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A B S T R A C T

The development of chemoresistive gas sensors for environmental and industrial air monitoring as well as
medical breath analysis is investigated. Flame-made ZnO nanoparticles (NPs) doped with 1 at% Aluminum
exhibited higher sensing performance (response 245, response time ∼ 3 s, and sensitivity 23 ppm−1) than pure
ZnO and those made by a hydrothermal method (HT) (56, ∼ 12 s, and 4 ppm−1) for detection of 10 ppm
acetone. Furthermore, their sensing response of ∼10 to 0.1 ppm of acetone at 90% RH is superior to other metal
oxide sensors and they feature good acetone selectivity to other compounds (including NH3, isoprene and CO).
Characterization by N2 adsorption, X-ray photoelectron and UV–vis spectroscopies reveals that the improved
sensing performance of flame-made Al-doped ZnO NPs is associated primarily to a higher density of oxygen
vacancies than pure ZnO and all HT-made NPs. This leads to a greater number of adsorbed oxygen ions on the
surfaces of Al-doped ZnO NPs, which can react with acetone molecules.

1. Introduction

Exhaled breath is a source of potential biomarkers for the detection
of certain diseases. Endogenous inorganic gases e.g., NO and CO and
volatile organic compounds (VOCs) e.g. acetone, ethanol, ammonia,
ethane and pentane in the human breath, serve as such biomarkers for
several diseases [1]. Acetone, a volatile metabolic by-product of lipo-
lysis [2], can be found at elevated concentration in the exhaled breath
of uncontrolled diabetics [3] and subjects with enhanced fat metabo-
lism, e.g. during/after fasting [4] and exercise [5]. Typical breath
acetone concentrations of healthy humans range from 0.3 to 4 ppm
[6,7] while can increase up to 40 ppm in adults following a ketogenic
diet (consuming low carbohydrates and high fat) [8].

Breath acetone concentration has been measured by gas chroma-
tography (GC) [9], selected ion flow tube mass spectrometry (SIFT-MS)
[10], ion mobility spectrometry (IMS) [11], and proton transfer reac-
tion mass spectrometry (PTR-MS) [12]. However, these technologies
are often complex, rather bulky and expensive; thus, hardly suitable as
portable detectors for widespread application. Chemical sensors are
promising for their compact design [13], high sensitivity, low cost,
integration into portable analyzers [14] and ready application in breath
acetone detection [5]. Indeed, several reports introduced chemor-
esistive sensors based on ε-WO3 [15], SnO2 [16], Co3O4 [17], ZnO [18],
ZnO/ZnFe2O4 [19], In-loaded WO3/SnO2 [20] and Ag-ZnO-loaded
graphitic CN [21] that have been explored for detection of acetone

while other VOCs (e.g. ethanol [22]) can be detected as well. Among
them ZnO is quite attractive for its relatively simple preparation, high
chemical and thermal stability [23], especially when doped, for in-
stance, with Ti [24], having covalent/ionic aspects in its chemical
structure, high sensitivity, low response and recovery time [25], and
sensitivity to VOCs and combustible gases [26]. The sensing properties
of ZnO can be modulated by its particle morphology, crystal structure,
energy band structure and number of surface sites available for gas
interaction [27]. Doping ZnO with aliovalent metal has been proven to
be an effective technique for altering the electronic structure of ZnO.
For instance, the addition of Ti during flame aerosol synthesis of ZnO
turned it isoprene-selective [24]. Furthermore, we recently demon-
strated a sensor based on Al-doped ZnO nanoparticles (NPs) synthesized
by a hydrothermal method (HT), which exhibited high sensitivity for
acetone (see supplementary).

Here we report the effect of Al dopant on the nanostructure, optical,
and gas sensing properties of ZnO NPs for acetone detection. The metal-
oxide NPs are made by flame spray pyrolysis (FSP) featuring superior
control over material composition and morphology (e.g. particle &
crystal size, shape) by combustion of liquid precursors [28]. For fab-
rication of pure and doped ZnO, hydrothermal methods possess some
advantages including low synthesis temperature, simple equipment,
usually cheap and environmentally friendly chemicals, and good
quality of crystals [29]. On the other hand, FSP is a proven scalable
[30] dry deposition technique to pattern highly porous sensing films
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onto entire wafers [31]. Most remarkably, it features wide flexibility to
tune material composition with superior control over particle size [32]
and high purity due to the gas phase conversion. That way, novel
sensing materials based on solid solutions (e.g. Ti-doped ZnO [24]),
mixed oxides (e.g. SiO2/MoO3 [33]) and even metastable phases (e.g. ε-
WO3 [18]) have can be captured exhibiting unique sensing properties
that has led also to the creation of nearly orthogonal sensor arrays [34].
The sensing performance of FSP-made pure and Al-doped ZnO NPs is
closely compared to HT-made NPs. Finally, the surface elemental states,
band gaps and specific surface areas are investigated along with the
number of oxygen vacancies in the ZnO made by both FSP and HT by N2

adsorption, X-ray photoelectron and UV–vis spectroscopies and com-
pared to the electrical conductivity and sensing performance.

2. Materials and methods

Pure and Al-doped ZnO NPs were made by a FSP reactor, (see
Fig. 1a) described in detail elsewhere [35]. The precursor solutions
consisted of zinc 2-ethylhexanoate (Strem chemicals, purity > 99%,
22 wt.% Zn) diluted in xylene (Sigma Aldrich, purity methanol ≥ 96%).
For the synthesis of Al-doped ZnO NPs, aluminum acetyl-acetonate (Al
(C5H7O2)3, Sigma Aldrich, purity 99%) was added to achieve an atomic
concentration of 1.0%. The overall constant metal ion concentration
(Zn + Al) was 0.5 mol L–1. The precursor solution was supplied at 5 mL
min–1 through the FSP nozzle and dispersed by 5 L min–1 oxygen
(pressure drop 1.5 bar) into a fine spray. The dispersed precursor so-
lution was ignited by a ring-shaped flame consisting of premixed me-
thane/oxygen (1.22/3.25 L min–1). The produced NPs were collected on
a glass fiber filter (GF6 Albet-Hahnemuehle, 257 mm diameter) placed
50 cm above the burner (HAB) using a vacuum pump (Seco SV 1025 C,
Busch, Switzerland).

Sensor devices based on ZnO NPs were fabricated according to the

procedure described in our previous report [36]. The NPs were mixed
with α-terpineol to form a paste and dispersed onto interdigitated Pt
electrodes using a dropping method. The devices were subsequently
dried at 300 °C for 1 h and annealed at 600 °C for another hour to re-
move the solvent and enhance the thermal and mechanical stability of
ZnO NPs.

The shape and morphology of the as-prepared ZnO NPs were probed
by a field-emission scanning electron microscope (FE-SEM; JEOL
7001 F). Their crystal structure and microstructure were characterized
by X-ray diffraction (XRD, Ultima IV/ME 200DX, Rigaku) with Cu Kα
radiation and transmission electron microscopy (TEM, JEOL JEM ARM
200 F), respectively. Lanthanum hexaboride (LaB6) was used as an in-
ternal standard for the XRD analysis. Surface elemental analysis was
performed by X-ray photoelectron spectroscopy (XPS, K-alpha Thermo
VG) using Al Kα radiation (1486.6 eV) from an X-ray source operated at
12 kV with a current of 3 mA. The optical properties of the ZnO NPs
were examined using a UV–vis spectrophotometer (UV–vis, V-650
JASCO) in the wavelength range of 250–800 nm. N2 adsorption-deso-
rption analysis was carried out to measure the Brunauer-Emmett-Teller
(BET) specific surface area of the NPs. The specific surface areas of the
NPs were calculated from the N2 adsorption isotherms (Autosorb-
iQ2ST/MP Quantachrome).

Sensing measurements were conducted at 250–500 °C using a gas
detecting system [37]. The flow of a mixture of acetone gas and air was
controlled by mass flow controllers (MFCs). The sensing properties
were measured using a combination of a current source (Keithley 6220)
and a nanovoltmeter (Keithley 2182) with a constant current supply of
10 nA for a time interval of 1 s. The sensing response for acetone was
calculated as: Response = (Rair – Rgas)/Rgas, where Rgas and Rair are the
resistances of the sensors in air with and without acetone, respectively.
The response time is defined as a time required to reach 90% of the
total resistance change upon the exposure to the test gas.

Fig. 1. (a) Schematic of FSP synthesis of Al-doped ZnO NPs, (b) TEM image of the filter-collected, as-prepared NPs, (c) HRTEM image of isolated NPs, (d) schematic of
the sensor device, (e) SEM image of the sensing film on top of the interdigitated Pt electrodes after annealing with its magnification shown in (f).
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3. Results and discussion

Fig. 1a schematically illustrates the synthesis of Al-doped ZnO NPs
by FSP from a liquid organometallic precursor solution. The Al-doped

ZnO NPs are formed by nucleation and subsequent coagulation, ag-
gregation and agglomeration and collected by filtration [38]. Alu-
minum cations are probably incorporated into the ZnO lattice of the
NPs during their nucleation. Figs. 1b,c show TEM images of these NPs.
Fig. 1b and its magnification (Fig. 1c) suggest that the shapes of NPs are
irregular, from rather spherical to rod-like. This is similar to FSP-made
pure ZnO [39] while HT synthesis resulted in rather spherical NPs at
identical Al-doping concentration (see supplementary). Furthermore,
the average NP size is in the range of 10–30 nm. Fig. 1d presents a
schematic of a sensor device (8.5 mm × 8.5 mm) fabricated by de-
position of interdigitated Pt electrodes (5 μm spacing) onto a Si/SiO2

substrate. The SEM image of the deposited sensing film after drying and
annealing is shown in Fig. 1e with its magnification in Fig. 1f. The NPs
seem to be nearly spherical. The rod-like ones probably converted into
larger spherical particles during annealing, consistent with Ti-doped
ZnO [24].

Fig. 2 shows the XRD patterns of FSP-made pure and Al-doped ZnO
NPs. All patterns indicate that the ZnO NPs formed a hexagonal wurt-
zite phase (JCPDS #36-1451), in line with previous studies on pure ZnO
even at other precursor and flame conditions [39]. No other secondary
crystalline phases or impurities could be observed. The main (101) peak
position in the Al-doped samples was observed to shift slightly to larger
angles compared to that in pure ZnO NPs (inset of Fig. 2). This shift was
about 0.02° for the Al-doped ZnO NPs synthesized by FSP. It is attrib-
uted to the reduction in the interlayer spacing of ZnO along the (101)
axis by replacing Zn2+ (0.74 Å) with smaller Al3+ ions (0.53 Å) [40] in
the ZnO lattice. This shift was larger (∼0.04°) for HT-made Al-doped

Fig. 3. Variations in the resistance (a, b) and sensing response (c,d) of pure and Al-doped ZnO NPs, respectively, upon exposure to 10 ppm of acetone in the operating
temperature range of 250–500 °C. The inset in (c) shows the magnified sensor responses.

Fig. 2. XRD patterns of the pure and Al-doped ZnO NPs made by FSP. The black
bars at the bottom are for reference and correspond to hexagonal wurtzite-type
ZnO (JCPDS #36-1451). The inset shows the magnified (101) peak.
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ZnO NPs at same nominal composition (see supplementary), The
smaller lattice distortion of FSP-made Al-doped ZnO should indicate
that less Al is incorporated into the ZnO lattice. This could mean that
some Al is at the surface, as observed for Ti-doped ZnO [24].

The sensing properties of pure and Al-doped ZnO NPs were mea-
sured on exposure to 10 ppm of acetone at different operating tem-
peratures. As can been seen in Fig. 3, the variations in the resistance
and sensing response by pure and Al-doped ZnO were observed at
250–500 °C. As shown in Fig. 3a,b, the initial resistance of pure and Al-
doped ZnO decreases with increasing temperature. This is attributed to
the intrinsic properties of semiconducting metal oxides. As shown in
Fig. 3c,d, the sensing responses of pure and Al-doped ZnO NPs to
acetone strongly depend on the operating temperature. The response
increases with increasing temperature up to 450 °C and then decreases
at 500 °C. The low response at 500 °C can be attributed to desorption of
chemisorbed oxygen from the surface of ZnO NPs [41]. All tested ZnO
NPs exhibited the maximum response also at 450 °C.

An overview of the sensing response of FSP-made Al-doped ZnO NPs
is displayed in Fig. 4. The maximum sensing responses of pure and Al-
doped ZnO NPs upon exposure to 10 ppm acetone (Fig. 3) are plotted as
a function of operating temperature (Fig. 4a). Most importantly, Al-
doped ZnO NPs exhibit much higher responses than pure ZnO at
200–500 °C. Highest responses were obtained at 450 °C being ∼13 and
∼245 for pure and Al-doped ZnO, respectively.

The sensitivity of Al-doped ZnO was measured at the optimum
working temperature of 450 °C in the acetone concentration range from
0.1 to 25 ppm. The response changes at different acetone concentra-
tions are displayed in Fig. 4b. The inset of Fig. 4b shows the corre-
sponding responses. At 0.1 ppm, the Al-doped ZnO exhibits a response
of ∼25 at a signal-to-noise ratio of 5. The response increased rather
linearly when the acetone concentration varied from 0.1 to 25 ppm
with a sensitivity of approximately 23 ppm−1 (correlation coefficient
R2 = 0.983).

In human breath, some analytes are present at high ppb or even ppm
level (e.g., isoprene, NH3, or CO) [42] and high relative humidity (RH,
∼89 - 97%) [43]. Fig. 4c presents the sensing response as a function of
acetone concentration at 90% RH. The sensing responses are ∼10 at
0.1 ppm and ∼25 at 10 ppm, respectively. Relevant sensing properties
(sensing response, low detection limit and response time) of the Al-
doped ZnO NPs under a humid condition (RH 90%) are shown and
benchmarked to state-of-the-art chemoresistive acetone sensors in
Table 1 [44–47]. The FSP-made Al-doped ZnO features the highest re-
sponse to 1 ppm of acetone at 90% RH, while the lowest measured
concentration and response time are attractivefor breath analysis.

Fig. 4d shows the response of the Al-doped ZnO NPs to 1 ppm of
acetone, isoprene, NH3, and CO at 450 °C in dry air. The Al-doped ZnO
NPs show high acetone selectivity to NH3, isoprene, and CO with re-
sponse ratios of 6.9, 3.6 and 7.4, respectively. This is superior to pure

Fig. 4. (a) Sensor response of the pure (squares) and Al-doped (circles) ZnO NPs fabricated by FSP at 10 ppm acetone as a function of operating temperature. (b)
Sensing response of Al-ZnO NPs at an optimum operating temperature of 450 °C as a function of acetone concentration. The inset shows the sensitivity calculated
from a linear fit of the responses. (c) The sensing response of the Al-doped ZnO NPs as a function of acetone concentration under 90% relative humidity (RH). (d) The
sensing response of the Al-doped ZnO NPs for breath-relevant acetone, NH3, Isoprene and CO at 1 ppm in dry air.
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ZnO that is rather non-specific with quire similar responses to acetone,
isoprene and CO. The selectivity of Al-doped ZnO NPs could be pre-
ferentially attributed to the much larger dipole moment in the mole-
cular structure of acetone (2.91 D) than that in NH3 (1.42 D), isoprene
(0.29 D) and CO (0.122 D). In addition, there are other factors that

affect the sensing response such as the analyte’s molecular size and
molecular weight of gas molecules [48].

Recently Al-doped ZnO NPs synthesized by a hydrothermal method
(HT) exhibited high sensing response (Response = 56 at 450 °C) to
10 ppm acetone. However, the sensing performance of the Al-doped

Fig. 5. XPS spectra of (a) Zn 2p and (b) Al 2p of FSP-made ZnO NPs and O 1 s of pure and Al-doped ZnO NPs made by FSP (c,d) and HT (e,f), respectively.

Table 1
Summary of sensing properties of state-of-the-art chemoresistive acetone sensors.

[36] [37] [38] [39] This work

Materials Si:WO3 NOGR-H-WO3 Rh-WO3 SnO2+RGO Al-ZnO
Synthesis FSP Electrospinning Spray pyrolysis Electrospinning FSP
Response 1.27

(0.5 ppm, RH 90 %)
7.6
(1 ppm,
RH 90 %)

3
(1 ppm,
RH 80 %)

3.5
(1 ppm,
RH 90 %)

10
(1 ppm,
RH 90 %)

Lowest measured concentration 0.02 ppm 1 ppm 0.2 ppm 1 ppm 0.1 ppm
Response time < 15 s 15 s 2 s < 3.3 s 3 s
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ZnO NPs fabricated by FSP (Response = 245 at 450 °C) is much higher
than that of HT-made NPs at identical nominal composition. To un-
derstand the different sensing performances, we investigated the phy-
sical and chemical characteristics, such as oxygen vacancies, band gap,
and specific surface area, of pure and Al-doped ZnO NPs made by FSP
and HT. An XPS analysis was carried out to investigate the chemical
states of pure and Al-doped ZnO made by FSP. Fig. 5 shows the cor-
responding spectra of Zn 2p (a), Al 2p (b), and O 1 s (c,d). The Zn 2p
spectra exhibit two main peaks at 1021.04 and 1044.11 eV which
correspond to the Zn 2p3/2 and Zn 2p1/2 electronic states, respectively.
This indicates the existence of a divalent oxidation state in the ZnO NPs
[49]. The Zn 2p spectra of the Al-doped ZnO (red line) display a slight
chemical shift compared to pure ZnO (black line) due to the presence of
Al atoms in the ZnO structure, indicating the doping effect of Al [50].
The Al 2p spectra (Fig. 5b) show a hump only in the Al-doped ZnO at a
binding energy of 74 eV, which is attributed to the Al-O bond. The Al 2p
peak at 74 eV is distinguished from metallic Al (∼72 eV) or a secondary
phase, such as Al2O3 (above 75 eV), confirming that Al is incorporated
into the Zn2+ sites of ZnO [51].

The O 1 s spectra of pure and Al-doped ZnO fabricated by FSP are
presented in Fig. 5c and 5d, respectively. The re-constructed O 1 s peaks
are deconvoluted into three nearly Gaussian peaks centered at ∼529.8,
∼531.2, and ∼532.1 eV. The 529.8 eV peak (red line) is attributed to
the O2− ions of ZneO bonding in the wurtzite structure of ZnO [50].
The 531.2 eV peak (orange line) is associated with the O− and O2− ions
in the oxygen-deficient regions within the ZnO matrix, whose intensity
partly represents the variation in the concentration of oxygen vacancies
[51]. The 529.8 eV peak (green line) is related to the chemisorbed
oxygen species, such as the adsorbed O2, H2O, and CO2 on the surface of

ZnO [46]. The binding energies of the three peaks are consistent with
the Gaussian peaks in a previous report which were centered at
∼530.2, 531.1, and 532 eV [52].

The Zn 2 P and Al 2p spectra of pure and Al-doped ZnO NPs made by
HT (not shown here) are similar to the corresponding FSP-made ones
(Fig. 5a,b). In contrast, the area of the deconvoluted O1 s spectra of the
HT-made pure (Fig. 5e) and Al-doped ZnO (Fig. 5f) are smaller than
that of the corresponding FSP-made ones. The area fractions of the
deconvoluted peaks of pure and doped ZnO NPs, i.e., fractions of
oxygen vacancies, were ∼21% and ∼37% for pure and Al-doped ZnO
made by FSP and ∼20% and ∼25% for pure and Al-doped ZnO made
by HT, respectively. As a result, the highest density (37%) of oxygen
vacancies was observed for FSP-made Al-doped ZnO that featured also
the highest response (R = 245) to 10 ppm of acetone. These results
indicate that oxygen vacancies on the surface of ZnO should play an
important role for its sensing performance [53].

The electronic structure of pure and Al-doped ZnO NPs were char-
acterized further by UV–vis spectroscopy. In general, UV absorption is
related to electronic transitions from the filled valence states to empty
conduction states [54]. Fig. 6 presents the UV–vis absorbance spectra
(a) and calculated band gap energies (b) of the pure and Al-doped ZnO
NPs made by FSP and HT. In the absorption spectra, the peaks at ∼361
and ∼368 nm for pure ZnO made by FSP and HT, respectively, are blue-
shifted to ∼345 nm and ∼356 nm when doped with Al. Peak shift
occurs along with simultaneous peak broadening upon doping with Al
which can be explained by the Burstein-Moss (BM) band filling effect
[54]. The Fermi level shifts towards the conduction band due to an
increase in the electron concentration by Al doping. The optical band
gap energy (Eg) can be estimated using the Tauc relation [55]:

Fig. 6. (a) UV–vis absorption spectra and (b) calculated band gap energies of the pure and Al-doped ZnO NPs synthesized by FSP and HT.
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αhν = C(hν − Eg)n (1)

where α is the absorption coefficient, C is a constant, hν is the energy of
the incident photons, n = 1/2 for direct band gap semiconductors, and
Eg is the optical band gap. The optical band gap energy was calculated
by extrapolating the function [F(αhν)2] versus hν to zero as suggested
by Weber [56]; the results of the extrapolation are shown in Fig. 6b.
The optical band gaps of the Al-doped compared to the pure ZnO NPs
fabricated by HT and FSP, increased from 3.02 and 3.28 eV to 3.13 and
3.31 eV, respectively. Such phenomena are attributed to the shift in the
Fermi level towards the conduction band, caused by additional carriers
from donor Al atoms. The increase in the optical band gap is explained
by the BM effect in terms of increased carrier concentration [57]; the
optical band gap widening for an n-type semiconductor with a para-
bolic band is given by:

E h
m

n
8

(3 )BM
2

2 *
2 2

3= (2)

where EBM is the blue shift in the optical band gap, h is Planck’s
constant, n is the carrier concentration, and m* is the effective mass of
the electrons in the conduction band [58]. The increase in optical band
gap essentially increases the carrier concentration giving rise to in-
creased sensing response. The results also imply that FSP-synthesized
NPs exhibit larger optical band gaps.

Fig. 7 shows the adsorption-desorption isotherms of pure and Al-
doped ZnO NPs synthesized by FSP and HT. The physisorption iso-
therms of undoped and Al-doped ZnO NPs synthesized by FSP (type Ⅲ)
are different from those in undoped and Al-doped ZnO NPs (type Ⅳ)

synthesized by HT, which is attributed to different porosities [62].
While the FSP-made ZnO particles possess only virtual macropores re-
sulting from particle agglomeration, the HT-made ZnO particles exhibit
mesoporous structures. An empirical classification of hysteresis loops
[62] is given by IUPAC (International Union of Pure and applied
Chemistry), in which the shape of the hysteresis loops (types H1 – H4)
are correlated with the texture of adsorbent materials. All curves in
Fig. 7 correspond to type H1. According to this classification, type H1 is
often associated with porous materials exhibiting a narrow distribution
of relatively uniform (cylindrical-like) pores [59]. The specific surface
areas of the as-prepared pure and Al-doped ZnO NPs synthesized by HT
are ∼35 and ∼42 m2/g, respectively, while those made by FSP are
∼44 and ∼48 m2/g, respectively. The surface areas of the Al-doped
ZnO NPs are larger than those of the pure ZnO NPs that may result from
the Al incorporation, as observed similarly for Si- [60] and Ti-doped
NPs thermally stabilizing ZnO at smaller particle sizes [24].

Fig. 8 shows the sensing response, oxygen vacancies, optical band
gaps, and BET specific surface areas of the pure and Al-doped ZnO NPs
synthesized by FSP and HT. A noteworthy feature is that a remarkably
enhanced response is observed in the Al-doped ZnO synthesized by FSP
as compared to HT (Fig. 8a). The sensing responses of the Al-doped ZnO
are ∼245 (FSP) and ∼56 (HT) to 10 ppm acetone at 450 °C. However,
pure ZnO exhibited similar responses regardless of the synthesis method
(∼13 for FSP and ∼11 for HT). This observation seems to be attributed
primarily to the oxygen vacancy density that follows the same trend
resulting in greater number of adsorbed oxygen ions on the surfaces of
ZnO that can react with acetone [61].

Fig. 7. N2 adsorption-desorption isotherms of the pure and Al-doped ZnO NPs synthesized by FSP and HT.
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4. Conclusions

We have investigated the acetone sensing properties of pure and Al-
doped ZnO made by flame spray pyrolysis (FSP). Al-doped ZnO ex-
hibited high sensing response of 245, response time of ∼3 s and sen-
sitivity of S= 23 ppm−1 for the detection of 10 ppm acetone at an
optimum operational temperature of 450 °C. The FSP-made Al-doped
ZnO showed better sensing properties than pure ZnO and when made
by hydrothermal synthesis (Response = 56, response time ∼12 s, and
S= 4). Furthermore, the sensing response to 1 ppm acetone at 90% RH
is superior to other chemoresistive acetone sensors and features com-
petitive response time and lowest measured detection limit (100 ppb),
attractive for breath analysis. The enhanced sensing properties of the
Al-doped ZnO made by FSP are attributed primarily to a higher density
of oxygen vacancies, higher carrier concentration and slightly larger
specific surface area than that in Al-doped ZnO made by HT, giving rise
to more oxygen ions that can react with acetone molecules. Therefore,
the superior sensing performance of Al-doped ZnO made by FSP offers
opportunities for a wide range of applications such as environmental
and industrial monitoring systems as well as breath analyzers for
monitoring personal health conditions.
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