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a b s t r a c t

We report the effects of various dopants (Al, Co, and Cu) on the acetone-sensing properties of ZnO
nanoparticles (NPs) for breath-analyzer applications. Among the different sensing materials, the Al-
doped ZnO NPs exhibited the highest sensitivity toward 1 ppm acetone, with a maximum response of
11.8 at 500 �C. This improved sensing performance was related to deep donor-level defects caused by
double oxygen vacancies in the Al-doped ZnO NPs, as confirmed by photoluminescence spectra. Thus, Al
was a more effective dopant than Cu and Co for enhancing the sensing properties of ZnO NPs for the
detection of acetone. We achieved selective detection of 0.5 ppm acetone in air using the Al-doped ZnO
NPs incorporated into a miniaturized gas chromatograph (GC). The results indicate that the miniaturized
GC integrated with the Al-doped ZnO NPs can be utilized for an acetone breath analyzer.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Several reports [1e6] have recently discussed the development
of new diagnostic methods to identify personal health conditions.
For instance, exhaled breath is a source of potential biomarkers for
certain diseases. Diabetes is the chronic condition with the most
rapidly increasing number of cases, and its presence can be
assessed according to the acetone concentration in exhaled breath
[2,3]. Typical breath acetone concentrations of healthy humans
range from 0.3 to 4 ppm [4,5] but can increase to 1,250 ppm in
adults with diabetic ketoacidosis [6]. Currently, the most common
method for monitoring diabetes is invasive blood glucose testing to
measure blood sugar levels. More advanced diagnostic technolo-
gies such as gas chromatography andmass spectrometry have been
developed for the detection of exhaled acetone [7e9]. Portable
gaseous acetone sensors can promote non-invasive, convenient,
cost-effective, and efficient diabetic monitoring.

Metal-oxide semiconductor (MOS) materials are used exten-
sively in gas sensors because of their abundance, high chemical
stability, and favorable sensing properties. In recent studies, MOS
ee), wooyoung@yonsei.ac.kr
sensors based on WO3 [10], SnO3 [11,12], Co3O4 [13], ZnO [14,15],
and ZnO/ZnFe2O4 [16,17] have been explored for detecting acetone
in exhaled volatile organic compounds (VOCs). Among the various
sensing materials, ZnO is particularly promising and has been
studied in one-to three-dimensional structures to enhance its
sensing capabilities [18,19]. Furthermore, ZnO has also been used
for a wide range of applications such as transistors, memory de-
vices, photodetectors, solar cells, and light-emitting diodes owing
to their excellent electronic and optoelectronic properties [20e27].
In ZnO-based chemiresistive sensors, the hierarchical structures of
ZnO not only provide large surface-to-volume ratios, but also afford
improved gas diffusion and mass transport properties in the sen-
sors. The sensing properties of ZnO can be modulated by changing
the particle morphology, the crystal structure, the energy band
structure, and the number of surface sites available for gas inter-
action [28,29]. Doping ZnO with aliovalent metal oxides is an
effective technique for altering its electronic structure.

We recently demonstrated Al-doped ZnO nanoparticles (NPs)
that exhibited high sensitivity toward the representative VOC
acetaldehyde [29] and simulants of chemical warfare agents such as
dimethyl methylphosphonate (DMMP) [30] and 2-chloroethyl ethyl
sulfide (2-CEES) [31]. In particular, 1 at% Al-doped ZnO NPs
exhibited extremely high sensing responses to acetaldehyde
(R¼ 2,250), DMMP (R¼ 4,341), and 2-CEES (R¼ 996) at 10 ppm and
low sensing responses to NH3, CO, toluene, benzene, NO, and NO2.
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Here, the sensing response (R) is defined as DR/Rg (DR¼ Ra � Rg),
where Ra and Rg are the resistances of the sensor in air and in an
environment containing target gas, respectively. That is, the Al-
doped ZnO NPs were more sensitive to specific gases such as
acetaldehyde [29], DMMP [30], and 2-CEES [31], which have high
dipole moments as molecular gases, than to NH3, CO, toluene,
benzene, NO, and NO2. Our results indicate that the Al-doped ZnO
NPs are more responsive to specific gases with high molecular
dipole moments [32]. This is attributed to the strong dipoleedipole
interaction between the gas dipole and negatively charged oxygen
vacancies on the surfaces of ZnO NPs [33].

AsMOS sensors suffer from a lack of selectivity for various gases,
the Al-doped ZnO NPs do not show selectivity for acetaldehyde
[29], DMMP [30], or 2-CEES [31]. To circumvent the selectivity
problem of the ZnO NP-based sensor, we recently developed a
miniaturized gas chromatograph (GC) integrated with Al-doped
ZnO quantum dots (QDs) [34] for the selective sensing of various
gases. We found that acetone [34], 2-CEES [35], acetylene, and
isoprene [36] could be separated effectively in the miniaturized GC
using ZnO-based QDs. Our extensive study of doped ZnONPs for the
detection of acetone is necessary for their application in an acetone
breath analyzer.

In this work, we investigated the doping effects of Al, Co, and Cu
on the acetone-sensing properties of ZnO NPs synthesized via a
hydrothermal method for the detection of low concentrations
(0.01e10 ppm) of acetone under both dry and humid conditions. Al-
doped ZnO NPs were found to have the highest sensing response to
acetone. We discussed the enhanced sensing mechanism of the Al-
doped ZnO NPs with regard to the transitions of defect states. We
tested the sensitive detection of acetone using the miniaturized GC
integrated with the Al-doped ZnO NPs for breath-analyzer
applications.
Fig. 1. (a) Schematic of the sensor device; (b) SEM image of the actual Pt electrodes patterne
surface after annealing; (d) TEM image of Al-doped ZnO NPs; (e) high-resolution TEM imag
ZnO NP.
2. Experiment

2.1. Synthesis and characterization of sensing materials

Undoped ZnO NP powder and Al-, Cu-, and Co-doped ZnO NP
powders were synthesized via a hydrothermal method. To syn-
thesize the Al-, Cu-, and Co-doped ZnO NPs, either aluminum ac-
etate (Al(C2H3O2)3, SigmaeAldrich), copper acetate monohydrate
(Cu(CO2CH3)2, SigmaeAldrich), or cobalt acetate tetrahydrate
((CH3COO)2Co$4H2O, SigmaeAldrich) was added to the zinc acetate
solution with stirring at a 1% atomic ratio of the dopant to Zn. This
particular doping concentration was chosen because it exhibited
the best sensing property among the various doping concentrations
(0.5e2.0 at%) of Al-doped ZnO NPs [31]. After the hydrothermal
reaction, the synthetic powder was centrifuged and cleaned with
methanol. It was then dried at 90 �C for 60min and annealed at
350 �C for 30min in a H2 atmosphere. The synthesis procedure was
previously described in detail [29e31].

Characterizations of the as-synthesized NPs, such as their par-
ticle size and microstructure, were performed using transmission
electron microscopy (TEM; JEM ARM200F, JEOL). The crystal
structures of the powders were examined via X-ray diffraction
(XRD; Ultima IV/ME 200DX, Rigaku) with Cu Ka radiation. The
optical properties of the samples were analyzed via photo-
luminescence (PL) measurements. The PL spectra were obtained
using a spectrometer (Horiba) after the samples were excited by a
HeeCd laser (l¼ 325 nm).
2.2. Gas sensing test

For the gas-sensing measurements in a tube furnace system, the
sensor devices (8.5mm� 8.5mm) were fabricated as follows. A
mixture of the annealed product and a-terpineol paste was
dispersed onto interdigitated Pt electrodes through a dropping
method on a SiO2 substrate. Fig. 1(a) and (b) show the schematic of
d on the SiO2 substrate; (c) SEM image of the Al-doped ZnO NPs spread on the electrode
e of an isolated Al-doped ZnO NP. The inset shows the FFT pattern of a single Al-doped



Fig. 2. XRD patterns of undoped (blue), Al-doped (red), Co-doped (green), and Cu-
doped (orange) ZnO NPs. The inset shows a magnified image of the (101) peaks,
which are slightly shifted to larger angles for the doped samples. (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web version
of this article.)
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the sensor device and the SEM image of the actual Pt electrodes
patterned on the SiO2 substrate, respectively. Subsequently, a two-
step heat treatment of 300 �C for 1 h and 600 �C for 1 h was per-
formed to remove the a-terpineol paste and enhance the stability of
the sensor. Fig. 1(c) shows the SEM image of the Al-doped ZnO NPs
spread on the electrode surface after the annealing. The gas-
sensing properties were measured using a gas-detecting furnace
system consisting of a tube furnace (Korea Vacuum Tech.,Korea),
mass flow controllers, a current source (Keithley 6220), and a
nanovolt-meter (Keithley 2182), as described in previous works
[29e31]. The resistance signals were obtained from two Pt probes
connected to the current source and voltmeter with a constant
current supply of 10 nA for a time interval of 1 s. The acetone gas
concentration in synthetic air was maintained between 0.1 and
10 ppm by controlling the partial pressure using mass flow con-
trollers. The gas flow ratewas maintained at 1000 sccm. All the gas-
sensing measurements were conducted at operating temperatures
of 300e550 �C. The sensing response is defined as DR/Rg (DR¼ Ra �
Rg), where Ra and Rg are the resistances of the sensor in air and in
the gaseous mixture of pure air and the target gas, respectively.

For the gas-sensing measurements in a miniaturized GC system,
the nanoparticle powder mixed with a-terpineol paste was loaded
onto the interdigitated Pt electrodes patterned on an Al2O3 sub-
strate (0.5mm� 0.25mm). After loading, the sensor was heated at
300 �C for 30min and 600 �C for 30min. The gas-sensing mea-
surements were performed using a miniaturized GC integrated
with the ZnO-based NP sensor as described in previous works
[34,35]. A packed column was used as a GC column inside the de-
vice. The column was packed with a filler (CarboBlack B) coated
with a stationary phase (CarboWax 20M). The inner diameter and
length of the column were adjusted to 0.15 cm and 20 cm, respec-
tively, to shorten the retention time of the target gas. The operating
temperature of the column was kept at room temperature (30 �C).
Acetone was injected directly into the miniaturized GC device
without pre-concentration. Dry air was used as a carrier gas at a
flow rate of 20 sccm. The sampling volume of dry air and acetone
was limited to 1ml. The sensing characteristic was evaluated as a
sensor signal (log(R)) by converting the logarithm of the sensor
resistance.

3. Results and discussion

The morphology and microstructure of the prepared Al-doped
ZnO NPs were analyzed using TEM, and the results are shown in
Fig. 1. The TEM image shown in Fig. 1(d) reveals that the NPs were
not exactly spherical in shape, and the particle sizes were in the
range of 15e30 nm. A high-resolution TEM image of an isolated Al-
doped ZnO NP is shown in Fig. 1(e). According to this image, the
interplanar spacing was estimated to be 2.60 Å, which corresponds
to the (002) lattice plane of ZnO. The fast Fourier transform (FFT)
pattern along the [1e10] zone axis shown in the inset of Fig. 1(e)
confirms that the NP had a single-crystalline hexagonal ZnO
structure.

The phase structures of the undoped ZnO NPs and Al-, Cu-, and
Co-doped ZnO NPs were characterized via XRD and are compared
in Fig. 2. The XRD patterns show that all the ZnO NPs had hexagonal
wurtzite structures (JCPDS: #36-1451), with three of the strong
diffraction peaks corresponding to the (100), (002), and (101) lat-
tice planes. No other secondary phases or impurity peaks are
observed, indicating that the dopant was well-integrated into the
lattice sites. To examine the effect of the dopant ions in the pristine
ZnO lattice, the strongest peak of the (101) plane of the wurtzite
structure is studied (inset of Fig. 2). It appears that for all of the
doped ZnO NPs studied in this work, the (101) peak position was
slightly shifted to a higher 2q degree relative to that of pure ZnO
NPs. This shift was ~0.06�, ~0.04�, and ~0.02� for the Al-, Co-, and
Cu-doped ZnO NPs, respectively. The shift to higher angles is
attributed to the smaller atomic radii of the Al3þ (0.53 Å), Co2þ

(0.65 Å), and Cu2þ (0.73 Å) ions compared with that of Zn2þ

(0.74 Å), which reduced the interlayer spacing of ZnO along the
(101) axis. However, the shift of the (101) peak position for the Cu-
doped ZnO NPs was smaller because the ionic radius of Cu2þ

(0.73 Å) is similar to that of Zn2þ. The shifting of the diffraction peak
indicates the incorporation of Al, Co, and Cu into the ZnO lattice.

The sensing properties of the ZnO NPs fabricated with and
without the dopants upon exposure to 1 ppm acetone were
analyzed at different temperatures (Fig. 3). Fig. 3(a) shows the
maximum sensing responses of all the tested ZnO NPs with respect
to the operating temperature. The sensing responses of all the ZnO
NPs synthesized with and without dopants increased as the oper-
ating temperature increased to 500 �C but decreased significantly
at 550 �C. Thus, the highest responses of all the samples were
achieved at 500 �C, which is the optimum operating temperature of
the sensor for 1 ppm acetone. As the operating temperature in-
creases, the high molecular activity and rapid conversion of the
adsorbed oxygen species (e.g., O2 (gas) to 2O� (ads)) on the surface
of the ZnO NPs contributed to the enhancement of surface chemical
reactions, yielding improved responses [16]. However, a high
temperature exceeding the optimum operating temperature
inhibited gas adsorption, reducing the response, as shown in
Fig. 3(a). Fig. 3(b)e3(f) show the variations in the sensing responses
of the undoped and Al-, Co-, and Cu-doped ZnO NPs upon exposure
to 1 ppm acetone at different operating temperatures of 300, 350,
400, and 500 �C. Among the samples, the Al-doped ZnO NPs
exhibited the highest sensing response to 1 ppm acetone at all the



Fig. 3. (a) Maximum sensing response of the undoped and Al-, Co-, and Cu-doped ZnO NPs toward 1 ppm acetone with respect to the operating temperature in the range of
300e550 �C; (b)e(f) variation in the sensing responses of all ZnO NPs upon exposure to 1 ppm of acetone at 300, 350, 400, 500, and 550 �C.
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temperatures, as can be observed from Fig. 3(a). The Al-doped ZnO
NPs showed the strongest response of 11.8 to 1-ppm acetone at the
optimal temperature of 500 �C, as shown in Fig. 3(a).

The sensing properties of the samples were analyzed with the
variation of the acetone concentration at the optimum working
temperature of 500 �C (Fig. 4). Fig. 4(a) shows the sensing re-
sponses of the undoped and doped ZnO NPs at various acetone
concentrations in the range of 0.01e10 ppm at 500 �C. The sensing
responses of all the ZnO NPs increased linearly with the increase of
the acetone concentration. The sensitivities of the samples were
estimated by a linear fitting in the range of 0.5e10 ppm. The
estimated sensitivities were approximately 4.9, 3.3, 1.9, and 1.3 for
the Al-doped, Cu-doped, Co-doped, and undoped ZnO NPs,
respectively. For all the cases, the linear correlation coefficient R2

was close to 1. The results indicate that the Al-doped ZnO NPs had
the highest sensitivity. Fig. 4(b)e4(e) show the sensing responses of
the undoped ZnO and Co-, Cu-, and Al-doped ZnO NPs as a function
of the acetone concentration (0.01e10 ppm) at the optimal oper-
ating temperature of 500 �C. For all the NPs, the sensing response
transience decreased with a decrease in the acetone concentration
from10 to 0.01 ppm at 500 �C (Fig. 4(a)). At 10 and 0.01 ppm, the Al-
doped ZnO NPs exhibited responses of ~55 and ~3, respectively.



Fig. 4. (a) Sensing responses of the undoped and Co-, Cu-, and Al-doped ZnO NPs to different concentrations of acetone in the range of 0.01e10 ppm at the optimal operating
temperature of 500 �C; (b)e(e) variations in the responses of the undoped and Co-, Cu- and Al-doped ZnO NPs during the detection of acetone at different acetone concentrations in
the range of 0.01e10 ppm at 500 �C; (f) response time as a function of the acetone concentration (0.01e10 ppm) at 500 �C. The inset shows the estimation of the response time of all
the samples upon exposure to 10 ppm acetone.
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This means that the Al-doped ZnO NPs sufficiently detected a low
concentration (0.01 ppm) of acetone.

The response times of the undoped and doped ZnO NPs exposed
to various acetone concentrations were estimated as the time
required for the resistance change to reach 90% of the total resis-
tance change. It was obtained from the response vs. time curves of
the NPs (Fig. 4(b)e4(e)). The inset of Fig. 4(f) indicates the response
time of the undoped and doped ZnO samples upon exposure to
10 ppm acetone at 500 �C. At 10 ppm acetone, the response times
for all the samples were found to be within the range of 10e13 s.
Fig. 4(f) shows the response time of the samples at various acetone
concentrations (0.01e10 ppm) at 500 �C. The response time
increased with an increase in the acetone concentration. The Al-
doped ZnO NPs showed the response times of approximately 262,
147, 78, 44, 15, and 11 s at the acetone concentrations of 0.05, 0.1,
0.5, 1, 5, and 10 ppm, respectively.

The recovery time of the samples was estimated as the time
required to return to 90% of the original resistance after the release
of the test gas. Unlike the response time, the recovery time of the
samples increased with an increase in the acetone concentration
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(Fig. 4(b)e4(e)). The Al-doped ZnO NPs showed the recovery times
of approximately 70, 113, 181, 493, and 597 s at the acetone con-
centrations of 0.1, 0.5, 1, 5, and 10 ppm, respectively. This is attrib-
uted to the acetone gas molecules remaining on the detecting
surface of the ZnO NPs after the chemical adsorption of the gas
molecules. Therefore, further study is required to identify the
reason for the long resting time required for the desorption of all
these molecules from the detecting surface.

According to the sensing results of the prepared ZnO NPs (Figs. 3
and 4), the doped ZnO NPs had a higher sensing response than the
undoped ZnO NPs, and the Al-doped ZnO NPs exhibited the highest
response among the doped ZnO NPs. Compared with the undoped
Fig. 5. (a) PL spectra of undoped (blue), Al-doped (red), Cu-doped (orange), and Co-doped
deconvolutions of the PL spectra for all samples. (For interpretation of the references to co
ZnO NPs, the enhancement of the sensing response for the Al-
doped ZnO NPs was explained by the increase in the conductivity
and oxygen vacancies of the ZnO NPs due to Al dopant substitution
[30,31]. The superiority of the Al-doped ZnO NPs is attributed to the
large number of valence electrons in Al3þ compared to the other
doping (Co2þ and Cu2þ) elements.

To further investigate the transitions of the defect states in the
ZnONPs fabricatedwith various dopants, the PL spectra of undoped
and Al-, Cu-, and Co-doped ZnO NPs were obtained at a constant
laser power with an excitation wavelength of 325 nm at room
temperature. In Fig. 5(a), all the measured spectra exhibit similar
features, with three emission bands between 350 and 450 nm,
(green) ZnO NPs obtained using an excitation wavelength of 325 nm; (b)e(e) Gaussian
lour in this figure legend, the reader is referred to the Web version of this article.)
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between 450 and 750 nm, and between 750 and 800 nm. The ul-
traviolet emission band at 350e450 nm was related to the near-
band-edge emission arising from free exciton recombination [37]
and did not shift for any of the samples. The middle band at
450e750 nm indicates deep-level emission, which is attributed to
the intrinsic and extrinsic defects from the recombination of elec-
trons in the conduction band and holes in the valence band [38].

The broad bands in the range of 450e750 nm in the PL spectra
were deconvoluted via Gaussian fitting, as shown in Fig. 5(b)e(e).
In a PL spectrum, green, yellow, orange, and red emissions occur in
the wavelength ranges of 498e569 nm, 570e589 nm, 590e619 nm,
and 620e750 nm, respectively [39]. The emissions of the pure ZnO
NPs are centered at 505, 559, and 650 nm, corresponding to two
green peaks and one red peak (Fig. 5(b)). The emission spectra of
ZnO NPs with Al and Cu dopants show green, yellow, and red peaks
and green and orange peaks, respectively. Interestingly, the Co-
doped ZnO NPs exhibit a broadband PL spectrum with five emis-
sion peaks. According to a previous report [39], a deep donor-level
defect occurs in the presence of a singly charged oxygen vacancy
(VO

þ) for green light, a doubly charged oxygen vacancy (VO
þþ) for

yellow light, and adsorbed oxygen for orange and red light [39].
Among these, oxygen vacancies significantly affect the sensing
properties of ZnO [30,31]. The yellow emission observed only in the
case of the Al-doped ZnO NPs supports the proposed mechanism
for the improvement in the sensing response, indicating that a large
number of VO

þþ donors facilitated the adsorption of oxygen ion
species on the surface and that a large number of atoms partici-
pated in the surface chemical reactions [40]. Consequently, the Al
dopants caused electronic transitions in the defect states, particu-
larly to form doubly charged oxygen vacancies, which affected the
sensing performance of the ZnO NPs. Furthermore, the Al3þ dopant
atoms in the lattice of the ZnO NPs acted as donors of conducting
electrons, causing the NPs to adsorb more oxygen ion species (i.e.
reactive sites for gas molecules) on their surfaces compared to Cu
and Co. This suggests that Al is a more effective dopant than Cu and
Co for enhancing the acetone sensing properties of ZnO NPs.

The schematics in Fig. 6 illustrate the sensing mechanism for
acetone detection based on the aforementioned results. In princi-
ple, the resistance of the sensor changes during the adsorption and
desorption of gas molecules on the surface of the Al-doped ZnO
material, as shown in Fig. 6(a). Under exposure to air, oxygen
molecules are adsorbed on the surface of the Al-doped ZnO NPs in
Fig. 6. Schematic of the sensing reaction mechanism o
the sensor; they accept electrons from the NP conduction bands to
form an absorbed surface oxygen ion species. This induces the
formation of a thick depletion layer with an increasing potential
barrier, which increases the resistance of the sensor. However,
when the Al-doped ZnO NPs are exposed to acetone (CH3COCH3), a
charge exchange occurs between the acetone and the absorbed
surface oxygen ion species (O2�). Consequently, the barrier height
for electrons in the conduction band is changed, depending on the
doping material and the quantity of adsorbed oxygen [15]. The
reactions are described as follows:

CH3COCH3 ðgasÞ /
ZnO

C3xH6xOxZnO (1)

CH3COCH3ðadsÞ þ 8O� ðadsÞ4 3CO2ðgasÞ þ 3H2OðgasÞ
þ 8e�

(2)

When acetone is oxidized, the electrons are released into the
conduction band, simultaneously forming CO2 and H2O, and the
resistance of the Al-doped ZnO NPs decreases. The thickness of the
depletion layer and the resistance of the sensor also decrease, as
shown in Fig. 6(b) [19]. Consequently, the addition of higher
valence Al dopants to ZnO promotes the formation of doubly
charged oxygen vacancies in ZnO and a large number of oxygen ion
species on the surface of ZnO. This leads to the generation of a large
number of active adsorption centers for detecting the test gas
molecules and the enhancement of the surface reactions by
reducing the activation energy [41,42], which significantly im-
proves the sensor response of the Al-doped ZnO NPs compared to
others, such as pure and Cu- and Co-doped ZnO NPs.

In human breath, some analytes (e.g., NH3, CO, or isoprene) are
present at high ppb or even ppm levels [43] and high relative hu-
midity (RH) levels (~89%e97%) [44]. Fig. 7 presents the sensing
performance of the Al-doped ZnO NPs at various conditions.
Fig. 7(a) shows the response of the sample toward 1 ppm of various
gasesdacetone, NH3, CO, and isoprenedat 500 �C. The Al-doped
ZnO NPs exhibited a very high response for acetone compared
with the other gases. Fig. 7(b) shows the sensing response of
undoped and doped ZnO NPs with respect to the acetone concen-
tration under the humid condition of 90% RH. In fact, the sensing
response of all the samples of the undoped and Al-, Co-, and Cu-
f Al-doped ZnO NPs (a) in air and (b) in acetone.



Fig. 7. (a) Responses of Al-doped ZnO NPs for 10 ppm of various target gases, such as
acetone, NH3, and isoprene at 500 �C; (b) sensing responses of the undoped and Al-
doped ZnO NPs with respect to the acetone concentration under 90% RH at 500 �C;
(c) reproducibility of Al-doped ZnO NPs for the detection of 10-ppm acetone for 20
cycles at 500 �C.
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doped ZnO NPs decreased significantly at the high humidity of 90%
RH compared to the non-humid condition (Fig. 4(a)). The reduced
responses of the samples at 90% RH showed the same tendency
depending on the doping elements, as that observed under the dry
condition (Fig. 4(a)). The decrease of the sensing response is
because of the contamination of the reactive sites of the samples by
the adsorption of water molecules. The Al-doped ZnO NPs showed
the best response even under humid conditions. The sensing re-
sponses of the Al-doped ZnO NPs at 90% RH were ~1.7 at 0.01 ppm
and ~3.5 at 10 ppm. Nonetheless, the results indicate that the Al-
doped ZnO NPs can detect low concentrations of acetone in
exhaled breath. The reproducibility of the sensing performance of
the Al-doped ZnO NPs was tested at a fixed gas concentration of
10 ppm during 20 gas in/out cycles. The response/recovery
behavior of the Al-doped ZnO NPs indicated that the resistance
recovered to its full value after 20 cycles, as shown in Fig. 7(c).

Recently, to obtain the acetone selectivity of a ZnO-based sensor
versus other interfering gases in exhaled breath, we performed a
study on the detection of acetone in exhaled breath using a mini-
aturized GC containing Al-doped ZnO QDs (average size of ~5 nm)
[34]. We found that acetone was separated through the GC, and a
low concentration (0.1 ppm) of acetone was detected effectively
owing to the quantum size effect of the Al-doped ZnO QDs [34].
Here, we tested the selective detection of acetone using the mini-
aturized GC integrated with the Al-doped ZnO NPs (average size of
~20 nm), which were larger than the QDs. Fig. 8(a) shows the
miniaturized GC device, which had dimensions of 8� 13� 16 cm3.
Fig. 8(b) presents a schematic of the interior of the device, which
comprised a sampling loop, a packed column, three solenoid valves,
a miniature pump, and a sensor based on Al-doped ZnO NPs. A
schematic of the gas-separation mechanism of the gas mixture
through the packed column is presented in Fig. 8(c). The mixed
gases are separated with a time difference owing to the different
strengths of interaction between the stationary phase of the packed
column and the gasmolecules. The interaction strength depends on
the polarity and weight of the gas molecules because the filler
material has a weak polarity. Thus, non-polar and light molecular
gases (e.g. N2 and CO2) are rapidly released than polar and heavy
molecular gases (e.g. acetone). The separated target gas through the
column was detected on the Al-doped ZnO NP sensor after a few
minutes from injection. The detailed sensing process of the man-
ufactured mini-GC is described in previous studies [34,35].

Fig. 9 shows the change of the sensor signal with time when dry
air and acetone of various concentrations (0.5e50 ppm) in air were
injected into the miniaturized GC equipped with the Al-doped ZnO
NPs at 430 �C. The temperature of 430 �C was found to be the
optimal operating temperature for Al-doped ZnO NPs, resulting in
the highest sensing responses. Only the acetone chromatogram
exhibits a noticeably large peak at ~25 s. The inset of Fig. 9 shows
the peak heights (D Sensor signal) of the sensor signal, which were
obtained from the curves in Fig. 9, with respect to the acetone
concentration. The peak height, which indicates the sensing per-
formance of the device, increases with the acetone concentration.
Therefore, the results indicate that 0.5 ppm acetone can be selec-
tively detected in air within ~25 s using the miniaturized GC inte-
grated with the Al-doped ZnO NP sensor. Thus, a low concentration
of acetone can be sensitively and selectively detected using Al-
doped ZnO NPs (~20 nm) significantly larger than QDs (~5 nm).

4. Conclusions

We investigated the effects of the dopants Al, Cu, and Co on the
gas-sensing properties of ZnO NPs for the detection of acetone
under dry and humid conditions. All the sensor materials were
synthesized via hydrothermal methods. The substitution of dop-
ants into the ZnO NPs produced a polycrystalline wurtzite-
structured phase with a distribution of particles 15e30 nm in
size. Among the various samples, the Al-doped ZnO NPs showed
the highest response of 11.8 when exposed to 1 ppm acetone at the
optimum operating temperature of 500 �C. The Al-doped ZnO NPs
exhibited a response of ~1.7 to the low acetone concentration of
0.01 ppm at 90% RH. Furthermore, we demonstrated that the Al-



Fig. 8. (a) Miniaturized GC device; (b) schematic showing the interior components of the device; (c) schematic showing the separation mechanism of the gas mixture through the
packed column.

Fig. 9. Sensor signal (log(R)) changes for various acetone concentrations (0.5e50 ppm)
and air. The inset shows the peak height of D Sensor signal with respect to the acetone
concentration.

R. Yoo et al. / Journal of Alloys and Compounds 803 (2019) 135e144 143
doped ZnO NPs could sensitively and selectively detect acetone in
an air environment by utilizing a miniaturized GC. Yellow emis-
sions in the PL spectrum indicated that a large number of doubly
charged oxygen vacancies functioning as donors facilitated the
adsorption of oxygen on the surface and the rapid surface reactions
for acetone in the Al-doped ZnO NPs, yielding improved sensing
performance suitable for application in acetone breath analyzers.
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