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Abstract
Tungsten oxide based gas sensors have attracted a lot of attention in breath acetone analysis due to
their potential in clinical diagnosis of diabetes. Themajor problemwith thismaterial in sensor
application has been remarkable response to all gases but low selectivity to specific gases.Herein, we
report the gas sensing performance ofWO3materials whichwere synthesized by varyingwater and
ethanol ratios using a facile solvothermalmethod for acetone detection. The gas sensing properties of
as-preparedWO3were tested on acetoneC7H8,NO2,NH3,H2S andCH4 under relative humidity.
X-ray diffraction patterns show that as-preparedWO3 samples aremainly composed ofmonoclinic
WO3, a phase having relatively high selectivity to acetone. The as-preparedWO3 sensors produced
using 51:49 ratio of water: ethanol show an increase in acetone response as the acetone concentration
increases and a decrease in acetone response as the relative humidity increases. The sensor responded
to a very low acetone concentration ranging from0.5 to 4.5 ppmwhich is normally found in human
breath. Furthermore, the sensor exhibited high sensitivity and selectivity to low ppmof acetone at
100 °C.On contrary, the sensor showed significantly lower response to other gases tested.

1. Introduction

Tungsten trioxide (WO3), an n-type semiconductor with a band gap ranging from2.4 and 2.8 eV, chemically
stable andwith a reasonably high electrical conductivity; has attracted a lot of interest in gas sensing [1–5]. Lately,
more research has focused on its remarkable gas sensitivity whichmakes it an ideal candidate for different gases
i.e., acetone,H2S, sulphur dioxide (SO2), CO, ethanol, hydrogen (H2) andNH3 [6–8]. According to literature,
WO3 has been reported to exhibit various crystal phases, which includesmonoclinic I (γ-WO3), monoclinic II
(ε-WO3), and orthorhombic (β-WO3). Among the above,mentioned phases, γ-WO3 is considered a promising
phase for detection of acetone, while ε-WO3has high selectivity to acetone [9–11]. Although ε-WO3has been
reported to have high selectivity [12–14], is also said not to be stable at high temperature [15], and it is usually
becomes stable after dopingwithCr or incorporating Si into the lattice ofWO3 [16].

To achieve desired phases, different efficientmethods and techniques such as sol-gel route [17],
electrospinning [18], hydrothermalmethods [10], chemical vapour deposition [19], physical vapour deposition
[20], etc were used. For example, Righettoni et al [13] have reported Si-WO3nanoparticles synthesises byflame
spray pyrolysis. This study reported that annealing play amajor role in the formation of various tungsten crystal
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phases. Furthermore, it is well known thatmorphology of nanostructured have a great effect on the properties,
particularly sensing effect [21]. The control ofmorphology study has attracted a lot of interest due to desirable
properties such as high aspect ratio structure, large surface area, good sensing and optical properties.
Additionally, controllingmorphology and crystal structure works verywell for tungsten oxides as it has various
crystal phases whichmight play a crucial role in achieving desired sensing properties.

With somuch great work done in controlling themorphology and crystal structures ofmaterials, there are
fewworks reported on the effect of solvothermal on a low ppm concentration of acetone and low operating
temperature. Chen et al [3] reported a solvothermal synthesis of tungsten oxides with variousmorphologies and
their acetone sensing properties at 300 °C.They have found a good response at 100 ppm. Epira et al [22] reported
the good acetone performance of TiO2modifiedwith tungsten species at a working temperature of 200 °C. The
low acetone (20 ppm) performance of copper-doped tungsten sensor was reported [18]. Besides the sensor not
being pureWO3, the operating temperature was 300 °C.Huang et al [23] found a sensitive acetoneflower-like
sensor at working temperature of 320 °C, after annealing the sample at 400 °C. All thementioned great works
are however not good enough for potential use in diabetic diagnosis as they report high acetone concentration
and at highworking temperature.

WO3 is among the transitionmetal oxides having interesting properties such as high surface areas,
portability, low-cost and easiness of usewhich are promising candidates in thefield of breath analysis [24]. In
nanomedicine, early diagnosis andmonitoring of the diseases is considered a need in theworld; especially for
diabetesmellitus due to continuous painful pricking [25]. The exhaled human breath has beenwidely used as a
potential alternative for the study and diagnosis ofmedical conditions [26, 27]. Furthermore, it contains
hundreds of VOCs ranging frompart-per-trillion (ppt) to part-per-million (ppm) in concentration [28, 29].
These include isoprene,methanol, acetone, and several inorganic gasmolecules such as nitrogen oxide (NO),
carbonmonoxide (CO) and hydrogen sulphide (H2S). Breath acetone has been found to correlate well with
blood glucose fromdiabetic patients [30]. Hence the optimization ofWO3 phase composition and sensing
performance are crucial for stable and reliable detection of acetone.

Herein we report, without the expensive high-temperature annealing, the facile synthesis of different
tungsten crystal phases andmorphologies, using solvothermalmethod. Thismethod allows for change in
crystalline phase, which includesmonoclinicW18O49, hexagonalWO3, andmonoclinicWO3, by varying the
solvent composition. Different solvents andwater contents were varied in order to change the crystal phase of
WO3 fromhexagonal tomonoclinic. The sensing properties of as-prepared tungsten oxideswere examined by
measuring the sensor response ofmainVOCs such as acetone, toluene, and other gases such as hydrogen
sulphide (H2S), ammonia (NH3), Nitrogen dioxide (NO2) andmethane (CH4). The nanorod synthesisedwith
49:51 ethanol: water sensor exhibited a high response, and good selectivity to lowppmof acetone at relatively
lower operating temperature (100°C). The results indicate that theWO3 based sensors can be very beneficial in
designing sensors for detection of acetone in point of care diagnosis.

2.Materials andmethods

2.1.Materials
Tungsten hexachloride (wcl6) and 90%ethanol were purchased fromSigmaAldrich andwere usedwithout
further treatment.

2.2. Synthesis of nanostructured tungsten oxides
Thiswork reports a facilemethod for synthesis of tungsten oxide nanostructures with varyingmorphologies
such as nanorods, nanocubes, and nanorodsmixed nanoparticles as shown in the schematic diagram infigure 1.
The process also enables for the change in crystalline phase, such asmonoclinicW18O49, hexagonalWO3, and
monoclinicWO3, by varying the composition of the solvent. An amount of 4.05 g of tungsten hexachloride was
dissolved in 100 ml of ethanol as a stock solution. To prepare the tungsten trioxides nanostructures, an amount
of 10 ml of the stock solutionwasmixedwith the following ratios of ethanol andwater. Sample 1, named S1was
based on as-purchased ethanol (90% ethanol: 10%water), sample 2 (S2)was 1:9 of water: 90%ethanol
translating to∼18water content, sample 3 (S3)was 51:49 of water: ethanol and sample 4 (S4)was based on pure
D.I water translating to 92%water content. The solutionwas then transferred to a 100 mLTeflon-lined acid
digestion bombs. The reactionwas run at 200 °C for 10 h using an electric oven. After, the as-preparedwere
collected andwashed by centrifugation to remove any impurities.

2.3. Fabrication of sensors and sensingmeasurements
The sensor devicewas prepared using the alumina interdigitated electrodes (2mmx2mm)with one sided having
pt-electrode andone side havingmicro-heater that is used for gas sensingmeasurements. The as-prepared
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nanostructuredpowderswere dissolved in ethanol to formapaste anddrop casted thepaste uniformly onto the
pt-electrodes of alumina substrate. The impregnated substratewas then heated at 100 °C for 1 h to remove the
solvent and for adhesionof thepaste. The gas sensingmeasurementwas conducted using a gas sensing station
KSGAS6S (KENOSISTEC, Italy). Themeasurementswere tested at 50 °C, 75 °C, 100 °C, 150 °Cand200 °Cby
changing the voltage. Synthetic airwith a constantflow rate of 0.5 l min−1was used as a carrier gas. The acetone gas
was tested at a varying humidity ranging from0, 10, 20, 40, 60, 80%RH tobest suit application inbreath acetone
detection.Other gases tested includes toluene, nitrogen dioxide, ammonia, hydrogen sulphide andmethane.The
sensor responsewas defined asRa/RgwhereRa is the resistance of the sensor indry air andRg is the resistance of
the sensor in the target gas.

2.4. Exhaled breath analysis
The Exhaled breathmeasurements were conductedwith the tedlar bag connected to a boxwhich housesWO3

sensor as shown in figure 2. The sensor was connected to the 2 electrode probes (keithley, semiconductor
characterization system) for resistivitymeasurements. Acetone gaswas first tested on the sensor to identify the
correct voltage for acetone and it was found to be−10 v. Followed by running the acetone gas standards ranging
from0.5, 1.0, 15, 2.0 ppm and diabetic and non-diabetic breath at set voltage of−10V.

3. Results and discussion

3.1. X-ray diffraction
The effect of varying solventmixing ratios during the synthesis ofWO3 samples was examined by x-ray
diffraction (XRD). Figure 3 depicts the XRDpatterns of the as-prepared tungsten oxides, which show that phase
composition and intensities of the reflections fromdifferent planes depended on solventmixing ratio. The
diffraction peaks of sample (S1) preparedwith ethanol only could be indexed to the standard hexagonalWO3

Figure 1. Schematic diagram showing the solvothermal synthesis ofW03 nanostructures.

Figure 2. Schematic diagramof breath analysis from a volunteer using tedlar bag for sampling andW03 sensor device.

3

Mater. Res. Express 7 (2020) 035905 V Saasa et al



(JCPDS: 33–1387), and the one (S2) preparedwith 82:18 EOH:H2O could be indexed to the standardW18O49,
(JCPDS: 05–0392).When thewater content was increased in the remaining two samples (S3 and S4), the
monoclinicWO3 (JCDPS: 00–0043–1035)was observed. The results observed in here are in agreementwith the
HRTEMstudywhich is discussed later in the paper. Using the Bragg’s equation l q=n d2 sin ,where d is the
inter-planar-spacing observed onHRTEM images, we found that the q2 correlate well on all the samples.

The predominance of (010) plane shows that theWO3nanorods grew along the [010] direction.
Furthermore, it can be seen that the (010) plane is parallel with the (020)which corresponds with the layered
rods on the scanning electronmicroscopymicrograph.When thewater content increases, we observed the
monoclinicWO3 (JCDPS: 00–0043–1035) in both samples with 51:49 and 18:82 (ethanol: water) ratios (see
figure 4). The results confirm that the amount of water in the solvent can control the crystallinity of tungsten
oxide. It was worth noting that the oxygenwhichwas inwater contributed to the formation of tungsten oxides
crystalline phases. Furthermore, the crystallite sizeDof the dominating peak (010)was calculated using
Scherer’s equation:

( )l
b q

=D
0.9

COS
1

Whereλ andβ are thewavelength of CuKα radiation and the FWHMof the (010) peak. It was noted that the
crystallite sizeDof thematerial decreases with an increase inwater (see table 1). Since Trinh et al [31] highlighted
that themetal oxides sensor’s response ismainly dependent on the crystallite size of thematerial of interest being
tested. This indicates that as the grain size decreases, therewill be an improvement of the gas sensor response to
gases.When the grain size is comparable to 2 L (L being the thickness of the layer), D=2 L a space charge
develop in the region of crystallite andmaximum response will be achieved.

3.2.Morphological characterization
The effect of varying solventmixing ratios on themorphology andmicrostructure ofWO3were further
examined using SEMandHRTEM, respectively. Thewet chemical synthesis enables the control of the particle
size, shape, and the possibility of large-scale production as compared to the physical synthesis. Tungsten oxide
nanostructures having differentmorphologies of one-dimensional nanostructures, such as nanorods,
nanocubesmixedwith nanoparticles and nanorodsmixedwith nanoparticles, were produced by solvothermal
process. Figure 4 shows the SEMmorphologies ofWO3 obtained from samples synthesized by varying the
solvent contents. As can be seen fromfigure 4 that as the content of water in solvent is increased, the shape of the
particles changed from rod-like structures infigure 4(a), nanorod-like structures infigure 4(b), amixture of
nanoparticles and cube-like structures infigure 4(c) to amixture of larger nanorods and nanoparticles in
figure 4(d). Thus, samples prepared using high ethanol content produced nanorod-like structures while the ones
prepared using highwater content cube-like structures, nanorodsmixed nanoparticles. As seen fromXRD

Figure 3.TheXRDpatterns of the as-preparedWO3nanostructures obtained after varying solvent content frompure ethanol. The
diffraction peaks of sample (S1) preparedwith ethanol only comparedwith the standard hexagonalWO3 (JCPD: 33–1387), the S2
preparedwith 9:1 EOH:H2O comparedwith standardW18O49, (JCPDS: 05–0392) and S3 (1:1 EOH:H2O) and S4 (H2O-only)with
increasedwater content compared tomonoclinicWO3 (JCDPS: 00–0043–1035).
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results, SEMobservations also confirm that themorphology ofWO3was controlled by varying the compositions
of water and ethanol during solvothermal process.

HRTEMmorphologies in figures 5(a)–(d) is in good agreementwith SEM infigures 5(a)–(d) that when the
solvent composition changes, themorphology also changes. Interestingly, theHRTEMmicrograph in
figure 5(b), indicates that the nanorod grew along the [010] direction, which is also in agreementwith the XRD.
Moreover, these results show that the composition of the solvents plays amajor role in the formation of
morphology and crystalline phase of tungsten oxide, like nanorodsW18O49, hexagonal rods-likeWO3, and
nanorodsWO3 [32, 33]. HRTEM study also confirmed the crystallite size and different phases as observedwith
XRD.Using the Bragg’s equation, phaseswere confirmed and theXRD results are found to be in agreement with
theHRTEM.The crystallite size of S1, S2, S3, S4were found to be∼11.3, 8.0, 7.5 and 7.7, respectively. The
crystallite estimation is in accordance with the size calculated using Scherer’s equation. As the ratio of water and
ethanol is nearly equal, crystallite size decreases and increases when there is nearly pure ethanol andwater as a
solvent. This trend is also observed on the surface area andXRD analysis. Therefore, the sample producedwith
nearly equal ratio of water to ethanol is expected to have the highest response to acetone gas as compared to other
samples. The gas sensingwill be discussed in detail later.

3.3. Proposed growthmechanism-theWang et almodel
From the SEMandHRTEMobservations, we have learned that thewater in the reaction controls the phase and
morphologies of the as-prepared tungsten oxide nanostructures. This is consistent with themechanism
proposed byWang et al [34]wherein the formation ofWO3 takes place,firstly by nucleation and secondly by
subsequent growth. For nucleation, the samples prepared in the non-aqueous system, ethanol slowly
decompose as illustrated in reaction (1)with simultaneous release of watermolecules, which coordinates the
W6+ cations to form tungsten oxy/hydroxychloride complexes ([W (OH)xCln]6−(n+x) or [WOyCln]6−(n+2y)).
Afterwards,WO3nuclei are produced alongwith the condensation/polymerization of the complexes (reaction
(2)).

Figure 4. SEMmorphologies of the as-preparedWO3nanostructures obtained after varying solvent from (a) pure ethanol to (b) 1:9
(ethanol: water), (c) 1:1 (ethanol: water) and (d) purewater.

Table 1. Summary of the surface area, crystallite size and dielectric constants.

Sensor pwater Surface area

Pore

diameter Crystallite size

S1 10 73.16 4.47 11.36

S2 18 12.35 3.61 8.02

S3 51 14.77 11.63 7.51

S4 92 70.35 4.05 7.74
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( ) +CH CH OH CH CH H O 23 2 2 2 2

[ ( ) ] ( )+  - +WCl H O W OH Cl3 x n
n x

6 2
6

Or

[ ( ) ] ( )( ) +- +W O Cl WO HCl6 3y n
n y6

3

3.4. Proposed growthmechanism-currentmodel
TheWang et almodel is good for the reaction ofWCl6withH2O in the absence of ethanol. Also the reaction of
WCl6 directly withH2O is energetically expensive. For instance, it requires a lotmore energy (ΔH°f
(298 K)=−1693 kJ mol−1) to dissociate water intoH+ andOH− than dissociate ethanol (ΔH°f (298 K)
−178 kJ mol−1) intoCH3CH2O

−+H+. In accordancewith theKirchhoff’s law applied to chemical reactions,
onewould expectWCl6 to reactmorewith ethanol thanwithwater. Based on simple current-dividermodel

Figure 5.HRTEMmorphologies of the as-preparedWO3nanostructures obtained after varying solvent from (a) pure ethanol to (b)
1:1 (ethanol: water), (c) 1:9 (ethanol: water) and (d) purewater.
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where chemical potential powering a reaction has two pathways running in parallel with enthalpies (or
activation energies) of such pathways represented as resistances, it can be shown that one can calculate the
relative probabilities ofWCl6 reactingwith ethanol orwater to be 88%or 12% respectively.

This calculation shows that although ethanol ismore likely to take charge in the reactions, theWCl6 reaction
cannot be entirely trivialized as there is still 12% chance. This analysis explains why the finalWO3 produces from
the ethanol-water solvent will have phases, composition (stoichiometry) andmorphology dependent on the
composition of ethanol andwater in the said solvent.

3.5. Predicting the properties of ethanol-watermixture/solvent and its effects on thefinalWO3morphology
We refer to a classic theory called effectivemedium theory [35] for us to calculate the properties of the ethanol-
watermixture of various compositions of ethanol andwater which is presented by equation (3). The dielectric
constants are presented infigure 7 against the BET surface andwater-ethanol ratios.More details on the effect of
solvent ratio on the sensing properties is discussed on section 3.7. For instancewe can estimate thewater-
composition dependency of the dielectric constant of the ethanol-watermixture as follows;

( )e e e
e e
e e

= +
-
+

p3
2

4eff ethanol water ethanol
water ethanol

water ethanol

The dielectric constant of water is εwater∼79 and that of ethanol εethanol∼25. Given the composition of
water, pwater, it is then possible to estimate the effective dielectric constant of themixture. This can be used to
predict other properties of the ethanol-water such as density, reactivity and the like. The effective dielectric
constants calculated from this equation are tabulated in table 1 andfigure 6, as an illustration and these are
correlatedwith other properties of thefinallyWO3materials as will be discussed in later sections.

3.6. Brunauer–Emmett–Teller (BET) analysis
The dielectric The BET analyses were conducted to givemore insight on the porous nature ofWO3 structures
and effect of varying solventmixing ratios. The characteristics such as the surface area, volume and pore size of
WO3 nanostructures are summarized in table 1 and S1 (supplementary is available online at stacks.iop.org/
MRX/7/035905/mmedia). It has been observed that the surface area increased for sample S1 prepared by nearly
pure ethanol and decreased for samples S2 and S3 prepared by 51:49 of ethanol: water ratios, and later increased
for sample S4where nearly onlywater was used as a solvent. This observation is consistent with the crystallite size
observedwith XRDandHRTEM. The pore volume decreasedwith the addition of water, however high pore
diameter of about 10.54 nmwas observed at a solvent ratio of 51:49 (ethanol: water) as compared to other
samples, i.e., sample S3 having the largest value ofDP (pore diameter). Itmay not have the largest SBET (surface
area per unitmass) and itmay also not have the largest VP (the volume of the pore per unitmass) but the fact that
it has the largest Dp suggests thatDp gives it the biggest advantage to sense acetone over the other samples.

Furthermore, the porous structure of the as-synthesised tungsten oxides indicates that therewas removal of
the solvents and interspaces among the assembled nanorods and particles. TheseWO3nanostructures with

Figure 6. Surface properties of S1, S2, S3, and S4 against the corresponding dielectric constants of the ethanol-water solvents and the
water content in themixture.
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higher surface areas and porosity play a significant role in the performance of sensingmaterials. Our results agree
verywell with the sensing results whichwill be discussed later. The sample with higher pore diameter showed a
higher response and selectivity to acetone as compared to the samplewith higher surface area. As it was also
observed andmentioned byTshabalala et al [36], a large surface area alone does not influence the good sensing
response, it is however influenced by the porous surfacewhich ultimately allows the gas to be adsorbed into the
whole sensing layer, enhancing the response of the sensor.

3.7. Gas sensing properties ofWO3 sensors
The sensing performances ofWO3 samples synthesized by varying solventmixing ratios to acetone
concentration ranging from0.5 to 4.5 ppmwere investigated at 50, 75, 100, 150 and 200 °C, respectively. Aswe
know, the acetone concentration in human can be 0.8 ppm to lower and for diabetic patients’ ranges from above
0.8 ppm. Figures 7(a)–(e) shows the dynamic response curves of the sensors. All the sensors demonstrated an
increase in sensors response upon an increase in acetone concentration. This behaviour is common for the
semiconductingmetal oxides includingWO3. It can be described by the kinetics andmechanics of gas
adsorption and desorption [37]. Additionally, the n-type semiconductormetal oxides have been proven to have
great sensing properties for reducing gases [36].The gas sensing response (R) is defined as:

( )=R
R

R
5a

g

WhereRa andRg, represent the resistance of the sensor in dry air and the target gas, respectively.
The dielectric Sensor S3 showed the highest response to acetone in all temperatures as compared to other

sensors. For example, the response of 2 ppm acetone at 50 °Cwas 1.9, 2.4, 5.3, and 3.42 for S1, S2, S3 and S4,
respectively, the response at 100 °Cwas 172.82, 278.53, 534.93 and 321.05, respectively. In the twomentioned
temperatures, the response of S3was almost double times higher than all the samples. This was also observed in
the two remaining temperatures (150 and 200 °C). This could be attributed to the high pore diameter and
monoclinic phase. The high pore diameter in this case plays a crucial role as it offersmore sites for surface
adsorption and desorption of acetone. Interestingly, the results obtained in here are not entirely surprising that

Figure 7.Response versus acetone concentration for samples synthesisedwith varying solvent composition at (a) 50 °C, (b) 75 °C
(c) 100 °C, (d) 150 °Cand (e) 200 °C.
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the high surface area does not always contribute to excellent sensing response. Tomer et al [38] andTshabalala
et al [36] also observed the samefindings. Sample S3 has less surface area as compared to other samples but
showed high response in all temperatures.

We observed an increase in sensor response from50 °C, 75 °C, and 100 °Cwith the highest respond at
100 °C, and a decrease from150 °Cand 200 °C as shown infigure 8.When the heating temperature is low, the
chemical activation of nanoparticles, nanorods and nanoplates can be low and consequently result into a low
response.However, increasing the temperature usually leads to a positive chemical activation, with the gas
sensor demonstratingmaximum response at the operating temperature of 100 °C. This temperaturewas
therefore selected as operating temperature for further investigation in this study.More interestingly, all the
sensors could respond to even a low concentration (0.5 ppm). This gives an advantage to the current sensors in
an application that requires low concentration detection of acetone especially for diabetesmellitusmonitoring
andmanagement. Asmost good performing acetone sensors are achieved at high ppm concentration for
example this study [16], the Y-doped SnO2 showed the good acetone performance at 50 ppm.

Figure 9 depicts that when S3 sensor is exposed to dry acetone, the response increases with increasing
acetone concentration.However, the response to acetone decreasedwith an increasing RH%.This is attributed
to the fact thatmore sensing sites of the sensorwere occupied by a gaseousH2Owith the increase of RH%.
Therefore, the concentration of chemisorbed oxygen on the sensorwill decrease and results in theweakened

Figure 8.Response of sensor synthesisedwith varying solvent composition to 2 ppmof acetone at different operating temperatures
(50 °C–200 °C).

Figure 9. Sensor (S3) responses to acetone concentration (0–4 ppm) at varying RH from0 to 60%at 100 °C.Diabetic patient (>1.8)
can be clearly distinguished fromhealthy patients (<0.9) by, at least, 67%difference in sensor response.
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acetone response. Furthermore, this plot can also clearly distinguish a diabetic patient region and a healthy
patient region. The response to dry acetone is 1.3 and for acetone at 60 RH% (ambient relative humidity in
human breath) is 0.64 both tested at 1 ppm. The difference in sensor response is 0.66; thismakes it possible for
the diagnosis andmonitoring of diabetesmellitus by using breath acetone.

In gas sensors, selectivity is one of the key parametermore especially gas sensor for disease detection to
ensure correct diagnosis and avoid false positive results. To perform the selectivity test, we used the selectivity (σ)
equation [39]:

s =
+ + + +¼+

´
R

R R R R R
100

gas

gas gas gas gas gasN1 2 3 4

Where R ,gas is the gas of interest and +Rgas1 +¼+R R ,gas gasN2 is the sumof all gases.
The values for selectivity of the gases against the sensors were calculated from the responses obtained from2

ppmat 100 °C are presented in table S2 on the supplementary results. The results show that all the sensors select
acetone better than any other gases, however, sample S3 showed the highest selectivity. The high sensitivity and
response of S3 could be influenced by high pore diameter, small crystallite size and plate-likemorphology. It has
been reported that the pore diameter can positively influence the sensitivity of the sensor [40–42].

When the values of themorphological properties in table 1 of thefinalWO3 samples are plotted against the
corresponding dielectric constants of the ethanol-water solvents and thewater content in themixture thereof,
the profiles as shown in figure 6 are obtained. These profiles suggest that both specific surface area and specific
pore volume have similar trajectories with aminimumvalues between sample 2 and sample 3whereas specific
pore diameter has a definitemaximum in sample 3where the solvent had awater content of 51% and an effective
dielectric constant of 42.

We further used selectivity data on table S2 (on supplementarymaterials) and plotted against all the gases at
2 ppm and 100 °C. As can be seen from figure 10, we observed that acetone showsmagnificent selectivity
towards acetone in all the sensors as compared to other gases. An ideal sensor should have selectivity of 100% to
one gas and 0% to all; however there is a huge gap between an acetone gas and other tested gases. The high
selectivity and response of sample S3 could be attributed to small crystallite size, porousmorphology and
stabilization of ε-WO3monoclinic phasewhich has strong interaction force between electric dipole of ε-WO3

and the largest dipolemoment of acetone [13, 43]. Furthermore the ε-WO3 phase is best in detecting [7] and
selecting acetone. The highest response, excellent selectivity, ability to respondwell at varying humidity of the
sample S3which is produced by a very simple and cheapmethod shows a possibility of future application in
breath acetone detection for diabetesmellitusmonitoring.

We have gathered the gas sensing performances ofmaterials reported in literature and compared it with this
present work, the summary is shown in table 2. Among thesematerials, it can be seen thatWO3 (S3 sensor)
showed a good response at lowoperating temperature, without doping or functionalization. Furthermore, this
also opensmore research scope on non-invasive way ofmonitoring diabetesmellitus using the breath acetone.
Thismakes it a promisingmaterial towards the development of sensors for the detection of acetone.

Figure 10. Selectivity values of sensor produceswith varying solvent content against varying gases at 100°Cat 2 ppm concentration.
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Themechanism ofWO3-based gas sensors has been intensively studied and reported in the literature
[3, 9, 10, 44, 45]. Gas sensingmechanismofWO3nanoparticles, nanocubes and nanorods sensors is described as
follows:

The change in resistance of tungsten oxide sensors is dependent on the adsorbed oxygen species (O2−, O−)
on the surface. Upon their exposure to air, O2− gets adsorbed onto the surface which later adsorbs electrons
from the conduction band. This decreases the concentration of electrons in conduction bandwhich ultimately
decreases the electrical conductance of thematerial [46]. Thismechanism is expressed as follows:

( ) ( ) ( )+ - -O ads e O ads 62
2

( ) ( ) ( )+ - - -O ads e O ads2 72

( ) ( ) ( )+ - - -O ads e O ads 82

In the case where the sensor is exposed to acetone gas, the chemisorbed oxygen species (O2
−
(ads), O

2−
(ads),

O−
(ads)) react with acetone vapor and releases electrons back to conduction band and as a results, electrical

conductance increases. The reactionmechanism is expressed as follows:

( ) ( )+  + + +- -gas O eCH COCH CH C O CH 2 93 3
2

3 3

( ) ++ +CH C O C H CO 103 3

( )+  +- -O eCO O C 2 112
2

In the current study, the enhanced acetone performance ofWO3 indicates that the following parameters
played amajor role; large pore diameter, high crystallinity, and expedite diffusion channels ofWO3nanorods.
WO3 nanorods having pore diameter of about 10 nmand high crystallinity were found have excellent acetone-
sensing properties than theWO3nanoparticles. Since the pore diameter of both nanorods and nanoparticles are
mesoporous, gas transport is thought to have occurred throughmolecular diffusion. This observation is in
agreementwith the study of Sakai et al, which revealed that gas transport in SnO2with larger pores occurred
mainly throughmolecular diffusionwhereas surface diffusion dominated inmicropores. Surface diffusionwill
have less effect on smallermesopores [30, 31].

3.8. Breath acetone analysis
Figure 11 shows the resistance curve of sensor S3 at room temperature after injecting acetone standard
concentrations of 0.5, 1.0, 1.5, and 2.0 ppm (a), non-diabetic (b) and diabetic breath (c) against standard

Table 2.Gas responses of acetone in the present study and those reported in the literatures.

Material Fabricationmethod Acetone concentration (ppm) Operating temperature (°C) Rg/Ra References

W03-nanoplates Topochemical coversation 1000 350 9 [9]
WO3-nanoplates Hydrothermal 2000 307 10 [10]
Cr-Wo3 Flame spray pyrolysis 1 400 2.9 [16]
WO3-nanotubes Electrospinning 100 250 40 [24]
Cu-WO3 Electrospinning 20 300 6.4 [25]
WO3 Solvothermal 1 100 131 This work

Figure 11. (a) Sensor resistance at room temperature upon exposure to different acetone concentration and non-diabetic (b) and
diabetic human breath (c).
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acetone. As can be seen, the resistance of the sensor decreased from5.9 to 4.4 MΩ corresponding to 0.802
response as 0.5 ppm acetone concentrationwas injected, under 0.39 s. For other concentrations such as 1 ppm,
the resistance decreased from5.3 tap 2.8 MΩ corresponding to 1.4 response, for 1.5 ppm the resistance
decreased from5.0 to 2.8 corresponding to 1.7 response.We further analysed non-diabetic and diabetic breath
froma volunteer to assess the performance of the sensor.We have found that with the non-diabetic breath, the
resistance decreased from7.5 to 5.9 MΩwhich corresponded to 0.66 response and it waswellmatchedwith the
response from0.5 ppmacetone gas standard. This results confirms that the sensor can respond to acetone level
in the no-diabetic range (0.8 ppmand below). Furthermore, with the diabetic breath, the sensor’s resistance
decreased from5.3 to 3.6 MΩ corresponding to 1.09 response. Interestingly this response ranges with the
response observedwith 1.0 ppmacetone standard. The results confirms that the sensor can respondwell to both
non-diabetic and diabetic acetone concentration in human breath.

4. Conclusion

The as-synthesisedWO3 composed of nanoparticles, plate-like structures and nanorodswere successfully
synthesised by varying solvent content using solvothermalmethod. The sensor fabricatedwith 51:49water:
ethanol is found to demonstrate high response and good selectivity to 2 ppm level of acetonewhen compared
with the one fabricatedwith pure ethanol, 18:92 (ethanol: water) and 92%water.However, the sensor exhibited
low response under increased relative humidity at 100 °C. Furthermore, the sensor could response to low
concentration of acetone ranging from0.5 to 4.5 ppmof acetone at 100 °C.More interestingly, the sensor could
distinguish the healthy region and diabetic region even under high relative humidity. These characteristics could
be attributed to their high pore diameter, crystallite phasewhich consequently played amajor role in the
adsorption of oxygen species and enhanced the interactions of acetone andWO3 on the surface. The gas sensing
performance ofWO3 indicates that it has a potential application in low concentration and fast response of
acetone detection. These properties are suitable for sensors that can be used for the detection of exhaled acetone
fromhuman breath,more specifically in diabetic patients.
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