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A B S T R A C T

We report the quantum-size effect on the sensing properties of ZnO nanoparticles for the detection of isoprene.
For this purpose, two types of ZnO particles with different sizes, including nanoparticles (NPs, ˜25 nm) and
quantum dots (QDs, ˜5 nm), were prepared by a wet chemical method. The ZnO QDs exhibited excellent sensing
performance to 1 ppm isoprene compared to NPs. The maximum sensing response and response time were ˜42
and 8 s at 350 °C for the QDs, while ˜5.6 and 40 s at 500 °C for the NPs, respectively. The higher sensing response,
rapid response, and lower optimal working temperature of the ZnO QDs can be attributed to an increase in
oxygen vacancies, band gap, and specific surface area owing to the small size effect. Both ZnO NPs and QDs
showed the lower limit of 0.01 ppm for detecting isoprene. It is noted that the sensing properties of ZnO QDs to
1 ppm isoprene are superior to previously reported isoprene sensors that are based on semiconducting metal
oxides. Furthermore, we demonstrated that the low concentration (0.4–6.2 ppm) of isoprene can be selectively
detected within ˜83 s using a recently developed miniaturized gas chromatography integrated with the ZnO QD
sensor.

1. Introduction

Disease diagnosis using breath analysis has been used since the
Hippocrates era. Modern breath analysis has begun after 1971, when it
was proven that human breath contains more than 200 different vola-
tile organic compounds [1]. Various components, such as water vapor,
acetone, ammonia, NO, CO, and H2S, are found in exhaled breath of
patients. Some of these components are closely related to disease, such
as asthma, diabetes, kidney disorder, halitosis, and lung inflammations
[2]. Respiratory analysis for isoprene can constitute another potentially
useful biomarker for health and disease, and can be widely applied in
non-invasive diagnostic and screening areas of modern medicine [3].
Isoprene is one of the most important biomarkers in human exhaled
breath and is considered to be formed along the mevalonate pathway of
cholesterol synthesis [4]. The amount of isoprene in exhaled breath can
be an indication of synthesized cholesterol, and its concentration cor-
responds to the action of cholesterol, which produces enzymes in the
human body [5].

Analysis of exhaled breath has been suggested as a convenient and
safe supplement for blood and urine sampling. Indeed, it is a non-in-
vasive and painlessness procedure, and does not require skilled medical

staff for sampling [6]. Generally, gas chromatography (GC) combined
with flame ionization or a mass selective detector is widely utilized for
accurate analysis of exhaled breath post-sampling and various pre-
treatment steps, which include dehumidification, filtering, gas re-
forming, and preconcentration [7]. However, large time consumption
for analysis and expensive/bulky instrumentation interfere with the
immediate and cost-effective diagnosis of disease. In this respect, che-
moresistive gas sensors based on nanostructured metal oxides are pro-
mising due to their low fabrication cost, simple applicability, and
compact size that can be easily incorporated into portable breath
samplers [8]. In fact, several reports induced chemoresistive sensors
based on TiO2 [9], Ti doped ZnO [8], (Pt,Pd,Au)-loaded SnO2 NPs [10],
Pt doped SnO2 [11], and WO3 [12] that have been explored for the
detection of isoprene. Among them, ZnO constitutes an alternative
promising material for gas sensors, due to its high thermal and chemical
stabilities, abundance, and better sensing properties [13]. In diverse
metal oxide gas sensors’ cases, the performance of gas sensors has been
improved by controlling the structure and morphologies of nano-
particles, nanowires, and nanoplatelets [14]. It was found that the size
of nanoparticles strongly influences gas sensing performance. For the
grain size effect, Xu et al. reported a sharp increase in SnO2 sensor

https://doi.org/10.1016/j.snb.2019.03.118
Received 18 December 2018; Received in revised form 25 March 2019; Accepted 26 March 2019

⁎ Corresponding authors.
E-mail addresses: h-slee@yonsei.ac.kr (H.-S. Lee), wooyoung@yonsei.ac.kr (W. Lee).

Sensors & Actuators: B. Chemical 290 (2019) 258–266

Available online 27 March 2019
0925-4005/ © 2019 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/09254005
https://www.elsevier.com/locate/snb
https://doi.org/10.1016/j.snb.2019.03.118
https://doi.org/10.1016/j.snb.2019.03.118
mailto:h-slee@yonsei.ac.kr
mailto:wooyoung@yonsei.ac.kr
https://doi.org/10.1016/j.snb.2019.03.118
http://crossmark.crossref.org/dialog/?doi=10.1016/j.snb.2019.03.118&domain=pdf


response as grain size decreased below 8 nm [15]. Thus, quantum-sized
ZnO nanoparticles may facilitate new opportunities for gas sensing
properties [16].

In a recent study, we developed a miniaturized gas chromatographic
column (mini-GC) integrated with ZnO nanoparticles to detect acetone
selectively from human breath [17]. By utilizing the manufactured
mini-GC device incorporating a ZnO-based sensor, we could solve the
selectivity problem of the target gas to other gases, which is possessed
by most metal oxide-based semiconducting sensors. Furthermore, in a
subsequent work, we found that the mini-GC device integrated with a
ZnO nanoparticle-based sensor showed an excellent detecting ability of
small amounts of chemical warfare agent simulants, particularly 2-
chloroethyl ethyl sulfide (2-CEES), in a mixture of interfering gases,
such as NH3, NO, and CO within 150 s [18]. Therefore, it is worth ex-
amining the selective detection of isoprene gas using the mini-GC in-
tegrated with quantum-sized ZnO nanoparticles.

In this work, we investigated the quantum-size effect on the gas
sensing properties of ZnO nanoparticles for the detection of isoprene.
We discuss the size effect of ZnO nanoparticles on the characteristics of
oxygen vacancies, optical band gap, and specific surface areas that af-
fect sensing performance. We tested the selectivity and sensitivity of the
mini-GC incorporating quantum-sized ZnO nanoparticles to detect iso-
prene gas.

2. Materials and methods

2.1. Synthesis of ZnO NPs and QDs

ZnO nanoparticles (NPs) were synthesized by a hydrothermal
method, as reported in our previous work [13]. The final NP samples
were obtained by annealing at 350 °C for 30min in an H2/N2 atmo-
sphere. ZnO quantum dots (QDs) were synthesized by a wet-chemical
method. We first prepared 0.1M solution of zinc acetate dihydrate (Zn
(CH3COO)2∙2H2O, Sigma Aldrich) dissolved in N, N-dimethylmethana-
mide (C3H7NO, DMF) and 0.3M solution of tetramethylammonium
hydroxide solution ((CH3)4NOH∙5H2O, TMAH, Sigma Aldrich) dis-
solved in methanol. The zinc precursor solution was mixed with the
TMAH solution by stirring at 30 °C for 1 h. The suspended nanoparticles
were collected by centrifuge, washed three times with acetone, and
dispersed in methanol.

Fig. 1. (a) A schematic of a sensor device; (b), (c) SEM images of ZnO NPs and QDs dispersed on top of the interdigitated Pt electrodes after annealing, respectively;
(d) and (e) TEM images of the filter-collected and isolated ZnO NPs and QDs, respectively.

Fig. 2. (a) XRD patterns of ZnO NPs and QDs. The black bars at the bottom are
for the reference and correspond to hexagonal wurtzite-type ZnO (JCPDS #36-
1451); (b), (c) Halder-Wagner plots of ZnO NPs and QDs, respectively.
Crystalline size is estimated from the y-intercept of the linear fit.
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2.2. Fabrication of sensor devices

The sensor device was prepared by fabricating Pt interdigitated
electrodes on the patterned SiO2 substrate. The Cr layer was used as an
interlayer, which allows a good contact of Pt layer onto the SiO2 sub-
strate. The Cr and Pt layers were deposited with the thickness of 20 and
100 nm, respectively, on the SiO2 substrate by a DC magnetic sputtering
system. For the fabrication of ZnO NPs sensor, ZnO NPs mixed with α-
terpineol binder was spread on the interdigitated Pt electrode. The
sample of mixture was dried at 300 °C for 1 h and heated subsequently
at 600 °C for 1 h. For the fabrication of the ZnO QD sensor, the ZnO QDs
solution was dropped on the interdigitated Pt electrode. The sample
were dried at 90 °C and subsequently annealed at 600 °C for 30min. By
these heating processes, the binding agent or solvent was removed, and
sensor stability was improved.

2.3. Structural characterization

The morphology of the as-prepared ZnO NPs and ZnO QDs was
investigated by field-emission scanning electron microscopy (FE-SEM,
JEOL 7001 F) and transmission electron microscopy (TEM, JEOL JEM
ARM 200 F). The crystal structure of ZnO NPs and ZnO QDs was
characterized by X-ray diffraction (XRD, Ultima IV/ME 200DX, Rigaku)
with Cu Kα radiation. Surface elemental analysis was performed by X-
ray photoelectron spectroscopy (XPS, K-alpha Thermo VG) with Al Kα
radiation (1486.6 eV). The specific surface area was estimated by BET
(Brunauer-Emmett-Teller, BERLSORP-max) measurement, and the op-
tical properties were examined using a UV–vis spectrophotometer
(UV–vis, V650 JASCO) in the wavelength of 200–800 nm.

2.4. Gas sensing measurements

Sensing measurements were carried out in a chamber maintaining a
flow system equipped with mass flow controllers (MFCs) and gas cy-
linders. The isoprene concentration was controlled in an air-balanced
gas by adjusting the gas flow rates through MFCs. The sensing prop-
erties of the as-prepared ZnO NPs and QDs were examined using a unit
of a current source (Keithley 6220) and a nanovoltmeter (Keithley
2182). For the measurements, a constant current of 10 nA was supplied
for a time interval of 1 s. All of the gas sensing measurements were
performed at operating temperatures of 300–550 °C. The sensing re-
sponse for the isoprene gas is defined as Δ R/Rg, where Δ R = (Ra – Rg).
Here, Rg and Ra are the resistances of the sensor exposed to isoprene
and plain air, respectively. The response time is defined as the time at
which the resistance change upon exposure to the test gas reaches to
90% of total resistance. The recovery time is defined as the time at
which the resistance change upon release of the test gas revert to 90%
of the original resistance in a standard air condition.

3. Results and discussion

Fig. 1 shows the images of the sensor device and the as-synthesized
ZnO particles. Fig. 1(a) presents a schematic image of the sensor device
composed of interdigitated Pt electrodes on a Si/SiO2 substrate with the
size of 8.5mm×8.5mm. A periodic spacing of the interdigitated array
of Pt electrodes is about 5 μm. Figs. 1(b) and 1(c) show the SEM images
of ZnO NPs and QDs spread on the electrode surface after annealing,
respectively. Figs. 1(d) and 1(e) present high-resolution TEM images of
the isolated ZnO NPs and QDs, respectively. The TEM images shown in
Figs. 1(d) and 1(e) indicate that the ZnO NPs and QDs are spherical in
shape and have a diameter of ˜ 25 nm for NPs and ˜ 5 nm for QDs.

The phase characterization of ZnO NPs and QDs was conducted by

Fig. 3. (a), (b) Variation in the response of ZnO NPs and QDs to 1 ppm isoprene in the operating temperature range of 300–550 °C, respectively; (c) maximum sensing
response of ZnO NPs (blue) and QDs (red) at 1 ppm isoprene as a function of operating temperature; (d) and (e) variation in the response of ZnO NPs and QDs at an
optimum operating temperature as a function of isoprene concentration, respectively; (f) sensing response of ZnO NPs (blue) and QDs (red) to different con-
centrations of isoprene in the range of 0.01–1 ppm at their optimal working temperatures of 550 °C and 350 °C, respectively. Sensitivity was calculated from a slope
with a linear fit of the response. (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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XRD. Fig. 2(a) shows the XRD patterns of ZnO NPs and QDs, which are
indexed to the crystal structure of a hexagonal wurtzite phase (JCPDS
#36-1451). The result indicates that both ZnO NPs and QDs formed a
hexagonal wurtzite structure without any secondary phase. As the
crystallite size becomes smaller, the width of the diffraction peak be-
comes broader. We compared the crystallite size of the ZnO NPs and
QDs using the Halder-Wagner method as follows (see Fig. 2(b)):

⎛
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⎠

=
∙
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tanθ sinθ

ε16
2

2
(1)

where β is the integral breadth; K is the Scherrer constant, depending
on the crystallite configuration; D is the crystallite size; λ is the wa-
velength of Cu Kα radiation; and ε is the weighted average strain [19].
By plotting (β/tanθ)2 against β/(tanθ∙sinθ), the y-intercept gives the
mean value of the strain, and the slope gives the crystallite size [20].
When the K value of 4/3 for the mean volume-weighted size of sphe-
rical crystallites [21] is adopted, the crystallite size that was calculated
using the Halder-Wagner method was ˜20 nm for ZnO NPs and ˜6.3 nm
for ZnO QDs. These are in good agreement with the results obtained
from the TEM analysis in Figs. 1(d) and 1(e).

The sensing properties of ZnO NPs and QDs were measured upon
exposure to isoprene at different operating temperatures (300–550 °C)
and concentrations (0.01–1 ppm). Figs. 3(a) and 3(b) present the var-
iation in sensing responses of ZnO NPs and QDs to 1 ppm of isoprene at
different operating temperatures. The maximum sensing response of the
samples as a function of temperature was displayed in Fig. 3(c). As seen
in Fig. 3(c), ZnO NPs and QDs exhibit a different response trend with
respect to operating temperature. The highest sensing response to
1 ppm isoprene was observed to be ˜42 at 350 °C for ZnO QDs and ˜5.6
at 500 °C for ZnO NPs. Furthermore, the response time was estimated

from the response variation curve showing the highest sensing response
in the inset of Figs. 3(a) and 3(b). This was approximately 8 s and 40 s
for ZnO QDs and NPs, respectively. In comparison to ZnO NPs, ZnO QDs
showed highly improved sensing performance, including significantly
increased sensing response, much lowered optimal working tempera-
ture, and faster response time, under an exposure of 1 ppm isoprene.

Figs. 3(d) and 3(e) show the variation in sensing responses of ZnO
NPs and QDs for different concentrations of isoprene, ranging from 0.01
to 1 ppm at their optimal working temperatures. The maximum sensing
response of the samples as a function of isoprene concentration was
presented in Fig. 3(f). With an increase in isoprene concentration, a
linear increase of the response is observed in ZnO NPs and QDs.
Moreover, Fig. 3(f) shows that ZnO NPs and QDs have a lower limit of
0.01 ppm to detect isoprene. The responses at 0.01 ppm isoprene were
˜2.7 and ˜6.1, respectively. By a linear fitting, the sensitivities of the
samples in the range of 0.01–1 ppm isoprene were estimated to be 2.5
and 35.5 for ZnO NPs and QDs, respectively. The linear correlation
coefficient R2 (0.93 for ZnO NPs and 0.99 for ZnO QDs) is close to 1,
implying a good linearity. Thus, the sensor based on ZnO QDs exhibits
significantly higher sensitivity compared to the ZnO NPs sensor.

In order to analyze the different sensing performances of ZnO NPs
and QDs, we investigated the physical and chemical characteristics of
sensing materials, including oxygen vacancies, band gap, and specific
surface area. XPS analysis was performed to elucidate the chemical
states of ZnO NPs and QDs. Fig. 4 presents the XPS spectra of Zn 2p and
O 1s states for ZnO NPs and QDs. The Zn 2p spectra of ZnO NPs
(Fig. 4(a)) and QDs (Fig. 4(b)) show two main peaks located at ap-
proximately 1021 eV and 1044 eV, indicating the electronic states of Zn
2p3/2 and Zn 2p1/2, respectively. This indicates that a divalent oxidation
state exists in ZnO NPs and QDs. Figs. 4(c) and 4(d) display the XPS

Fig. 4. XPS spectra of ZnO NPs and QDs for (a), (b) Zn 2p; (c), (d) O 1s, respectively.
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spectra of O 1s state of ZnO NPs and QDs. The O 1s spectrum is fitted
with three Gaussian peaks having three binding energy components.
According to the literature [22], three peaks at 529.8 eV (red line),
531.2 eV (blue line), and 529.8 eV (green line) are associated with the
O2− ions of Zn-O bonding in the ZnO structure [23], the absorbed
oxygen ions of O− and O2− in the oxygen-deficient regions within the
ZnO [24], and the chemisorbed oxygen species, such as the adsorbed
O2, CO2, and H2O on the surface of ZnO [24], respectively. Among
those peaks, the second one is strongly related to the sensing perfor-
mance because the peak intensity partly represents the amount of
oxygen vacancies [24]. The amount of oxygen vacancies was evaluated
by estimating the area fraction of the O-deficient peak in the decon-
voluted O 1s peaks, as seen in Figs. 4(c) and 4(d). The percentages of
oxygen vacancies were ˜25% for ZnO NPs and ˜35% for ZnO QDs. The
results reveal that the ZnO QDs contain more oxygen vacancies than
ZnO NPs, which leads to an enhancement in gas sensing properties in
ZnO QDs. This is consistent to the close relationship between the con-
centration of oxygen vacancies and isoprene sensitivity of ZnO gas
sensor observed in this work [25].

To further investigate the surface areas of ZnO NPs and QDs, N2

adsorption-desorption analysis was conducted. The Brunauer-Emmett-

Teller (BET) specific surface areas of ZnO NPs and QDs were calculated
from the N2 adsorption branches. The BET surface areas of ZnO NPs and
QDs are ˜35 and ˜51m2/g, respectively. The surface area of ZnO QDs is
larger than that of ZnO NPs due to a volume reduction. Therefore,
larger oxygen vacancies in ZnO QDs compared to ZnO NPs observed in
Fig. 4 can be ascribed to the higher surface area of ZnO QDs.

The electronic structures of ZnO NPs and QDs were characterized by
evaluating an optical band gap using UV–vis spectroscopy. Figs. 5(a)
and 5(b) present the UV–vis absorbance spectra of the samples and the
calculated band gap energy, respectively. In the absorption spectra
(Fig. 5(a)), the peaks appear at ˜366 nm for ZnO NPs and ˜320 nm for
ZnO QDs. It is clearly observed that the absorption peaks exhibited a
blue shift with decreasing crystallite size of the ZnO particles due to the
quantum confinement effect [26]. The optical band gap energy (Eg) can
be evaluated using the Tauc equation as follows [27]:

αhν = C(hν − Eg)n (2)

where Eg is the optical band gap; α is the absorption coefficient; hν is
the energy of the incident photons; C is a constant; and n=1/2 for
direct band-gap semiconductors. The optical band gap energy was
calculated with extrapolation of the [F(αhν)2] function versus hν to
zero [28]. The results are shown in Fig. 5(b). The optical band gaps of

Fig. 5. (a) UV–vis absorption spectra and (b) optical band gap energies of ZnO
NPs (blue) and QDs (red) (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article).

Fig. 6. Summary of the (a) sensing response, (b) oxygen vacancy, (c) optical
band gap, and (d) BET surface area of ZnO NPs and QDs.
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ZnO NPs and QDs are estimated to be 2.89 and 3.55 eV, respectively.
According to the effective-mass model for spherical particles [29], the
quantum confinement effect gives rise to band gap broadening, leading
to the blue shift of the absorption peak in UV–vis. This result agrees
well with the extant literature investigating many semiconductor na-
nostructures [30].

Fig. 6 presents the sensing response, oxygen deficiencies, optical
band gaps, and specific surface areas of ZnO NPs and QDs. A re-
markably enhanced response is observed in ZnO QDs as compared to
NPs (see Fig. 6(a)). This can be attributed to the chemical and electronic
synergistic effects due to an increase in oxygen vacancies (Fig. 6(b)),
optical band gap (Fig. 6(c)), and specific surface area (Fig. 6(d)), arising
from the influence of particle-size reduction. The augmented optical
band gap in ZnO QDs due to the quantum confinement effect leads to a
higher initial resistance of the sensor. Therefore, when the ZnO QDs
sensor is exposed to the target gas of isoprene, ZnO QDs containing a
greater number of oxygen vacancies or reactive sites undergo a con-
siderable decrease in sensing resistance, resulting in a higher response
of ZnO QDs.

From the above results, a possible mechanism for ZnO NPs and QDs
in the detection of isoprene can be illustrated, as shown in Fig. 7. The
electrical resistance of ZnO changes during the adsorption/desorption
of gas molecules on the surface of ZnO. When ZnO NPs and QDs are
exposed to air (see left in Figs. 7(a) and 7(b)), the adsorbed oxygen

molecules on the surface of ZnO NPs and QDs trap the electrons from
the conduction band of ZnO, resulting in chemisorbed surface oxygen
species ( −O2 ) [31]. This produces a thick depletion layer on the ZnO
surface, which increases the electrical resistance in ZnO NPs and QDs.
When ZnO are exposed to isoprene (see right in Figs. 7(a) and 7(b)), a
charge exchange occurs owing to the interaction between isoprene
(C5H8) and the adsorbed oxygen species, leading to the oxidation of
isoprene and the release of electrons back to the ZnO conduction band.
At the working temperature of ZnO NPs and QDs (T > 300 °C), the
O2− species mainly interact with isoprene molecules, according to the
following equation:

+ → + +− −eC H 14O 5CO 4H O 285 8 (ads) (ads)
2

2(gas) 2 (gas) (3)

Accordingly, a large number of electrons return back to the con-
duction band of ZnO, the thickness of the depletion layer is reduced.
Therefore, the electrical resistance of ZnO NPs and QDs decreases. Both
ZnO NPs and QDs possess the same mechanism mentioned above.
However, ZnO QDs in air have a higher initial resistance due to a larger
band gap, owing to the quantum confinement effect and more oxygen
vacancies (i.e., reaction sites for isoprene) due to a higher surface-to-
volume ratio. Therefore, the greater number of surface-sensing reac-
tions of isoprene occurs in ZnO QDs upon exposure to isoprene, and this
leads to the significant decrease in resistance (i.e., higher sensing re-
sponse). Further, we compare the isoprene sensing performance of ZnO

Fig. 7. A schematic of the sensing mechanism of (a) ZnO NPs and (b) ZnO QDs in air (left) and isoprene (right).

Table 1
Comparison of the isoprene sensing properties of various types of metal-oxide-based sensors.

Sensing materials Operating temperature
[℃]

Concentration [ppm] Response (Ra/Rg) Sensitivity* [ppm−1] Detection limit
[ppm]

Response time [s] Ref.

ZnO QDs 350 1 42 ˜ 42.0 0.01 8 This work
ZnO NPs 500 1 5.6 ˜ 5.6 0.01 40 This work
TiO2 NPs 500 7.5 12 ˜ 1.6 1 130 [9]
Ti doped ZnO NPs 325 0.5 4.6 ˜ 9.2 0.005 60 [8]
Pt doped SnO2 NPs 400 0.5 3.3 ˜ 6.6 0.005 10 [11]
WO3 NPs 350 1 4.7 ˜ 4.7 0.2 20 [12]
(Pt,Pd,Au)-loaded SnO2

NPs
250 2.5 5.1 ˜ 2.0 0.1 60 [10]

* sensitivity= response/concentration.
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NPs and QDs with those of previously reported metal-oxide based gas
sensors [9–12,32] (see Table 1). It is obvious that ZnO QDs show a
superior sensing response. This result infers that decreasing the particle
size to a quantum-size is a promising way to improve sensing perfor-
mance for isoprene.

For breath analyzer applications, providing only a low detection
limit and high sensitivity is insufficient, but a high sensing response in a
humid condition (˜89 – 97 relative humidity (RH)%) is requisite [32].
Therefore, we tested the sensing properties of ZnO NPs and QDs in

various humid conditions. Fig. 8(a) presents the sensing response of the
samples to 1 ppm of isoprene under different humid conditions (0–90
RH%) at their optimal working temperatures. As the relative humidity
increases, the response decreases to ˜22 for ZnO QDs and ˜3.4 for ZnO
NPs at 90 RH%. This indicates ˜52% and ˜61% reduction in response to
1 ppm of isoprene for ZnO QDs and NPs, respectively. This is attributed
to contamination of reactive sites of ZnO by adsorption of water mo-
lecules. As seen in Fig. 8(b), sensitivity also decreases under the humid
condition of 90 RH%: ˜15.8 for ZnO QDs and ˜1.5 for ZnO NPs. This can
be inferred from the decrease in slope. However, a noteworthy feature
is that ZnO NPs and QDs still have the lower detection limit of
0.01 ppm, even under a high humid condition. The reproducibility of
the ZnO QDs based sensor under an exposure of 1 ppm isoprene were
tested at its optimal operating temperature of 350 °C. Fig. 8(c) shows
the reproducibility of ZnO QDs for sensing 1 ppm isoprene over 20
cycles at 350 °C. The sensing resistance is almost constant for 20 cycles
of gas input and release, which implies good repeatability of the re-
sponse of ZnO QDs for 1 ppm isoprene.

We tested the selective detection of isoprene gas using the mini-GC
integrated with ZnO QDs. The manufacturing method of the mini-GC
using ZnO QDs and sensing process of the mini-GC device are described
in detail in our previous reports [17,18]. The response of the ZnO QDs
sensor was defined as Δ Sensor signal, indicating the logarithmic dif-
ference in the sensor resistances in air and under target gases:

Δ Sensor signal= log(Resistance)max – log(Resistance)min (4)

where log(Resistance)max denotes the maximum resistance before the
sensor is exposed to the target gas; and log(Resistance)min is the
minimum resistance during the exposure. Fig. 9 shows the sensing
performance of the ZnO QDs sensor using the mini-GC device. Fig. 9(a)
presents the sensor signal of the mini-GC integrated with the ZnO QDs
sensor with time for air and air-based isoprene gases with various iso-
prene concentrations (0.4–25 ppm) at the optimal working temperature
of 315 °C. Fig. 9(b) shows the Δ Sensor signal of the device for an iso-
prene concentration of 25 ppm at various operating temperatures. The
maximum Δ Sensor signal was observed at 315 °C, implying the optimal
operating temperature of the mini-GC device integrated with ZnO QDs.
As shown in Fig. 9(a), the chromatograms of the air-based isoprene
gases exhibit two peaks at ˜ 34 s and ˜ 83 s. The chromatograms of the
gas with higher isoprene concentration of 12.5 and 25.0 ppm show a
small peak at ˜ 34 s and considerably large peak at ˜ 83 s. However, the
curves of gas with lower concentrations from 6.2 to 0.4 ppm exhibit a
single peak at ˜ 83 s. Thus, the peak at ˜ 83 s and ˜34 s corresponds to
the detection of isoprene and some components of air (N2), respec-
tively. From this result, we confirmed that isoprene concentrations in
the range of 0.4–6.2 ppm can be separately detected using the mini-GC
integrated with ZnO QDs-based sensors. Fig. 9(c) presents the peak
height of the Δ Sensor signal curves seen in Fig. 9(a) at various isoprene
concentrations (0.4–25 ppm). The peak height can be defined as a
sensing ability. As shown in Fig. 9(c), the response of the mini-GC in-
tegrated with the ZnO QDs sensor has a strong linear correlation with
isoprene concentration (R2= 0.982). The detection limit of the device
was found to be 0.04 ppm. Consequently, it is noted that the selective
detection of isoprene gas is at the low concentration of 0.4–6.2 ppm.
This is noteworthy because this is the first report to detect a small
amount of isoprene gas with high selectivity and sensitivity.

4. Conclusion

We investigated the quantum-size effect on the sensing properties of
ZnO particles synthesized using a wet chemical method for the detec-
tion of isoprene. Two types of ZnO particles, including nanoparticles
(NPs) and quantum dots (QDs), with different sizes were prepared. TEM
and XRD analyses revealed that the synthesized nanoparticles of ZnO
NPs and QDs are spherical in shape and have a hexagonal wurtzite

Fig. 8. (a) Variation in the sensing response of ZnO NPs (blue) and QDs (red)
for 1 ppm isoprene as a function of relative humidity (RH) at the optimal op-
erating temperature of 500 °C and 350 °C, respectively; (b) sensitivity of ZnO
NPs (blue) and QDs (red) in the range of 0.01–1 ppm isoprene under conditions
without humidity and with 90% RH; (c) Reproducibility of ZnO QDs in sensing
1 ppm isoprene over 20 cycles at 350 °C and (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of
this article).
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phase with a diameter of ˜ 25 nm for NPs and ˜ 5 nm for QDs. From the
isoprene sensing test, we found that ZnO QDs exhibit better sensing
performance than NPs for 1 ppm isoprene. The maximum sensing re-
sponse and response time were ˜ 42 and 8 s at 350 °C for the QDs, while
˜ 5.6 and 40 s at 500 °C for the NPs, respectively. Through XPS, BET,
and UV–vis measurements, we analyzed the size effect on the chemical
and electronic properties of ZnO NPs and QDs, leading to reasons for
their different sensing performance. Accordingly, the higher sensing
response, rapid response, and lower optimal working temperature of
ZnO QDs compared to NPs can be attributed to an increase in oxygen
deficiencies, band gap, and surface area owing to the small size effect.
Furthermore, we found that the sensing response of ZnO QDs to 1 ppm
isoprene is superior to previously reported isoprene sensors that are
based on semiconducting metal oxides. More importantly, we achieved
the successful detection of low concentrations (0.4–6.2 ppm) of iso-
prene within ˜83 s using the ZnO QD sensor incorporated in a minia-
turized gas chromatography (mini-GC) that is recently developed by
our group. This demonstrates that the mini-GC device integrated with
the ZnO QDs can be utilized in breath isoprene analyzers to rapidly and
accurately detect isoprene due to its high selectivity and sensitivity.
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