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Abstract

Diabetes is a lifelong condition that may cause death and seriously affects the quality of life of a
rapidly growing number of individuals. Acetone is a selective breath marker for diabetes that may
contribute to the monitoring of related metabolic disorder and thus simplify the management of
this illness. Here, the overall performance of Si-doped WO3 nanoparticles made by flame spray
pyrolysis as portable acetone detectors is critically reviewed focusing on the requirements for
medical diagnostic. The effect of flow rate, chamber volume and acetone dissociation within the
measuring chamber are discussed with respect to the calibration of the sensor response. The
challenges for the fabrication of portable breath acetone sensors based on chemo-resistive
detectors are underlined indicating possible solutions and novel research directions.

1. Introduction

New methods such as non-invasive diagnostics by human breath analysis bear the potential
to drastically reduce the costs of medical care [1]. Standard medical diagnostic (e.g. blood
analysis) has reached the limit of further economization as trained human resources are
required. Modern non-invasive medical diagnostic by breath analysis started in 1970 by the
classification of more than 200 components in human breath [2]. The bulk matrix of the
breath is a mixture of nitrogen, oxygen, carbon dioxide, water, and inert gases. The
remaining small fraction consists of more than 1000 trace volatile organic compounds
(\VOCs) with concentrations ranging from parts per million (ppm) to parts per trillion (ppt)
by volume [1]. Some of the endogenous compounds found in human breath, such as
inorganic gas (e.g. NO, CO) and VOCs (e.g. acetone, ethanol, ammonia, ethane, pentane),
has been successfully identified as breath markers for several diseases [1,3].

Diabetes is a lifelong condition that may cause death and seriously decrease the quality of
life. The number of persons suffering from diabetes (type-1 and -2) is increasing due to
population growth, aging, urbanization, and increasing occurrence of obesity and physical
inactivity [4]. Acetone is a specific breath marker for type-1 diabetes [1,5] and its
concentration increases from 300 - 900 ppb for healthy humans [6] to more than 1800 ppb
[7] for diabetic patients. Furthermore, several studies are suggesting that breath acetone
concentration may be correlated with blood glucose level and thus its determination as
potential to become a new standard for insulin management [5,8].

Application of breath analysis to acetone detection has already shown the potential to
rapidly distinguish between healthy and diabetic patients. These remarkable results were
achieved thank to the great improvements in analytical devices and breath analysis
techniques achieved in the last years [9]. Currently, breath acetone testing is carried out by
GC followed by flame ionization detection [10], ion mobility spectrometry [11], and MS
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detection [12]. These methods need bulky instrumentation and skilled operators. Sample
collection and preconcentration involving a complicated procedure is required before
introduction of the collected sample into a gas chromatographic column. Furthermore, some
or all of the breath acetone may be lost during these time-consuming procedures. Because of
these limitations, these methods are not very suitable for use in diabetes diagnosis and
acetone monitoring outside the laboratory. In fact, to meet the requirements for clinic
applications, the sensing devices need, in addition to the already demonstrated sensitivity
and selectivity, also sufficient portability and affordable production cost. With respect to the
latter, chemo-resistive gas sensors are solid state devices that have a strong miniaturization
potential while offering very high sensitivities down to the ppb range [13] and thus may
become a key technology for commercial implementation of breath analysis [14].

Metal oxide nanoparticles of few nanometers are, to date, state-of-the-art material for
chemo-resistive gas sensing [14-16]. This is attributed to the strong interaction between
surface states and electronic conductivity for particle size close to twice the material Debye
length [14,17]. Furthermore, the high specific surface area of the nanoparticles allows
minimization of the required material for fabrication of the detector (e.g. nanoparticle film)
decreasing considerably its production costs [13]. Fabrication of portable [18] and even fully
integrated [19] gas sensors constituted by thin films of metal oxide nanoparticles has been
copiously [20,21] demonstrated showing excellent sensing performances [22] and very low
(< 100 mW) power consumptions [18]. On the other side, a major drawback of chemo-
resistive nanoparticles as gas detectors is their poor selectivity that limits their application
for the analysis of complex gas mixtures such as the breath. As a result, a main challenge is
the synthesis of tailored nanoparticles able to specifically detect the target analyte in
unpredictable and varying measurement conditions (e.g. relative humidity, pressure,
temperature and disturbing analyte).

Among the various sensing metal oxide (Table 1), TiO,, WO3 and SnO5 based gas sensors
have shown the highest sensitivity to low concentrations of acetone. Their relatively high
operation temperatures (Table 1) are not a strong limitation as implementation of optimized
substrate layouts such as micro-hot plates allow the realization of portable devices with low
power consumption [19]. A critical analysis, however, shows that TiO5 is also very sensitive
to isoprene [23] while SnO, is well known for its high sensitivity to ethanol [17] and cross
sensitivity to water vapor [24]. In contrast, the e-phase of WO3 has demonstrated very high
selectivity toward acetone with respect to several analytes such as CO, NO, and ethanol
[25]. Recently, the optimization and mandatory stabilization of the e-phase content of WO3
nanoparticles up to the operating temperature of chemo-resistive metal oxide gas sensors has
been achieved by Si-doping during its flame synthesis [26]. This method, already
demonstrated for SnO,, is able to enhance the sensitivity of the original MOy while
drastically improving its thermal stability [17]. Flame aerosol processes are a powerful
alternative for the synthesis of single and mixed metal oxide nanoparticles [14]. In addition
to their easy scalability, the rapid heating and cooling during combustion can capture meta-
stable phases, such as e-WOs, [25-27] while assuring high purity [28] of the products and
production rate [14]. FSP has been successfully applied to the direct deposition of
nanoparticle films onto sensor substrates leading to high sensitivity and low limit of
detection (ppb). Furthermore, the mechanical stability of such nanoparticle films has been
improved by rapid in-situ annealing [22] allowing their integration into standard micro
devices fabrication processes [18].

The acetone sensing performance of such Si-doped WO3 nanoparticle films has been tested
in simulated breath conditions (up to 90% rh) showing extremely high sensitivity and signal
to noise ratio down to less than 30 ppb acetone [27]. For a fundamental understanding, the
high interaction between acetone and the WQOj3 surface (reception function) is complex,
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cannot be merely simplified to the role played by the dipole moments and require further
studies [27]. However, for practical applications the main challenges are the characterization
of such Si-WO3 sensors in real conditions and to other potential disturbing analytes that may
be found in the breath. More in specific, the breath concentration of several endogenous
VOCs can change remarkably has a function of metabolic activity and test conditions and
thus require further characterization. Furthermore, the effect of flow rate, temperature,
chamber volume on the sensor response are not trivial and require accurate characterization
and optimization.

Here, the challenges for the fabrication of portable Si-WO3 sensors for acetone detection are
critically reviewed underlining the strength and the open questions of this promising
technology. To this goal pure and Si-doped WO3 nanoparticle films have been deposited by
flame spray pyrolysis on sensor substrates. The properties of these sensors are summarized
by exemplary results obtained by acetone detection in simulated conditions and discussed
with respect to the measurement procedures. The role of carrier gas flow rate and of
measurement temperature on the acetone decomposition and analyte mass transfer to the
WOj3 nanoparticle film during sensor measurement is assessed with respect to the overall
performance. Finally, general guidelines for the fabrication of portable Si-WO3 sensors are
presented.

2. Experimental

2.1 Sensor Fabrication

A flame spray pyrolysis (FSP) reactor was used [29] for synthesis and direct deposition of
pure and Si-doped WO3 nanoparticles films onto Al,O3 substrates featuring a set of
interdigitated Au electrodes (Figure 1a). 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, 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 I/min oxygen (pressure drop 1.5 bar). That spray
was ignited by a supporting ring-shaped premixed methane/oxygen flame. Powder samples
were collected with a vacuum pump on a water-cooled glass-fiber filter (GF/D Whatman,
257 mm diameter) placed 50 cm above the burner, downstream of the sensor substrate. 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 [22]. Flame settings used are described more in detail
elsewhere [26].

2.2 Particle and Film Characterization

X-ray diffraction (XRD) patterns were obtained by a Bruker, AXS D8 Advance
diffractometer operated at 40 kV, 40 mA at 26 (Cu Ka) = 10 - 60°, step = 0.04° and scan
speed = 0.8°/min. The crystal size (dxrp) was determined using the Rietveld fundamental
parameter method with the structural parameters of monoclinic yand e-WO3 [30,31]. The
powder specific surface area (SSA) was measured by BET analysis using a Micromeritics
Tristar 3000. The BET equivalent diameter was calculated using the density of WO3 (7.16 g/
cm?3) and SiO, (2.19 g/cm3) for the given composition. The morphology, patterning
characteristics and thickness of the deposited sensing films were investigated by scanning
electron microscopy (SEM) with a LEO 1530 Gemini (Zeiss/LEO,Oberkochen) and a
Tecnai F30 microscope (FEI (Eindhoven); field emission cathode, operated at 2 kV).
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2.3 Sensor Characterization

3. Results

3.1 Particles

Sensor measurements were performed as described in detail elsewhere [27]. 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)% O, rest
nitrogen, Pan Gas 5.0) through distilled water maintained below room temperature at Tg =
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
sensors were placed in a quartz tube (3.5 cm in diameter and 35 cm long) located in a
tubular furnace (Nabertherm) and connected to a voltmeter (Keithley, 2700 Multimeter/Data
acquisition system) to measure the film resistance (Figure 1b). The operating temperature
was varied between 325 and 500 °C and measured with a n-type thermocouple placed above
the sensor. The stream exiting the furnace was analyzed by a mass spectrometer (MS,
Pfeiffer, Vacuum Thermostar) at high analyte concentrations (> ppm).The sensor response
(S) is defined as:

S:Rair/Ranalyte -1 (€]

where Ry is the film resistance in air with a given rh and Ranaiyte is the film resistance with
a given concentration of acetone or ethanol at the same rh.

and Discussion

Flame spray pyrolysis (FSP) is capable of producing mixed metal oxide powders in the
1-200 nm range from low-cost precursor [32] with high production rate. The precursor
preparation is a delicate step for the successful synthesis of tailored nanoparticles [33]. The
precursor composition has a remarkable influence on the product particle morphology,
crystallinity and size [34-35]. Here, ammonium (meta)tungstate hydrate was used as
precursor for the synthesis of WO3 nanoparticles. Starting from this solid precursor, the
formation of a homogeneous liquid solution is not trivial. More in specific, a maximum total
metal atoms (W) concentration of 0.2 mol/l was allowed in order to completely dissolve the
solid phase and obtain a clear solution.

Films of pure and Si-doped WO3 nanoparticles have been fabricated by flame spray
pyrolysis (FSP) and utilized as chemo-resistive acetone detectors. The nanoparticles were
directly deposited from the aerosol (Figure 1a) onto dielectric substrates bearing a couple of
interdigitated Au electrodes. The temperature difference between the hot flame aerosol and
the cooled substrate induces a strong thermophoretic flux that leads to the rapid (1 — 4 min)
growth of the nanoparticle film. However, the as deposited films are characterized by very
low adhesion/cohesion and require further mechanical stabilization. This was obtained in-
situ by applying rapidly high thermal and mechanical stress with a particle-free xylene flame
which drastically changes the patterns morphology as previously reported for flame-made
SnO, nanoparticle [22]. The resulting nanoparticle films are very stable and can sustain
further handling as required by standard micro-machining processes. Furthermore, they
retain the large specific surface area of the nanoparticles and very high porosity [22]. This
morphology has strong potential for gas sensors as it effectively enhances the interaction
with analyte and thus results in very high sensor response [14].

and Layer Analysis

Pure WOg particles had an average grain size of 13 nm. The grain size was slightly
decreased to 12 — 10 nm by Si-doping at 10 and 20% content, respectively [26]. The XRD
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spectra of the as prepared Si-doped samples revealed only the presence of the acetone
selective e-WO3 phases. Furthermore, the thermal evolution of the XRD spectra (Figure 2)
for 10 mol% Si-doped WOs5 indicates that Si-doping successfully stabilizes the e-phase
(diamonds) up to 500 °C. However, the e-phase is slightly decreased from 100 to 87%
(Figure 2) by annealing at 500 °C for 5 hours.

The final gas detectors consisted of chemo-resistive pure or Si-doped WOj3 films deposited
on sensor substrates. As discussed above, the films were made of highly gas sensitive
nanoparticles and had high porosity (e.g. 62% for SnO,) [22] to allow rapid infiltration of
the analyte and evacuation of the products. The change in morphology between the as
prepared and after mechanical stabilization WO3 film was characterized by scanning
electron microscopy (SEM) analysis. These results are comparable to that obtained by in-
situ annealing of SnO, nanoparticle films [22], where the layer stability was tested by
directing a N, or water jet towards its surface. Here, the as prepared film consisted also of a
uniform (Figure 3a) net of thin bridges made of loosely connected nanoparticles (b). The in-
situ annealing step [22] drastically changed this film morphology. In fact, although the
large-scale layer homogeneity was preserved, the dense net of thin bridges transformed into
a more compact structures (Figure 3c,d) made of partially sintered nanoparticles and having
higher stability. This open, porous structure facilitates the analyte transport through the
sensitive layer so that analyte-induced resistance changes, which constitute the sensor
response, occur rapidly in the whole sensitive layer. This positively influences the response
and recovery time during gas detection and has an impact also on the sensor sensitivity as
more surface is exposed to the analyte.

3.2 Sensor Characterization

As expected for n-type nanostructured semiconductors, after the injection of the reducing
analyte (here, acetone), the sensor resistance was rapidly decreased [36]. Figure 4 shows
typical resistance plot of a 10 mol% Si-doped WO3 sensor upon exposure to various acetone
concentrations at a temperature of 400 °C in 80% relative humidity (rh). A strong signal to
noise ratio and a rapid stabilization of the sensor resistance upon variation in the acetone
concentration are strong assets of these Si-WQOj3 detectors. From these measurements the
sensor performance was computed for each acetone concentration leading to a sensor
response more than 1.6 for injection of 600 ppb of acetone. It was previously demonstrated
that such e-WOs3 sensors are able to discriminate between the expected breath acetone
concentrations of healthy humans (< 900 ppb) and diabetic patients (> 1800 ppb) by a
remarkable gap (~40%) in sensor response [27]. In fact, for such sensors, the response to
1800 ppb acetone with 90% relative humidity was above 3 [27]. With respect to other metal
oxides (Table 1), comparing similar experimental conditions (dry air), the sensor response of
this 10 mol% Si-doped WO3 nanoparticles was the highest. Furthermore, the sensor
response time to 100 ppb acetone, defined as the time needed to reach 90% of the response,
was relatively small (~1.3 min) at 80% rh (Figure 4). However, smaller response times are
required in the clinical diagnostic since the exhalation time of a patient is limited. Micro-gas
sensors demonstrated shorter response time (~14 seconds) and thus optimization and
miniaturization of the sensing chamber may be a viable solution to reduce it [22]. Here, the
relatively large sensor response time could be attributed to too small carrier gas flow with
respect to the chamber volume (flow velocity < 0.02 m/s) and thus the response time can be
limited by mass transfer of the analyte to the sensing film instead from the actual reaction
rate. Furthermore, large chambers are often subject to long concentration transients with
some spatial inhomogeneity [37]. Geometrical parameters, such as shape and inlet/outlet
position play an important role for the development of flow conditions and gas concentration
profile inside the chamber [37]. In addition to affecting the actual sensor response, these
parameters also greatly influence the response time as discussed above. Since short response
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times (e.g. less than 1 minute) are usually required for online monitoring of the breath [9], it
is advantageous to keep the testing chamber volume as small as possible.

The sensor operating temperature is a key parameter during analyte detection. It influences
the sensing performance both in terms of catalytic activity of the WO3 surface (e.g.
reduction reactions) [38-39] and electrical properties of the semiconductor (e.g. activation of
defects) [38]. Even though measurements in heated chambers are widely used for
characterization of MOy gas sensors, as done here, back-heated sensors represent a
considerably more realistic condition for actual breath analysis. For one, back-heated
sensors can be more easily miniaturized and require low power consumption drastically
enhancing the devices portability. Secondly, as the gas flow analyzed by the sensor is not
heated within the chamber, potential alterations of its composition are avoided. Here, we
have investigated the decomposition of acetone in a furnace utilized as standard heated
chamber [23] for sensor characterization. Figure 5 shows the acetone signal (20 ppm) in air
measured by MS as a function of the chamber temperature. The acetone signal starts
decreasing above 400 °C and at 600 °C a remarkable portion of the MS signal is lost
suggesting its dissociation/oxidation. In fact, considering that the self-ignition temperature
of acetone is 465 °C, its dissociation/oxidation could also contribute to the decrease in
sensor response observed at 500 °C [27]. Nevertheless, these high temperatures (300 - 500
°C) are commonly used for acetone measurements (Table 1).

As suggested above, additional parameters, such as the volume of the chamber and the gas
flow rate, need also to be considered to precisely control the static and dynamic test
conditions. In fact, their flow conditions could affect the sensor response as the temperature
of the sensor is influenced by heat exchange processes between the sensor and the
surrounding gas [40]. Furthermore, too low flow velocities may lead to a diffusion-limited
response and thus allowing strong variation of its magnitude as a function of the flow
conditions. Here this was estimated by decreasing the total carrier gas flow rate supplied to
the measurement chamber during sensor measurements. The sensor response to 600 ppb
acetone decreased from 4.5 to 1.1 with decreasing flow total flow rate from 1 I/min
(standard test conditions) to 0.2 I/min (corresponding to a flow velocity decrease from 0.017
to 0.003 m/s) resulting in a linear correlation (Figure 6) between total flow and sensor
response. A similar behavior was previously observed even for back-heated SnO, sensor
during CO detection. There, the sensor response to 800 ppm CO decreased from about 700
to 400 with decreasing inlet flow rate from 0.2 to 0.05 I/min [41]. In that case, however, the
volume of the testing chamber and the carrier gas flow rates supplied were both
considerably smaller than here [41]. This suggests that if sufficient flow rate are not
supplied, diffusion-limited instead of reaction-limited sensor response are measured leading
to a poor calibration of the sensor signal.

4. Conclusions

Diabetes is a serious disease that affects a growing share of the world population. A portable
and low cost diagnosis device by breath analysis could help the rapid identification and
medical treatment of diabetic patients at the early stage especially in developing countries.
Here, Si-doped WO3 chemo-resistive gas sensors have been fabricated by flame spray
pyrolysis. These nanoparticles had excellent acetone sensing properties with a great
potential for application in non-invasive medical diagnostic by breath analysis. In fact, the
WOg3 e-phase thermal stability was enhanced greatly by Si-doping (up to 500 °C) allowing
detection in the ppb range of acetone in ideal (dry air) and realistic (90% rh) breath
conditions. However, gas sensing performances such as the sensor response and the
response time are also dependent on the measurement system and conditions. An optimal
operating temperature for acetone detection in terms of sensor response and analyte stability
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was found at 400 °C. In addition, decreasing the total gas flow rate decreased the sensor
response. Hence, it is important to characterize and optimize the design of both detector
material and measurement chamber in order to produce reliable and high performance
portable sensors for breath acetone monitoring. In this respect, miniaturization of the
measurement chamber could further decrease response and recovery time while improving
the stability of the sensor response to variation in carrier gas flow rates. Furthermore, the
effect of the humidity on such sensors in real breath conditions needs to be assessed as
previously reported for heated chamber setups and simulated breath conditions.
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Figure 1.

(a) Sensor fabrication schematic: metal oxide nanoparticles are produced by combustion and
pyrolysis of a precursor solution in a FSP reactor and directly deposited onto cooled sensor
substrate consisting of Al,O3 support with interdigitated Au electrodes. (b) Sensor
characterization setup: analyte mixtures are dosed by mass flow controllers. The detector is
kept in an oven and connected to a voltmeter to mesasure the film resistance.
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Figure 2.

XRD pattern (26 = 20 - 40°) of 10 mol% Si-doped WO3 nanoparticles at different annealing
temperature (325 - 500 °C for 5 h in air). With annealing the e-phase content is decreasing,
however, the y peaks are still not clearly distinguishable up to 500 °C.
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Figure 3.

SEM images of as prepared (a,b) and after in-situ annealing (c,d) pure WO3 nanoparticle
films at high magnification. Thinly agglomerated particle bridges extend for hundreds of nm
(b). After in-situ annealing the morphology is altered to more robust structures (d).
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Figure 4.

Sensor resistance change of 10 mol% Si-doped WO3 nanoparticle film exposed to different
acetone concentrations at 400 °C in 80% rh.
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Figure 5.

Acetone MS signal intensity and temperature as a function of the measurement time. Above
400°C the acetone signal intensity starts to decrease decrease indicating its dissociation/

oxidation.
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Figure 6.

Sensor response to different acetone concentrations as a function of the total flow rate
supplied to the measurement chamber. The sensor response is considerably reduced
decreasing the flow rate from 1 to 0.2 I/min.
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Table 1

Acetone detection in dry air by chemo-resistive gas sensors.
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m Material Process Sensor response (-) to acetone [ppm] | LOD (ppm) | Temperature (°C) | Ref.
S

= Fe,04/Pt Wet-method 4.2110] 10 300 [42]
D

U Fe,03/RuO;, | Wet-method 1.5[10] 10 300 [42]
% Sno, Dip-coating 2[3] 2 RT [43]
EI TiO, Drop-coating 411] 1 500 [23]
g_ Sn0,-ZnO Wet-method 2.3[200] 200 300 [44]
D

7 Cr-WO3 Drop-coatin 1[0.5] 0.2 400 [25]
(%) p 9

g Ce-Sno, Dip-coating 75 [100] 100 210 [45]
—t

g Si-WO; FSP 4.110.5] 0.02 400 [26]
% ZnO RF-SPU 0.2 [60] 15 400 [46]
% Sensor response: Rajr/Ranalyte — 1; LOD: Limit of detection
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