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ABSTRACT 

 
A portable and highly selective acetone-sensor was 

developed by direct flame synthesis and deposition of a 
chemo-resistive nanostructured SiO2-doped WO3 film on 
back-heated interdigitated Pt electrodes on an alumina 
substrate inside a small chamber of similar size to a mobile 
telephone. This device enables real-time measurements of 
ultra low acetone concentrations (down to ppb) at realistic 
breath conditions (90% relative humidity). The sensing 
properties (selectivity, detection limit, sensor response and 
recovery times) were investigated as a function of operating 
temperature, relative humidity and interfering analyte 
concentration (ethanol). The optimized device resulted in 
short total response and recovery times. 
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1 INTRODUCTION 
 
In recent years, the interest in breath analysis for clinical 

diagnostic has increased [1-2] and represents a rapid, 
economic and simple alternative to standard blood analysis 
[3] and endoscopy [4-5]. More in detail, some endogenous 
compounds present in the breath, including inorganic gases 
(e.g. NO, CO) and volatile organic compounds (VOCs; e.g. 
ethane, pentane, ammonia, acetone, ethanol), can be 
assigned to specific disease and thus are utilized as breath 
markers [1]. For example, acetone is a selective breath 
marker to type-1 diabetes [1,6]. The acetone concentration 
in the breath increases from 300 - 900 ppb for healthy 
humans [7] to more than 1800 ppb for diabetic patients [8]. 
The detection of this small concentration difference 
(900 ppb) between healthy and ill people in such a complex 
gas mixture as the human breath requires a highly sensitive 
and selective acetone sensor. 

Several methods have been utilized to analyze trace 
compounds in the human breath. The most common is gas 
chromatography (GC) with flame ionization detection 
(FID), [9] mass spectrometry (MS) [10] or ion mobility 
spectrometry (IMS) [11]. As water vapor, however, can 
damage the GC column, pre-treatment of the breath is 
necessary before analysis [12]. Selected ion flow tube mass 
spectrometry (SIFT-MS) [13] has shown great potential in 
real-time concentration monitoring of several breath 
markers (e.g. acetone, ethanol, ammonia and isoprene). A 
major advantage of the latter is its high selectivity, 

sufficient sensitivity and low limit of detection (LOD). 
However, its high cost and limited portability still hinder its 
application as standard diagnostic tool. Recently, chemo-
resistive detectors based on semiconductor metal oxide 
films have been applied to the analysis of several breath 
markers [14-16]. These simple devices have low fabrication 
cost, offer high miniaturization potential, sensitivity and 
sufficient LOD (ppb concentrations) [17].  

Among the large number of sensing metal oxides [18], 
WO3 [19-20], and in particular its ε-phase, is promising for 
selective and quantitative detection of acetone in ppb 
concentrations [16]. This is attributed to the spontaneous 
electric dipole moment of the ε-phase that increases the 
interaction with analytes having high dipole moment (e.g. 
acetone) [21]. Nevertheless, such WO3 detectors, until 
recently have been tested only in ideal conditions (dry air) 
without accounting for the effect of water vapor which is a 
major component of the human breath [22]. Furthermore, it 
is well known that water vapor interferes with the sensing 
mechanism of semiconductor metal oxides (e.g. SnO2) 
decreasing their sensitivity (e.g. to EtOH) [23] and leading 
to an unreliable response. Recently -phase [16] WO3-based 
sensors, with optimal Si-doping of 10 mol%, have shown 
high sensitivity and selectivity to acetone [24], up to 90% 
relative humidity (a realistic breath condition) [25]. This, 
allowed detection of ultra low concentrations of acetone 
with extremely high signal to noise ratio and high 
selectivity to ethanol and water vapor [25]. However, the 
employed sensor setup was rather bulky (heated chamber). 

Flame aerosol processes, which are used for synthesis of 
simple nanoparticles commodities, such as carbon black, 
fumed silica, pigments and catalysis, also offer an efficient 
and flexible route for synthesis of mixed oxides [26]. The 
rapid heating and cooling during combustion creates 
materials (particles or films) with special structure, 
morphology, composition and high purity resulting in 
unique products. In addition to the already mentioned FSP-
made powder applications, gas sensors are used in 
environmental (air pollution)-monitoring, process safety 
control, homeland security, and more recently, such sensors 
are being explored for early stage detection of diseases 
from the human breath analysis [16]. In particular, SnO2 
nanoparticles for sensing CO, NOx, and other gases have 
been made by FSP [27-28]. Recently, FSP has been used 
also for direct deposition of SnO2 films onto sensor 
substrates eliminating the multiple and complex steps of 
sensor film deposition by wet chemistry [29]. Furthermore, 
the mechanical stability of these films has been improved 
by rapid in-situ annealing [30] allowing the integration of 
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flame-based aerosol methods into the industrial fabrication 
of micro devices, which cannot tolerate temperatures above 
400 °C.  

 
2 EXPERIMENTAL 

 
A flame spray pyrolysis (FSP) reactor was used in 

combination with a water-cooled substrate holder [29] for 
synthesis and direct deposition of pure and Si-doped WO3 
nanoparticles films onto Al2O3 substrates featuring a set of 
interdigitated platinum electrodes (Figure 1). Additionally, 
a Pt resistance temperature detector (RTD) on one side and 
a Pt heater on the back side are employed, as described in 
more detail elsewhere [25]. Sensing nanoparticles were 
prepared as follows: Ammonium (meta)tungstate hydrate 
(Aldrich, purity > 97%) and hexamethyldisiloxane 
(HMDSO, Aldrich, purity > 99%) were mixed, as dictated 
by the final Si molar content (0 - 40 mol%), and diluted in a 
1:1 (volume ratio) mixture of diethylene glycol monobutyl 
ether (Fluka, purity > 98.5%) and ethanol (Fluka, purity > 
99.5%) with a total metal atom (Si and W) concentration of 
0.2 M. This solution was supplied at a rate of 5 ml/min 
through the FSP nozzle and dispersed to a fine spray with 
5 l/min oxygen (pressure drop 1.5 bar). That spray was 
ignited by a supporting ring-shaped premixed 
methane/oxygen flame (CH4 = 1.25 l/min, O2 = 3.2 l/min). 
The nozzle-substrate (NS) distance was 20 cm. The films 
were annealed and mechanically stabilized in-situ by 
lowering the substrate holder to NS = 14 cm and impinging 
a particle-free (no metal precursor), xylene-fed spray flame 
(12 ml/min) onto the film for 30 s [30] The supporting 
flame and sheath oxygen flows were those used during FSP 
deposition. A X-ray diffraction patterns were obtained by a 
Bruker, AXS D8 Advance diffractometer operated at 
40 kV, 40 mA at 2θ (Cu Kα) = 10 - 60°, step = 0.04° and 
scan speed = 0.8°/min. The crystal size (dXRD) was 
determined using the Rietveld fundamental parameter 
method with the structural parameters of monoclinic  and 
-WO3. The powder specific surface area (SSA) was 
measured by BET analysis using a Micromeritics Tristar 
3000. Transmission electron microscopy (TEM) was 
conducted with a Hitachi H600, operated at 100 kV. 

Sensor measurements were performed as described in 
detail elsewhere [25]. Prior to sensing tests, the sensors 
were kept in an oven (Carbolite) at 500 °C for 5 hours to 
thermally stabilize them and avoid nanoparticle sintering 
and thereby drift of the sensor signal during testing. 
Humidified air was generated by bubbling synthetic air 
((20.8 ± 2)% O2 rest nitrogen, Pan Gas 5.0) through 
distilled water maintained below room temperature at TB = 
20 °C to avoid condensation in the pipes. Acetone (10 ppm 
in synthetic air, Pan Gas 5.0) or ethanol (10 ppm in 
synthetic air, Pan Gas 5.0) were controlled by a separate 
mass flow controller and diluted further with synthetic air 
to reach the desired concentration. The operating 
temperature was varied between 325 and 500 °C and 

measured with a n-type thermocouple placed above the 
sensor. 

 

Figure 1: Detector schematic: a metal oxide (MOx) film is 
deposited onto a sensor substrate consisting of an Al2O3 
support with interdigitated Pt electrodes on the front side 
and a resistance temperature detector (RTD) and on the 
back of the heating element. 

 
3 RESULTS AND DISCUSSION 

 
The gas detectors consited of chemo-resistive 10 mol% 

Si-doped WO3 nanoparticles films deposited [24] onto 
Al2O3 substrates featuring a set of interdigitated platinum 
electrodes (Figure 1). This film composition is selected for 
its thermal stability, and optimal selectivity and sensitivity 
in humid conditions [25]. Additionally, a Pt resistance 
temperature detector (RTD) on one side and a Pt heater on 
the back side are employed. Solely heating the sensor 
substrate (also known as a back-heated sensor) bears two 
primary advantages: (1) increased miniaturization potential 
with low power consumption, and (2) the possibility to 
operate in the dynamic sensor mode for fast response and 
recovery due to minimal thermal mass. The SSA, crystal 
sizes and -phase content of these nanoparticles were in 
agreement with literature [24]. With respect to the sensing 
mechanism, both the catalytic activity of the semiconductor 
WO3 surface and its electrical properties are strongly 
influenced by temperature [31-32]. Low film resistances, 
also known as low baselines, are favorable for the 
integration of monolithic gas sensors into devices [33]. 
Here the sensitivity to acetone, selectivity against ethanol, 
and cross-sensitivity to water-vapor have been investigated 
by this portable back-heated sensor along with the effect of 
varying inlet flow rates on the sensor response and 
recovery. Figure 2 shows the sensor response of a back 
heated 10 mol% Si-doped WO3 sensor to 100-600 ppb 
acetone (circles) and ethanol (diamonds) at 40% relative 
humidity. The sensor response to acetone is 7-15 times 
higher than the one to ethanol indicating a high selectivity. 
A patient’s exhalation time is limited by his or her forced 
vital capacity (FVC) and expiratory flow [34].  

As a result, small response and recovery times are 
favorable for application in breath medical diagnostic. The 
sensor response time has been investigated as a function of 
rh. The response time was not affected by rh from 0 to 90%, 
it remained constant, around 15 seconds: 5 to 25 times 
smaller than those in a heated chamber [25]. 
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Figure 2 Sensor response to 100-600 ppb acetone (circles) 
and ethanol (diamonds) at 40% relative humidity (rh). 

 
4 CONCLUSIONS 

 
Flame spray pyrolysis, direct deposition and in-situ 

annealing stabilization of 10 mol% Si-doped WO3 
nanoparticles onto sensor substrates has been utilized for 
production of chemo-resistive acetone detectors, a breath 
marker for diabetes. The sensor response was highly 
selective and sensitive to acetone, regardless of rh. 

The sensor response was below 15 seconds at ideal (dry 
air) and realistic conditions (90 % rh), making this device 
promising for on-line and rapid breath acetone monitoring 
for medical diagnostic. 
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