorganic 

pecies such as NO, NO 2 and CO [19,20,29,30] , since their reaction 

echanism can be explained in terms of single oxygen atom 

ransfer from or towards the surface. However, extending such 

echanism to larger organic molecules such as acetone, toluene 

nd ethanol, is a more challenging task, since a complex, multi- 

tep reaction would be involved [22,31,32] . Other studies suggest a 

ess popular mechanism, called the “oxygen-vacancy model” [15] , 

hich has been recently corroborated also by operando DRIFT 

pectroscopy adopting tungsten oxide as chemiresistor [33] . As the 

ame implies, this mechanism contemplates the partial reduction 

nd re-oxidation of the MOS surface. Specifically, considering an 

 -type semiconductor, which is rich in oxygen vacancies, its partial 

eduction upon interaction with a reducing analyte (e.g. ethanol 

r acetone) can cause the formation of other oxygen vacancies 

nd, consequently, an injection of electrons into the conduction 

and (CB) of the MOS, thereby increasing the conductivity. Once 

he analyte is oxidized, it leaves the oxide surface, re-oxidizing 

t if oxygen, that fills the vacancies, is present in the atmosphere 

ver the material surface [15,17] . A third mechanism has been 

roposed by Abokifa et al. [17] , in which the direct adsorption of 

OCs on the MO surface rather than their oxidation by means of 

onosorbed oxygen species can explain the sensing performance. 

In this work, the combination of experimental and theoretical 

pproaches was exploited in order to possibly unravel the gas 

ensing mechanism by WO 3 as MOS prototype. WO 3 powder was 

ynthesized through a novel synthetic route comprising the use 

f a non-ionic surfactant, namely Pluronic R © F127, in order to 

moothly increase the final active surface area, which is known 

o play a pivotal role in the sensing behavior [3,34] . Sensing tests 

ere performed at high operating temperature (300 ◦C) in sim- 

lated air, evidencing very promising features of the as-prepared 

aterial in terms of either sensitivity or response/recovery times. 

oreover, to give insights into the role played by the oxygen 

pecies, the same tests were carried out in inert N 2 atmosphere. 

n parallel, density functional theory (DFT) [35] was exploited in 

rder to better elucidate the sensing mechanism. Therefore, after 

efining the WO 3 bulk and surface structures, the adsorption of 

he in-play gaseous species, such as acetone and oxygen, was 

imulated. Our results unprecedentedly highlight that, alongside 

he key role of gaseous O 2 in forming negatively adsorbed species 

nd reacting with the analyte molecules, also the direct acetone 

dsorption onto the WO 3 surface should be considered in order to 

xplain the sensor response. 
2 
. Experimental 

.1. Synthesis of WO 3 nanopowder 

All the chemicals were of reagent-grade purity and were 

sed without further purification; doubly distilled water passed 

hrough a MilliQ apparatus was utilized. All the reagents used 

ere purchased from Sigma-Aldrich. 

In a typical synthesis, 2.0 g of Pluronic R © F127 (as templating 

gent) were dispersed in a mixture of ethanol (25 mL) and MilliQ 

ater (20 mL). Under vigorous stirring (at 80 ◦C), ca. 5.0 g of 

 2 WO 4 (templating agent/tungsten precursor weight ratio equal 

o 0.4) were added into the previous ethanol/aqueous solution. 

he system was kept under stirring at 200 rpm for 3 h. The 

esultant sol solution was dried in oven at 60 ◦C, then calcined at 

00 ◦C under oxygen flux (5 h, 9 NL h 

−1 ) to remove the organic

races. Finally, the powder was washed several times with ethanol 

nd MilliQ water to eliminate the residual block copolymers. 

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

.2. Physico-chemical characterizations 

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

W 3710 Bragg-Brentano goniometer equipped with a scintillation 

ounter, 1 ◦ divergence slit, 0.2 mm receiving slit and 0.04 ◦ soller 

lit systems. We employed graphite-monochromated Cu K α radia- 

ion (Cu K α1 λ = 1.54056 Å, K α2 λ = 1.54433 Å) at 40 kV × 40 mA

ominal X-rays power. Diffraction patterns were collected between 

0 ◦ and 70 ◦ with a step size of 0.02 ◦ and a total counting time of 

bout 1 h. A microcrystalline Si-powdered sample was used as a 

eference to correct for instrumental line broadening effects. 

The morphology was investigated by high-resolution transmis- 

ion electron microscopy (HR-TEM) using a JEOL JEM 3010UHR 

icroscope operating at 300 kV and equipped with a LaB 6 single 

rystal filament. Sample powders were dry deposited on 200 mesh 

u “holey” carbon grids before the analyses. 

Specific surface area and porosity distribution were deter- 

ined from N 2 adsorption/desorption isotherms at 77 K using 

 Micromeritics Tristar II 3020 (Norcross, USA) apparatus and 

he instrumental software (Version 1.03) by applying Brunauer- 

mmett-Teller (BET) and Barrett-Joyner-Halenda (BJH) analyses, 

espectively. Before measurements, sample powders were pre- 

reated at 150 ◦C (4 h under N 2 flux) to remove adsorbed species. 

In order to evaluate powders optical band gaps by Kubelka- 

unk elaboration, diffuse reflectance spectra (DRS) were measured 

n a UV/Vis spectrophotometer Shimadzu UV-2600 equipped with 

n integrating sphere; a “total white” BaSO 4 was used as reference. 

.3. Deposition of WO 3 onto interdigitated electrode 

WO 3 powder was deposited on alumina substrates topped 

ith interdigitated Au electrodes (IDEs) by hot-spray method. The 

DEs were made of alumina on which interdigitated Au lines with 

00 μm in width and space have been deposited (G-IDEAU200, 

ropSens, Oviedo, Spain) [25] . To remove any contamination from 

he electrodes, all substrates were sintered at 300 ◦C for 6 h and 

ashed by several washing ethanol/drying cycles before deposi- 

ion. Then, 4.0 mL of 2.5 mg mL −1 ethanol powders suspensions 

ere sprayed by keeping constant the air-brush pressure (0.8 bar), 

he temperature of the heating plate (230 ◦C) and the deposition 

eight (ca. 8 cm). A final calcination step at 350 ◦C for 1 h was

erformed to guarantee a good powders film adhesion on the IDE. 
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.4. Sensing tests 

Sensing tests were performed using a custom-built stainless 

teel cell [36] . The IDE coated sensors were placed above a 

otplate connected to a PID (Proportional-Integral-Derivative) 

emperature controller, and the upper part of the cell was closed 

ith a quartz window. The sensor response was measured while 

owing either a 80% N 2 – 20% O 2 gas mixture or 100% N 2 (in 

oth cases 0.5 L min 

−1 was set as the total flow rate) regulated by

ass flow controllers (Bronkhorst, The Netherlands). The desired 

mount of target gases up to 20 ppm was introduced into the cell 

y means of a four-way switching valve. The analyte concentration 

as varied by dilution of a proper flow of a starting 500 ppm 

cetone in N 2 gas mixture, keeping constant the total flow rate of 

.5 L min 

−1 . For the gas sensing tests, two gold probes were sepa-

ately placed on top of the powders covered IDE and the dynamic 

esponse was recorded by an electrochemical workstation (Autolab 

GStat30, Ecochemie, The Netherlands, potentiostat/galvanostat 

ontrolled by NOVA 2.0 software), applying a bias of +1.0 V. Tests 

ere performed at very low water content (RH less than 2%) and 

t different tem peratures (in the range 150-350 ◦C) to assess the 

ptimal one. Indeed, the aim was not to unravel the role played 

y water but only the VOCs sensing mechanism. As already stated 

37,38] , an increase of RH percentage leads to a drastic reduction 

f the sensor response. The sensor response is reported as (R air / 

 analyte ) −1, where R air is the film resistance in air and R analyte is

he film resistance at a given concentration of the target gas which 

aries with time [39,40] . Both sensors response and recovery times 

ave been evaluated considering the 90% of the final response, as 

lready reported elsewhere [39,40] . 

. Computational details 

Ab-initio calculations on γ −monoclinic phase of WO 3 

41,42] were performed using DFT as implemented in the SIESTA 

ode (Spanish Initiative for Electronic Simulation with Thousands 

f Atoms) [43] , choosing PBE [44] as the exchange-correlation 

unctional. Norm-conserving pseudopotentials for W and O were 

enerated, based on the Troullier-Martins parameterization [45] . 

he tungsten pseudopotential includes scalar relativistic correc- 

ions and was generated for the [ Xe ]4 f 14 6 s 1 5 d 5 configuration,

tilizing the cutoff radii provided by Rivero et al. [46] . The basis 

et for tungsten is of DZP type and has been taken, without 

odifications, from the same authors [46] . For oxygen atoms we 

ave uniformly used a value of 1.47 Å for the radii of all the

ngular components of the pesudopotential, while the basis set 

as a custom DZP which included the cutoff radii suggested by 

ambert-Mauriat et al. [47] , further corrected by changing the 

econd cutoff radius of the 2 s basis functions from 5.2 Å to 2.2 Å. 

Bulk phase calculations were performed on a 6 × 6 × 6 k -point 

rid in the 32 atoms monoclinic unit cell, with b as unique axis, 

sing a 450 Ry as mesh cutoff. In order to overcome the heavy 

and gap underestimation typical of pure functionals such as PBE, 

e applied to the oxygen pseudopotential the half-occupation 

echnique described by Ferreira et al. [4 8,4 9] , which led to great

mprovements in the band gap value. After the treatment, the lat- 

er increased from 1.1 eV to 2.48 eV, which is much closer to the 

xperimental gap (2.6 - 2.7 eV) reported in literature [50–52] and 

easured by ourselves (see Section 4.1 ). 

. Results 

.1. WO 3 material characterization 

The structural properties of the as-synthesized WO 3 nano- 

owder were first investigated by XRD analysis. Figure 1 (a) 
3 
isplays the registered X-ray pattern, in which the characteristic 

eaks at 2 θ = 23.1 ◦, 23.7 ◦ and 24.3 ◦ correspond to the (0 0 

), (0 2 0) and (2 0 0) Miller’s indexes of the monoclinic poly- 

orph. Moreover, the XRD line reveals a good degree of sample 

rystallinity, as witnessed by the crystallite domains size of 30 nm. 

Surface morphological properties were evaluated through N 2 

dsorption/ desorption analysis. The specific surface area value is 

uite low (7 m 

2 g −1 ) as expected for WO 3 -based materials [53,54] , 

s well as the total pore volume of 0.030 cm 

3 g −1 (as shown in in-

et of Fig. 1 b). Notably, both the presence of F127 tenside and the 

alcination step may have contributed to the high percentage of 

acropores, with diameters greater than 20 nm (inset of Fig. 1 b). 

urthermore, the BET hysteresis loop, reported in Fig. 1 (b), indi- 

ates the presence of typical H3-type pores, i.e. slit-shaped ones. 

On the morphological point of view, high-resolution TEM 

mages, in Fig. 1 (c), display highly crystalline particles that form 

ense aggregates having micrometric and sub-micrometric sizes. 

pecifically, the analysis of both the interference fringes (observ- 

ble in the magnification of the HR-TEM image in Fig. 1 c) and the

ourier Transform pattern (inset) evidence the presence of mon- 

clinic WO 3 (ICDD n. 01-075-2072) [55] , with spacing between 

lanes ascribable to d(1 1 1) of 0.31 nm. 

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

etermined by Kubelka-Munk elaboration of the relative diffuse 

eflectance spectrum ( Fig. 1 d) resulting in an optical band gap of 

.6 eV, a value comparable to those already reported for tungsten 

rioxide [50–52] . 

.2. Chemical sensing properties 

The performance of the as-prepared material was investigated 

t the optimal temperature of 300 ◦C Fig. 2 (a) in simulated air, 

.e. 80% N 2 – 20% O 2 , mimicking the major carrier of the humans 

reath. The relative response obtained is displayed in Fig. 2 (b) 

black line). Remarkably, 200 ppb could be easily detected showing 

 quite fast response of about 70 s and a recovery time of ca. 

20 s, values comparable to the most performing WO 3 -based 

ensors already reported in literature [1,6,56] . 

Alongside with the achievement of a highly sensitive WO 3 sen- 

or, our final aim is to provide a comprehensive description of the 

ensing mechanism by MOS nano-architectures. In order to do so, 

erceiving the role of oxygen in either enhancing or quenching the 

OS sensing features is crucial. Experimentally, this aspect was 

nvestigated by performing an additional test in inert atmosphere 

100% N 2 ), shown in Fig. 2 b (red line). Interestingly, an intense 

ignal, comparable with the one measured in the previous test, 

as observed independently of the presence of gaseous O 2 . In this 

ase, however, both the response and recovery times were higher 

nd, especially, the latter were affected by a dramatic increase 

from 120 s to 2700 s). Finally, we performed a hybrid test (see 

ig. 2 d) where the response to 20 ppm acetone was measured, at 

rst, under 100% N 2 flow; then, in recovery phase, the atmosphere 

omposition was changed to simulated air. Finally, another peak at 

0 ppm acetone was measured under these conditions. This test 

ighlights the differences in the raw current output according to 

he composition of the gaseous environment. In particular, in inert 

tmosphere the current intensity is generally higher with respect 

o the test performed in presence of O 2 . In order to retrieve useful 

nformation concerning the sensing mechanism, the experimental 

ata described in this section were combined with the theoretical 

nes. Therefore, the following theoretical simulations were con- 

ucted: i ) bulk and surface structure of the γ −monoclinic WO 3 

aterial, in stoichiometric form as well as in presence of oxygen 

acancies; ii ) adsorption of acetone and oxygen species on the 

efective surface. 
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Fig. 1. (a) Comparison between XRD patterns of the as-synthesized and standard WO 3 γ −monoclinic polymorph in which the main peaks are indicated by the Miller’s 

indexes (source: International Centre for Diffraction Data - ICDD n. 01-075-2072). (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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.3. Theoretical characterization of the active WO 3 surface 

WO 3 surface was modeled by applying the 
(1 1 
1 −1 

)
recon- 

truction, i.e. the most stable structure according to the literature 

47] . This reconstruction can be obtained by removing half of 

he terminal O atoms exposed in the top layer. Since the W-O-W 

hains along the c axis are characterized by alternating long 

nd short W-O bonds [41] , we removed the terminal O atoms 

haracterized by longer (hence weaker) W-O bonds. The same 

rocess was applied to the bottom layer. By doing so, no artificial 

id-gap states appear in the electronic structure of the surface. 

he final slab used in our calculations is shown in Fig. 3 (a): it has

 thickness of six “WO 6 ” octahedra and includes a 18 Å vacuum 

ayer to avoid spurious interactions between periodic replicas of 

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

o take into account surface relaxation effects. The electron density 

istribution of the system has been analyzed within the frame- 

ork of the Quantum Theory of Atoms in Molecules [57] , using 

he Critic2 code [58] . 

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

eported in Fig. 3 (b), shows that it acts as an insulator with 

 calculated band gap amounting to 2.06 eV (to be compared 

ith the calculated bulk value of 2.48 eV). The valence band is 

ominated by the 2 p orbitals of the O atoms, while the d states 

f W atoms fill the conduction band. All the W atoms (both the 
s

4 
sacoordinated and the pentacoordinated ones) have an oxidation 

tate very close to W 

6+ , as expected in a strongly ionic crystal. 

.3.1. With a bulk oxygen vacancy 

Typical WO 3 samples are often sub-stoichiometric in oxygen 

59] , giving rise to a certain conductivity which drastically de- 

reases when an oxidizing species such as molecular oxygen is 

umped in the chamber. The crucial role of oxygen vacancies 

n standard WO 3 is commonly reported in literature and widely 

xploited in order to interpret the material electrical and magnetic 

ehaviour, as well as its sensing properties [32,60] . In our simu- 

ations, this defect was reproduced by removing a neutral oxygen 

tom at the center of the slab, and relaxing the system again. In 

his case the density of oxygen vacancies amounts to 0.7% (one 

acancy every 144 oxygen atoms). As expected, the two electrons 

eft in the system cause a partial population of the conduction 

and, correctly reproducing the experimental electrical response 

see Fig. 3 c). The new empty state, due to the bulk vacancy and

ppearing just above the Fermi level ( E F ), is mainly localized on 

he W atoms belonging to the chain extending along c (normal 

o the surface) and including the defect. The two extra electrons 

n the conduction band are delocalized and belong to the whole 

ystem. Differently, the surface state which appears at the top of 

he valence band in Fig. 3 c is completely localized on the O atoms 

f the first layer of the slab. Due to the presence of this surface 

tate, the band gap slightly decreases down to 1.9 eV. The electric 
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Fig. 2. (a) Signal response with the increasing of the Operating Temperature (OT) obtained towards 20 ppm of acetone. (b) In black: sensor response in simulated air 80% 

N 2 – 20% O 2 towards decreasing acetone concentrations. In red: sensor response in inert atmosphere (100% N 2 ). The table reports the respective average response (t res ) and 

recovery (t rec ) times showing very low standard deviations ( < 5%), denoting almost the same value for all the analyte concentrations. (c) 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. (d) Sensor response towards 20 ppm acetone when the 

atmosphere is changed from inert to simulated air. 
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ipole moment of this defective slab amounts to −0.67 a.u., re- 

ecting an electron transfer towards the surface of 0.4 e −, due to 

he surface state in the first layer. This defective slab (Surf in the 

ollowing) is still non-magnetic, because of the very low vacancies 

oncentration: the more complex configurations presented in the 

ollowing will be discussed in relation to this reference system. 

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

It is known from the literature [17] that, while bulk oxygen 

efects mainly affect the conductivity, surface vacancies are a key 

omponent for the adsorption and transformation mechanisms 

n metal oxide surfaces, acting as particularly reactive sites for 

as adsorption and molecular reactions [33] . When considering a 

urface with an additional oxygen vacancy in the first layer (Surf-O 

ereinafter, shown in Fig. 4 e), the situation retrieved by our cal- 

ulations changes significantly and the system becomes magnetic 

ith a magnetic moment equal to 0.9 μB . The energy necessary 

o remove a couple of non-interacting O atoms from the surface 

nd to form one O 2 molecule in gas phase amounts to 3.15 eV per

tom. From a thermodynamic perspective, this means that an oxy- 

en molecule prefers to dissociate in presence of defective surface, 
5 
eaving O atoms adsorbed on it. On the other hand, this behaviour 

as never observed on a stoichiometric surface. All terminal oxy- 

en atoms, including those involved in the adsorption/desorption 

rocess, are electronically equivalent and bear a total charge of 

pproximately 8 electrons. Hence, they can be classified as O 

2 −. 

The density of states of the Surf-O system (see red line in 

ig. 4 a and b) shows four new sharp peaks around E F , of which

nly one is occupied and corresponds to a majority state local- 

zed on the W atom just below the surface vacancy and weakly 

ybridized with the bulk vacancy state. The oxidation state of this 

ungsten becomes in this way W 

5+ . The analogue minority state is 

mpty and the remaining two empty peaks in the conduction band 

re still localized on W atoms but without any hybridization. Three 

ut of the four electrons in the conduction band are delocalized on 

he whole system and in particular on the surface layers. To sum 

p, when a terminal O 

2 − species detaches from the surface leaving 

 vacancy, it releases two electrons in the conduction band. One of 

hem is delocalized on the whole system and adds up to the ones 

eleased by the bulk vacancy, contributing to the global conduc- 

ivity, while the other one is localized on the W atom below and 

ontributes to the surface reactivity. As a consequence, the electric 
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Fig. 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. 

Fig. 4. (a) Comparison, focused on the portion of conduction band around the Fermi level, between the total DOS calculated for the WO 3 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. 

6 
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u

ipole moment changes its sign and measures 2.08 a.u., due to the 

harge unbalance caused by the surface vacancy. 

.3.3. With a bulk and two surface vacancies (Surf-2O system) 

As already highlighted, gas sensing is predominantly a surface- 

ased phenomenon; hence, surface architecture and oxidation 

tates are very significant factors that largely influence the sensor 

erformance. In order to better explore this point, we also studied 

n even more defective surface, trying to detect the role of W 

toms with modified oxidation states. This system, called Surf-2O 

nd shown in Fig. 4 g, has one bulk oxygen vacancy plus two 

urface ones, not contiguous. The energy involved in the desorp- 

ion/adsorption process is almost equivalent to the previous case, 

.e. the energy cost to remove the second oxygen is 3.23 eV. The 

OS (see purple line in Fig. 4 c) shows four peaks around the Fermi

evel, three of which are occupied while one is empty. The two 

ccupied majority states are localized on the two W atoms just 

elow the surface defects, while the minority occupied state is 

ocalized on just one of them. It follows that one of these W atoms 

as a 4+ oxidation state, which qualifies this site as the most reac- 

ive one. Notably, the presence of the second surface vacancy does 

ot increase the number of electrons participating to the conduc- 

ion, as the additional two released electrons are both localized on 

he W 

4+ . Consequently the magnetic moment of the system is still 

a. 1 μB . In this configuration, the electric dipole moment further 

ncreases to 3.93 a.u. Remarkably, any increase in the number of 

urface vacancies is accompanied by a slight migration of conduc- 

ion electrons from the bulk material towards the surface. This be- 

aviour can be put in relation with the hypothesis, often advanced 

n literature [15,61] , that adsorbed oxygen species may scatter con- 

uction electrons away from the surface, determining the forma- 

ion of a depletion layer which reduces the electron mobility and 

ence the MOS conductivity. The formation of surface vacancies 

cts in the opposite direction, leading to a larger active volume. 

.3.4. Acetone adsorption on Surf-O 

Finally, in order to investigate the device response towards 

cetone gas, we have considered one acetone molecule interacting 

ith a WO 3 slab of 190 atoms, including both a bulk and a surface 

xygen vacancy (Acet@Surf-O, see Fig. 4 f). The dipole moment 

ualifies the adsorption geometry with the carbonyl group of 

he acetone molecule pointing towards the surface as the most 

nergetically stable. The oxygen atom of acetone directly interacts 

ith one of the pentacoordinated W atoms of the first layer, 

ith an W-O interatomic distance that spans from 2.11 to 2.24 Å, 

epending on the specific adsorption site. Accordingly, the binding 

nergy ranges from 1.26 to 1.58 eV, reaching its highest value 

hen the molecule is adsorbed on a vacancy site. A modest charge 

ransfer of about one tenth of electrons from the acetone molecule 

o the sensor surface occurs in all configurations. The electric 

ipole moment of the acetone molecule in the gas phase amounts 

o 1.32 a.u. and sums up with that of the surface, resulting in a 

alue of 6.19 a.u. for the global Acet@Surf-O system. The magnetic 

oment is still positive and equal to 0.76 μB . Looking at the DOS 

omparison reported in Fig. 4 b, it can be seen that the electronic 

roperties of this system do not change significantly with respect 

o the Surf-O slab. The localized state close to E F is still ascribable 

o the W atom below the surface vacancy, whose oxidation state 

emains W 

5+ . 

. Discussion 

The ionosorption model is rather popular in the literature 

nd is often evoked in order to explain the sensing behaviour 

f WO 3 [32] and of several metal oxides, including for example 

nO [31] and ZnO [22] . The model considers many reactive steps 
2 

7 
etween acetone and surface oxygen species, eventually leading to 

omplete oxidation to CO 2 and H 2 O . Unfortunately, to the best of 

ur knowledge, only a few studies [62–64] provide direct evidence 

f the evolution of the products of acetone oxidation upon MOS, 

nd, among them, only few concerns WO 3 [33,64] . Sun et al. 

dentified several acetone oxidation products on Mn 3 AlO [62] , 

hile El-Mazaawi et al. reported CO 2 evolution from acetone on 

iO 2 under UV irradiation [63] . The closest comparison with our 

pecific case is provided by Li et al., which reported CO 2 evolution 

rom acetaldehyde on WO 3 only by effect of thermal heating 

65] . These considerations suggest that acetone oxidation on WO 3 

urface is indeed possible, an hypothesis which is confirmed and 

trengthened by our DFT calculations which point out a reactivity 

nhancement of many surface sites upon oxygen exchange with 

he environment. At the same time, given the overall complexity of 

he scenario, other phenomena might play an important role in the 

ensing process alongside with reactions. This section follows the 

ourse of a typical sensing experiment, with the aim of identifying 

he physico-chemical processes determining the device response. 

.1. Sample stabilization at 300 ◦C 

At the beginning of each sensing test, sample temperature is 

aised from RT to 300 ◦C, while keeping the chamber under inert 

tmosphere (100% N 2 ). The resulting current response, shown in 

ig. 2 c consists in a rapid increase, followed by a slower decrease 

ntil a plateau is reached. In a recent study by Yu et al. [66] , where

emperature programmed desorption analysis was performed on 

O 3 samples, a desorption peak measured around 300-350 ◦C was 

ttributed, among the possible oxygen-based adsorbates, to O 

−
2 

. 

ccording to our calculations, however, oxygen can significantly 

ffect the surface electronic properties only if adsorbed as O 

2 −. 

hat being said, we cannot exclude that a more sophisticated 

odelization may lead to a larger variety of oxygen adsorbates. 

hatever the nature of the desorbed species, the cited study pro- 

ides experimental evidence that an electron attractor is removed 

rom WO 3 surface at our operating temperature. Every time a 

hemically bound oxygen species leaves the surface, a vacancy is 

ormed and some charge is released back to the conduction band 

two electrons, in case of O 

2 −). Part of this charge is delocalized 

nd can directly contribute to the material conductivity, justifying 

he initial current increase. The corresponding change in the 

aterial electronic structure is highlighted by the DOS comparison 

n Fig. 4 a. The slow current decrease following the peak can be at- 

ributed to the saturation of the recently formed surface vacancies 

y temperature-promoted slow diffusion of lattice oxygen from 

he material bulk phase towards its surface, as already suggested 

y Li et al. [65] . The driving force of this process is the lower

hermodynamic stability of surface vacancies with respect to bulk 

acancies (0.51 eV). The result is a surface oxygen enrichment 

hich, as previously discussed, leads to a less conductive state. 

urthermore, as pointed out in Section 4.3 , decreasing the number 

f surface vacancies determines the migration of conduction 

and electrons from the material surface towards the bulk phase, 

owering in this way the sensor conductivity. 

Overall, it can be reasonably assumed that temperature pro- 

otes three different processes on WO 3 and in general on metal 

xide semiconductors: i ) simple thermal promotion of electrons 

rom defect states to the conduction band; ii ) dissociation of W-O 

onds resulting in formation of surface oxygen vacancies; iii ) 

xygen atom diffusion from the bulk phase towards the surface. 

.2. Oxygen introduction 

As soon as O 2 is introduced into the sensing chamber, kept 

nder inert atmosphere at high temperature, an abrupt current 
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ecrease is observed (see Fig. 2 c). According to the aforementioned 

FT simulations, this behaviour can only be attributed to the satu- 

ation of surface oxygen vacancies by O 2 , which dissociates into an 

xygen atom directly bound to the surface and a free oxygen radi- 

al, which can either saturate another surface vacancy or be avail- 

ble for reactions. Each adsorbed O atom withdraws electrons from 

he conduction band, explaining the observed current decrease. 

As a consequence, a net difference in baseline height is ob- 

erved when comparing the sensor response in presence and in 

bsence of gaseous oxygen, as shown in Fig. 2 (d). In the former 

ase, surface oxygen coverage is assumed to be higher due to the 

ontinuous replenishment of surface vacancies by the constant 

 2 flow, thus determining lower baseline values. Conversely, in 

he latter case, the baseline current values are approximately two 

imes higher. Indeed, in absence of O 2 , the only possible vacancy 

aturation mechanism is lattice oxygen diffusion from the bulk 

aterial, which is a slow process and should reasonably determine 

 lower surface oxygen coverage at the equilibrium. 

.3. Acetone introduction 

When acetone gas is introduced, a net current increase deter- 

ines the sensor response. The origin of this behaviour can be 

scribed to two different mechanisms: i ) simple acetone adsorp- 

ion as an electron donor; ii ) acetone adsorption in presence of a 

eactive surface site followed by acetone oxidation, that leads to a 

et decrease of oxygen surface coverage. 

These two mechanisms do not conflict and should produce the 

ame rough experimental output, i.e. a current increase. They are 

oth compatible with our experimental and theoretical observa- 

ions, hence we cannot exclude their simultaneous occurrence. 

owever, the specific experimental conditions may favour one 

rocess rather than the other, affecting the shape of the sensor 

esponse, i.e. the signal intensity, the response and recovery times. 

In normal experimental conditions, the sample is exposed to 

aseous oxygen, which enriches WO 3 surface of oxygen atoms 

still leaving a not negligible amount of surface vacancies). When 

n acetone molecule adsorbs, it transfers to the sample ca. 0.1 

lectrons, according to our calculations. As stated in Section 4.3 , 

urface vacancies can significantly alter the oxidation states of the 

ungsten atoms below, which could act as highly reactive adsorp- 

ion sites for acetone oxidation. If an oxidation reaction occurs, 

ach O atom transferred from the surface to the reaction products 

eleases about 2 electrons back to the material, a fraction of whom 

an directly contribute to the system conductivity. Figure 4 (b) can 

e seen as a qualitative comparison between the DOS structure be- 

ore (Acet@Surf-O) and after (Surf-2O) the reaction, in which also a 

ingle O atom is removed from WO 3 surface. Nevertheless, propos- 

ng a specific reaction path would require a whole set of DFT 

nd molecular dynamics calculations and it will not be discussed 

erein. Besides, as previously touched on, many experimental 

tudies confirm the reactivity of MOS sensors towards organic 

olecules [62,67] . The oxygen transferred to the reaction products 

s continuously replaced by O 2 , which can partially restore the 

urface oxygen concentration providing new fuel for subsequent 

eactions and/or release oxygen radicals which can eventually 

eact in gas phase, promoting further oxidation steps. Surface 

xygen vacancies formation (caused by reactions) and saturation 

by O 2 ) reach an equilibrium whose position strictly depends 

n surface acetone concentration, hence on the total amount of 

cetone molecules present in the chamber. The net difference 

etween surface oxygen coverage during this phase and the one 

rior to acetone exposure determines the peak height. Assuming 

hat each reacting acetone molecule causes the detachment of at 

east one oxygen atom, in oxygen-rich atmosphere the contribution 

f reactions to the current increase can rapidly outweigh the one 
8 
eriving from simple acetone adsorption, since the charge transfer 

o the surface is much higher in the former process. 

If O 2 is not present in the atmosphere, surface oxygen cov- 

rage prior to acetone introduction has to be significantly lower, 

ompared to a situation in which surface vacancies can be rapidly 

eplenished by surrounding O 2 molecules. Thus, adsorbed acetone 

olecules have much less oxygen fuel at their disposal in order 

o undergo oxidation reactions. On the other hand, the availability 

f free adsorption sites largely increases. As shown in Fig. 4 (b), 

he effect of bare acetone adsorption on WO 3 electronic structure 

s almost negligible. The amount of charge transferred from an 

cetone molecule to WO 3 is small as well, compared to the charge 

eleased to the material whenever an oxygen atom is detached. 

evertheless, since acetone surface coverage is now much higher, 

he contribution of simple charge transfer to the total current 

hange should increase, competing if not outweighing the contri- 

ution deriving from reactions. Moreover, the latter may prevail as 

oon as acetone is introduced and progressively lose importance, 

ue to the rapidly consumption of the available oxygen atoms that 

annot be readily replaced. 

.4. Acetone removal 

When the analyte is purged out of the sensing chamber, two 

cenarios can be depicted depending on the experimental con- 

itions: i ) in presence of gaseous O 2 , the pristine surface oxygen 

oncentration is rapidly restored, determining the fast recovery 

imes observed in Fig. 2 (b); ii ) in absence of gaseous O 2 , unreacted

cetone molecules can detach from the surface only by effect of 

hermal motion and, possibly, collisions with inert N 2 molecules. 

ach detached molecule removes a slight amount of charge from 

he WO 3 conduction band. The pristine surface oxygen concentra- 

ion is restored by slow thermal diffusion from the bulk phase. The 

ombination of these two phenomena determines much longer 

ecovery times (about an hour), as Fig. 2 (b) confirms. 

. Conclusions 

Herein, a comprehensive study on the acetone sensing mech- 

nism by n -type WO 3 chemiresistors was pursued on both 

xperimental and theoretical points of view, in order to perceive 

he actual key role played by oxygen species. Since gas sensing is 

enowned to be a phenomenon occurring at the material surface, 

or the first time an accurate model of the real γ −monoclinic WO 3 

tructure (the main polymorph from the adopted template syn- 

hesis) was obtained by including both bulk and surface vacancies. 

e found that target acetone molecules, adsorbed pointing the 

xygen of the carbonyl group towards one of the pentacoordinated 

urface W atoms, release about 0.1 electrons to the semiconductor 

urface. Hence, to give insight into the surface phenomenon, we 

xperimentally performed sensing measurements both in absence 

nd presence of molecular oxygen in the gas carrier. We firstly ob- 

erved that the introduction of pure O 2 into the sensing chamber 

rovokes a drastic increase of the WO 3 resistance, as confirmed by 

ur DFT calculations for which oxygen can saturate the material 

urface vacancies withdrawing electrons from the conduction 

and. Besides, when acetone is added to the in-going flux, two 

ifferent phenomena, i.e. the simple acetone adsorption or its 

xidation reaction, can be favoured depending on the presence 

r not of the oxygen flux. Particularly, the adsorption of oxygen 

lls the material surface vacancies tipping the balance towards a 

ore favorable acetone oxidation, resulting in a transfer of oxygen 

toms from the surface to the reaction products with a consid- 

rable electrons release to the WO 3 conduction band. This leads 

o a material resistance decrease. On the other hand, the absence 

f oxygen may cause the simple acetone adsorption to prevail 
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ver the oxidative reaction contribution. Then, once the acetone 

ux is stopped, the initial WO 3 conductivity is rapidly restored 

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

tmosphere, since the pristine surface oxygen concentration can 

e restored only by the slow thermal diffusion of lattice oxygen 

rom the bulk phase. To the authors’ best knowledge, a deeper 

nderstanding of the acetone sensing by WO 3 material has not 

een reported so far. Furthermore, the unraveling of the oxygen 

ole can actually open up new scenarios for the engineering of 

ovel nanomaterials with boosted sensing features. 
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