
pubs.acs.org/cm Published on Web 04/23/2010 r 2010 American Chemical Society

3152 Chem. Mater. 2010, 22, 3152–3157
DOI:10.1021/cm1001576

Thermally Stable, Silica-Doped ε-WO3 for Sensing of Acetone in the

Human Breath

M. Righettoni, A. Tricoli, and S.E. Pratsinis*

Particle Technology Laboratory, Institute of Process Engineering, Department of Mechanical and
Process Engineering, Swiss Federal Institute of Technology, ETH Zurich, CH-8092 Zurich, Switzerland

Received January 18, 2010. Revised Manuscript Received March 23, 2010

Acetone in the human breath is a key marker for noninvasive diagnosis of diabetes. Here, sensing
films of pure and SiO2-doped WO3 nanoparticles have been made, directly deposited and in situ
annealed onto interdigitated electrodes by scalable flame aerosol technology. A unique innovation
here is that these films consist of ε-WO3, ametastable phase that has a high selectivity to acetone. The
effect of nontoxic Si doping on the ε-phase content and crystal and grain sizes was investigated and
correlated to the acetone sensing performance of these films. The thermal stability of these materials
was characterized as well, revealing a unique opportunity for reliable sensing of acetone and
noninvasive diagnostics of diabetes. An optimal doping level with 10 mol % SiO2 resulted in highly
sensitive and highly selective acetone sensors down to 20 ppb.

Introduction

Human breath analysis is an emerging field of medical
diagnostics that promises rapid, noninvasive monitoring
and even detection of illnesses.1 Among hundreds of com-
ponents in the human breath,2 some gases are related to
specific diseases and can be utilized as breath markers.3

Acetone, in particular, is related to type 1 diabetes,2,4 and
its concentration increases from 300 to 900 ppb for healthy
humans5 to more than 1800 ppb for diabetic patients.6

Accurate and rapid detection of such small concentration
differences in the breath requires highly sensitive and highly
selective analysis methods.7

Chemoresistive gas sensorsmadeof nanostructuredmetal-

oxide semiconductors offer a promising alternative8-11 to

more sophisticated systems (e.g., PTR-MS,12 SIFT-MS13).

Such sensors offer a lower limit of detection (LOD) in

parts-per-billion concentrations to most reducing or oxi-

dizing analytes14 and can be miniaturized15 and integra-

ted in micro gas sensor systems16 at low cost.14,17 Major

shortcomings, however, are their poor selectivity and

long-term stability.14 Lately, the latter has been improved

by cosynthesis with other oxides, leading to thermally

stable and highly sensitive nanoparticle layers.18 For

some analytes the selectivity is improved by formation

of specific crystal planes and phases11,17 that greatly

facilitate the reliable detection of certain breath markers.
Among such materials, screen-printed δ-WO3 thick

films have been successfully applied to the measurement

of low concentrations of acetone vapor (25-100 ppm).19

Nanoparticles of γ-WO3 with controlled size exhibiting

high absorption capability have beenmade by evaporation-
condensation of bulk tungsten oxide particles using a

flame spray process.20 Recently, the ferroelectric ε-phase of
WO3 captured during its flame synthesis has shown

promising results for the selective and quantitative detec-

tion of acetone in parts-per-billion concentrations that

is of critical importance in noninvasive diagnosis of dia-

betes by human breath analysis.11 The spontaneous electric
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dipole moment21 of ε-WO3 leads to enhanced interaction

with analytes having high dipole moment (e.g., acetone).11

The ε-phase of WO3 that is usually made by rapid solidi-

fication and is thermally stable only below -40 �C was

made recently by scalable flame spray pyrolysis (FSP) of

ammonium tungstate hydrate solutions.11 Its further thermal

stabilization at the operation temperatures (>300 �C) of
metal-oxide gas sensors required, however, doping with

Cr that can be toxic.22,23 Furthermore, Cr-doping in-

creases the grain size11 and thus somehow decreases the

WO3 sensitivity.
24 Alternatively to such heavymetal dop-

ing, phase stabilization is possible also by cosynthesis of

WO3 with light metal oxides such as SiO2 that inhibits

grain and sinter neck growth of metal oxide (e.g., TiO2,
25

SnO2,
18WO3

26) nanoparticles andmay even lead to dras-

tically increased sensitivity.18

Here, sensing films of pure and SiO2-dopedWO3 nano-
particles have been made by FSP, direct deposition and
in situ flame annealing.15 The effect of Si doping on the
ε-phase content and crystal and grain sizes was charac-
terized and correlated to the acetone sensing performance
of these films. The thermal stability of these Si-doped
ε-WO3 nanoparticles was characterized up to 600 �C
revealing a unique opportunity for optimal doping with
SiO2 and reliable sensing of acetone at the parts per billion
level.

Experimental Section

Synthesis. A flame spray pyrolysis (FSP) reactor was used in

combination with a water-cooled substrate holder as described

in detail elsewhere27 for synthesis and direct deposition of pure

and SiO2-dopedWO3 nanoparticle layers onto Al2O3 substrates

featuring a set of interdigitated gold electrodes and a sensing

area of 1 cm2. These layers were mechanically stabilized by in situ

annealing with a xylene-fed spray flame.15 Sensing nanoparti-

cles were prepared as follows: ammonium (meta)tungstate hyd-

rate (Aldrich, purity >97%) and hexametyldisiloxane (HMDSO,

Aldrich, purity>99%)weremixed, as dictated by the final SiO2

content (0-40 mol %), and diluted in a 1:1 (volume ratio) mix-

ture of diethylene glycol monobutyl ether (Fluka, purity>98.5%)

and ethanol (Fluka, purity >99.5%) with a total metal (Si and

W) concentration of 0.2 M. This solution was supplied at a rate

of 5�10-3 L/min through the FSP nozzle and dispersed to a fine

spray with 3-8 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). An addi-

tional 5 L/min sheath oxygen was supplied from an annulus

surrounding that flame to ensure excess oxidant flow.

Powder samples were collected with a vacuum pump (Vacuum-

brand,RE16) on awater-cooled glass-fiber filter (GF/DWhatman,

257 mm diameter) 50 cm above the burner, downstream of the

Al2O3 substrate. The nozzle-substrate (NS) distance was 20 cm.

The as-deposited films were stabilized in situ by increasing their

adhesion and cohesion without crystal growth.15 The substrate

holder was lowered to NS=14 cm and a particle-free (no metal

precursor) spray flame fed with 12 � 10-3 L/min xylene and

dispersed by 5 L/minO2 (with another 5 L/min sheath O2)
15 was

impinged onto the film for 30 s. The supporting flame gas flow

rates were those used during FSP deposition.

Particle Characterization. X-ray diffraction patterns were

obtained by a Bruker, AXS D8 Advance diffractometer opera-

ted at 40 kV, 40 mA at 2θ (Cu KR)=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 struc-

tural parameters of monoclinic γ- and ε-WO3.
28,29 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/cm3) and SiO2

(2.19 g/cm3) for the nominal powder composition. Transmission

electronmicroscopy was conducted in aHitachi H600, operated

at 100 kV. The morphology, patterning characteristics and

thickness of the deposited layers were investigated by SEMwith

aLEO1530Gemini (Zeiss/LEO,Oberkochen) and aTecnai F30

microscope (FEI (Eindhoven); field emission cathode, operated

at 2 kV).Raman scattering spectrawere recorded by aRenishaw

InViaRamanmicroscopewith a 514 nm laserwith 25mWpower

at a range of 280-1200 cm-1 with an exposure time of 10 s. For

thermal analysis, the powderswere annealed in anoven (Carbolite)

in air for 5 h at 325-600 �C.
Sensor Characterization. Prior to sensing tests, all sensors

were kept in air at 500 �C for 5 h to thermally stabilize them and

avoid sintering and crystal/grain growth during analyte sensing

at lower temperatures, which could lead to drifting. The sensor

measurements were performed as described in detail elsewhere,30

as it has been done even for breath analysis.31 A wet diluted

streamwas generated by bubbling synthetic air through distilled

water maintained at TB = 20 �C (ps = 23.38 mbar) to avoid

condensation in the tube. The analytemixturewas acetone (10 ppm

in synthetic air, Pan Gas 5.0) and ethanol (10 ppm in synthetic

air, Pan Gas 5.0) in synthetic air. The gases were diluted further

in synthetic air to reach the desired analyte concentration (20 to

3000 ppb). The sensors were placed in a quartz tube (3.5 cm in

diameter and35 cm long) located in a tubular furnace (Nabertherm)

and connected to a voltmeter (Keithley, 2700 Multimeter/Data

acquisition system) tomeasure the film resistance The operating

temperature was varied between 325 and 500 �C and measured

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

setups such as in situ heated sensors will give a different but

quantitatively consistent sensor response.15 The sensor response

(S) is:

S ¼ Rair=Ranalyte - 1

whereRair is the film resistance in air with a given rh andRanalyte

is the film resistance with a given concentration of acetone or

ethanol at the same rh. The sensor response was fairly reproduc-

ible with a maximum variation of(9% between 100 and 600 ppb

acetone.
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Results and Discussion

The as-prepared, pure ε-WO3 content and crystal size
varied from 72 to 63 wt % (diamonds) and from 16 to
14 nm (circles), respectively, by varying the dispersion
oxygen flow-rate from 3 to 8 L/min (Figure 1). This is in
fair agreement with prior FSP synthesis of pure WO3

(∼13 nm)11 and other oxides27,30 as well as in the range of
such nanoparticles made by evaporation-condensation
of bulk WO3 particles20 of average initial size of about
700 nm in a spray flame. Here, all WO3-based particles
were made with 5 L/min O2 feed through the FSP unit
that gave the highest ε-WO3 phase content (Figure 1).
Increasing the Si content from 0 to 40 mol % reduced

the WO3 crystal (Figure 2, circles) and grain sizes from
15.2 and 13 to 6.3 and 9.6 nm, respectively. This corres-
ponds to an increase in specific surface area (SSA) from
64 to 117m2/g as confirmed also byTEMandEDanalysis
(Figure 2a-f). At 20mol%Si, the particle size (Figure 2d,e)
is smaller than that of pureWO3 (a,b). Despite this high Si
content, the ED analysis (Figure 2f) confirms the presence

of smaller crystallites than those of pure WO3 (c, bright
spots). In fact, the crystal plane of pure WO3 (Figure 2b)
extends continuously and regularly through several parti-
cles, whereas at 20mol%Si content, smallerWO3 crystal-
lites confined by amorphous SiO2 regions (Figure 2e) are
visible.
X-ray diffraction (XRD) analysis of as-prepared, pure

WO3 nanoparticles collected downstream of the sensor
substrate revealed only the presence of γ- and ε-WO3

phases (Figure 3) consistent with Wang et al.11 Silica-
doping increased the ε-phase content (Figure 2, diamonds)
from 72 wt % for pure WO3 to 100 wt % at 10 mol % Si.
This is attributed to formation of an interstitial Si-WO3

solid solution similar to Si doping of TiO2 that intersti-
tially stabilized the anatase phase instead of the thermo-
dynamically dictated rutile.25 In fact, incorporation of
Si in the lattice could promote formation of the acentric
ε-phase28 instead of the more symmetric γ-phase.29 In
comparison, as-prepared WO3 nanoparticles made by
evaporation-condensation of larger WO3 particles with
a flame spray process20 consisted of pure γ-WO3. This is
attributed, most probably, to the longer high-temperature
particle residence time in such enclosed reactors than in
the present open FSP ones, as observed30 with flame
synthesis of anatase and rutile TiO2 favoring there the
formation of the thermodynamically dictated rutile phase.
The thermal stability of pure and Si-doped WO3 parti-

cles was investigated by annealing them in air for 5 h at
325-600 �C. Figure 3 shows the thermal evolution of the
XRDspectra for (a) pure and (b) 20mol%Si-dopedWO3

indicating that Si doping successfully stabilizes the
ε-phase up to 500 �C. At 600 �C, pure WO3 exhibits only
the diffraction peaks of the γ-WO3 crystallites

29 while the
20% Si-doped ones (Figure 4a, square) preserves up to
20 wt % of ε-WO3. More in detail, the ε-phase content of
as-prepared, pure WO3 nanoparticles (Figure 4a, circles)
decreases from 72 to 26 wt %, after annealing at 500 �C,
whereas the 10 mol % Si-doped WO3 decreases from 100
to only 87 wt %. A similar behavior is observed for the
15 (Figure 4a, triangles) and 20 (diamonds) mol % Si-
doped WO3.
The rapid reduction of the ε-phase content for all Si-

doped WO3 at 600 �C could be attributed to the higher
diffusivity of W and/or oxygen, observed here, than that
of other oxides (e.g., SnO2).

18 In fact, even if 20 mol % Si
doping stabilizes the ε-phase crystals around 20 nm up to
600 �C (Figure 4b, open diamonds), the γ-phase crystals
(filled diamonds) grow to 69.5 nm, which is nearly the
same (69.9 nm) to that of γ-crystallites of pure WO3 at
600 �C (Figure 4b, filled circles). Similar sintering and
phase transformationwasobserved for the 10 and15mol%
Si content WO3 samples (not shown). The ED patterns
(inset Figure 4b) show that pure WO3 sinters into large
crystallites (bright spots) at 600 �C, while the Si-doped
ones forms much fewer. This is in agreement with TEM
analysis of these samples (Figure 5). Pure WO3 (Figure 5a)
forms large crystallites and sintering necks. In contrast,
the 20 mol % Si-doped WO3 forms amorphous SiO2

domains, inhibiting the growth of WO3 grain boundaries

Figure 1. The ε-WO3 phase content (diamonds) and crystal size (circles)
as a function of dispersion oxygen flow during synthesis of WO3 nano-
particles by flame spray pyrolysis of appropriate precursor solutions.

Figure 2. The ε-WO3 phase content (diamonds) and crystal size (circles)
as a function of Si doping of flame-madeWO3-based nanoparticles along
with TEM images and electron diffraction (ED) patterns of (a-c) pure
and (d-f ) 20 mol % Si-doped WO3 particles. Capture of 100 wt %
acetone-selective ε-WO3 phase is achieved by flame synthesis at 10mol%
Si doping.
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(Figure 5b,c,d) as observed18 for SnO2. However, some
large particles are formed also at 20mol%Si contentWO3,
suggesting localized γ-phase transformation (Figure 5b).
Figure 6 shows the corresponding Raman spectra of

(a) pure and (b) 20 mol % Si-doped WO3 as a function
of annealing temperature. The peaks at 324, 715, and

805 cm-1 belong to the γ-WO3 (space group: P21/n)
32

while those at 303, 370, 425, 642, 688, and 805 cm-1

belong to the acentric ε-phase (space group: Pc).33 The
weak peak at 942 cm-1 (Figure 6a, as-prepared) is
assigned to the stretching mode of terminal WdO bond
indicating surface tungsten hydrates.32 The thermal evo-
lution of the pure WO3 Raman spectra (Figure 6a) con-
firms that the transformation from ε- to γ-phase advances
rapidly already at low temperatures (e325 �C). In con-
trast, at 20 mol % Si content, the ε-phase (Figure 6b) is
stabilizedup to500 �Cas it is shownby thepeakat 688 cm-1.
The Raman spectra of the pure and Si-doped samples are
identical at 600 �C confirming further the formation of
the thermodynamically dictated γ-WO3 at high tempera-
tures (>500 �C).

Figure 3. XRD patterns of (a) pure and (b) 20 mol% Si-dopedWO3 nanoparticles at different annealing temperatures (325-600 �C for 5 h in air). With
increasing annealing temperature, the characteristic peaks of γ-WO3 are visible already at 325 �C for pureWO3 and only at 600 �C for the Si-dopedWO3.

Figure 4. (a) ε-WO3 phase content as a function of annealing tempera-
ture for 5 h in air for pure and Si-doped WO3. (b) Crystal size (dXRD) of
pure (circles) and 20 mol % Si-doped (diamonds) WO3 as a function of
annealing temperature. Inset showsEDpatterns of pure and 20mol%Si-
doped WO3 after annealing at 600 �C for 5 h.

Figure 5. TEM images of (a) pure and (b-d) 20mol%Si-dopedWO3 at
different magnifications after annealing at 600 �C for 5 h in air. Neck
growth between WO3 nanoparticles is inhibited by Si doping (c,d).
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Figure 7a shows the resistance in dry air (baseline) at
400 �C of films (inset) made by direct deposition and in
situ annealing15 of pure and Si-doped nanoparticles onto
sensor substrates. The sensor baseline (Figure 7a) in-
creases steeply by 4 orders of magnitude with increasing
SiO2 content from 0 to 40 mol %. This is consistent with
the isolating effect of SiO2 observed in Figure 5d. Never-
theless, up to 20 mol % SiO2, these baseline values are

sufficiently small for integration in portable micro gas
sensors.16The sensor response to600ppbacetone (Figure 7b,
diamonds) increases from 1.6 to 4.6 with increasing Si
content from 0 to 10 mol%. Increasing further, however,
the Si content to 40 mol % reduces the sensor response
down topractically zero.Theoptimal Si dopingat 10mol%
is consistent with that (at 6 mol % or 2.5 wt % Si
content) for Si-doped SnO2 gas sensors

18 and is attributed
to the progressive formation of dielectric, inert SiO2

domains that isolate the gas-sensitive WO3 crystallites
with increasing Si content.
The sensor response in dry air of these optimally Si-

dopedWO3 nanoparticles to 600 ppb acetone (Figure 7b,
diamonds and 10mol% Si content) is 4 times higher than
that of Cr-doped WO3 ones.

11 The response to acetone
reaches a maximum at 10 mol % Si content, whereas that
to ethanol (Figure 7b, triangles) or water vapor (circles)
remains nearly constant up to 20% Si content. Therefore,
the ratio between the response to acetone and that to
ethanol or water vapor (e.g., selectivity to acetone over
ethanol or water vapor) is increased from 1.7 and 3 to 4.7
and 10.4, at 0 and 10 mol % Si content, respectively.
Furthermore, the acetone selectivity against 600 ppb
ethanol or 20% rh (or 0.47 � 107 ppb) is also increased
by Si doping up to 20mol%. Here, this high selectivity to
acetone is attributed to the large content (87 wt %) of the
acentric ε-phase obtained and stabilized by Si doping.
The high sensitivity to acetone of the 10 mol% Si-doped

WO3 films allows detection of acetone traces (<100 ppb)
with remarkable signal-to-noise ratio. Figure 8 shows the
resistance of a 10 mol % Si-doped WO3 sensor in dry air
and with 20, 50, and 80 ppb acetone at 400 �C. During
injection of 20 ppb acetone, the film resistance is de-
creased from 11.7 to 8.3 MOhm that corresponds to a
sensor response of 0.4. After flushing with pure air, the
baseline is recovered within few minutes. This high res-
ponse and signal-to-noise ratio allows to clearly distin-
guish between small acetone concentration increases
(e.g., 50 and 80 ppb) always recovering the baseline. Detec-
tion of such low concentration of acetone has not been

Figure 6. Raman spectra of (a) pure and (b) 20 mol % Si-dopedWO3 at
different annealing temperatures for 5 h in air.

Figure 7. (a) Increasing the Si doping of WO3 increases the resistance of
the corresponding films. The inset shows the morphology of a pure WO3

filmafter in situ annealing. (b)Response ofWO3-based sensors to 600ppb
acetone (diamonds) or ethanol (triangles) and 20% relative humidity
(or 0.47� 107 ppb)water vapor (squares) as a function of their Si content.
A maximum sensor response and selectivity is found for such sensors
doped with 10 mol % Si content.

Figure 8. Resistance of 10 mol % Si-doped WO3 sensor exposed to dif-
ferent ultra low acetone concentrations (20, 50, and 80 ppb) in dry air at
400 �C.
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reported for chemo-resistive gas sensors yet. This repre-
sents a key step toward the utilization of metal-oxide
detectors in breath analysis as has been shown also for
more realistic conditions (∼ 90% rh).34,35

Figure 9 shows the calibration line indryair at 400 �C for
the 10% Si-doped WO3 sensor. The sensor response to
acetone was below 6 at about 1 ppm and above 10.5 at
about 2 ppm.This 43%difference in sensor response could
allowprecise diagnosis of diabetes bybreath analysis. Even
though this calibration line does not take into account the
high relative humidity in the human breath, this difference
is similar to that seen at realistic (90% rh) conditions.35

Conclusions

In conclusion, pure and Si-doped WO3 nanoparticles
have been made, directly deposited and in situ stabilized
onto sensor substrates. Doping with Si increased the
acetone-selective ε-WO3 phase from 72 to 100 wt %.
Furthermore, optimal (10 mol %) Si doping stabilized
up to 87 wt% the ε-phase content at 500 �Cwhile preven-
ting grain and crystal growth. As a result, the acetone
selectivity and responsewere increased allowing detection
of acetone down to 20 ppb with extremely high signal-to-
noise ratio by a cost-effective, solid-state detector that
could be easily integrated in micro gas sensor systems.
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Figure 9. Calibration line for acetone detection (0-3 ppm) of a 10mol%
Si-dopedWO3 sensor in dry air at 400 �C.The steep difference, 6 and 10.5,
in sensor response between 1 and2ppm, respectively, of acetone facilitates
diagnosis of diabetes by breath analysis similar to that seen at realistic
relative humidity conditions.35
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