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A B S T R A C T

We report on the doping effect on the sensing properties of ZnO quantum dots (QDs) for the detection of
acetylene. We found that In-doped ZnO (IZO) QDs exhibited a better sensing performance to 10 ppm acetylene
than undoped ZnO (ZO) QDs and Al-doped ZnO (AZO) QDs. The higher sensing response of IZO QDs can be
attributed to a greater number of reactive sites for detecting acetylene, which is likely to originate from the
increased number of oxygen vacancies, and the larger optical band gap and surface area of IZO. This is due to a
higher valence dopant and a smaller particle size. The sensing properties of IZO QDs to 10 ppm acetylene was
also found to be superior to previously reported acetylene sensors that are based on semiconducting metal
oxides. Furthermore, we demonstrated that 10 ppm of acetylene can be selectively detected in air within ∼100 s
using a recently developed miniaturized gas chromatography (GC) integrated with the IZO QDs sensor. In ad-
dition, we found that the device can detect the major fault gases of hydrogen and acetylene separately within
∼100 s. Our study demonstrates that the device can be utilized in the GC-based on-line dissolved gas analysis to
detect small amounts of acetylene gas in transformer oil.

1. Introduction

Monitoring transformer oils to detect dissolved gas is an important
indicator for diagnosing failure and predicting the life time of trans-
formers [1,2]. When a fault occurs, the insulation oil or cellulose starts
to decompose and to produce by-product gases, which dissolve into the
transformer oil. Mainly, such fault gases are hydrogen (H2), hydro-
carbons (CH4, C2H2, C2H4, C2H6), and carbon oxides (CO, CO2) [1]. The
amounts and types of the fault gases vary depending on the type of
fault, i.e. partial discharge (corona), overheating (pyrolysis), and arcing
[1–3]. Among the fault gases, acetylene (C2H2) is one of the most
dangerous gases that should be monitored in transformer oils. This is
because it characteristically evolves during arc discharge, which can
lead to catastrophic transformer accidents. Moreover, an accurate de-
tection of acetylene gas is required because it has the lowest safety limit
of all fault gases [2].

Various methods have been introduced to analyze the fault gases in
transformer oils. One of the most widely used diagnostic tools is dis-
solved gas analysis (DGA), which represents the single great indicator
of a transformer’s overall condition [3–5]. A major detection method is

gas chromatography (GC) using a sample of oil extracted from the
transformer. It is highly reliable, but does not allow to detect dissolved
gases in real time because a minimum analysis period ranging between
two hours to more than a full day is required [6]. Lately, a range of
spectroscopic methods have been applied to detect fault gases such as
laser calorimetry [7], photoacoustic [8], optical fiber [9], and tunable
diode laser absorption spectroscopy [10]. However, these methods ex-
hibit a lower sensitivity and higher detection limit for dissolved gases
owing to mechanical vibrations and a significant background signal
[10].

In order to continuously and accurately monitor dissolved gases in-
situ, GC-based on-line DGA monitors have been developed [11]. The
on-line DGA systems both extract and detect gases. For the gas ex-
traction, a number of gas separation methods are available such as vi-
bration degassers, and hollow fiber and polymer membranes [12].
Membrane-based gas separations are promising technologies for gas
extraction in transformer oil. Compared to the traditional vacuum
method, it enables a more continuous operation and lower maintenance
costs. For a successful gas separation, only gases but not oil should be
able to freely pass through a dense polymeric membrane [13]. Various
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studies have been conducted aiming to find appropriate membrane
materials with good chemical and thermal stability as well as high gas
permeability [13].

In addition to the development of effective techniques for acetylene
gas detection, many efforts have also focused on the development of
sensitive sensing materials [8–10]: Ni-doped ZnO nanofibers [14], NiO/
SnO2 heterostructures [15], Ag-loaded ZnO-reduced graphene oxide
(rGO) hybrids [16], Ag-loaded vertical ZnO nanorod arrays [17], SnO2/
rGO nanocomposites [18], Pt/ZnO thick films [19] etc. In particular,
ZnO has become a promising candidate for acetylene sensing owing to
its low cost, simple preparation, high chemical and thermal stability,
and favorable sensing properties. The performance of ZnO-based sen-
sors has been improved by controlling the structure and morphologies
[20], doping of transition metals [21,22], and loading of noble metals
[23,24]. Furthermore, quantum-sized ZnO nanoparticles may be able to
boost the sensing performance [25].

In a recent study, we successfully synthesized ZnO quantum dots
(QDs) using a wet chemical method. We found that the ZnO QD-based
sensor exhibited an excellent sensing performance for various gases
such as acetone [26], 2-chloroethyl ethyl sulfide (2-CEES) [27], and
isoprene [28]. Furthermore, we have developed a miniaturized gas
chromatographic column (mini-GC) integrated with a ZnO QD-based
sensor. Using this device, we achieved a selective detection of target
gases, such as acetone [26] and isoprene [28] in human breath and 2-
CEES in a mixture of interfering gases (NH3, NO, and CO) [27]. As
discussed above, it is very important to accurately and selectively detect
low concentrations of acetylene gas within the various fault gases dis-
solved in the transformer oil to diagnose arcing faults in the trans-
former. However, this has not yet been reported using metal-oxide
semiconductor-based sensors. In this regard, a study of the sensing
abilities of ZnO QDs for sensitive and selective detection of acetylene is
valuable.

In this work, we investigate the doping effect on the sensing prop-
erties of ZnO QDs for the detection of acetylene. We show that doping
of ZnO QDs results in a smaller crystallite size and reduced crystallinity,
and gives rise to a modification of the oxidation and electronic states
that affect the sensing performance. We demonstrate the high sensi-
tivity and selectivity of a mini-GC integrated with ZnO QDs for detec-
tion of acetylene in air. This device would be suitable to utilize in a GC-
based on-line DGA, which detects the extracted gases from oil by a
membrane type filter, and allow for real-time monitoring to diagnose
the failure of a transformer.

2. Materials and methods

2.1. Synthesis of ZnO quantum dots

Undoped ZnO quantum dots (ZO QDs) and Al- and In-doped ZnO
quantum dots (AZO QD and IZO QD, respectively) were synthesized by
a wet-chemical method described in detail in our previous reports [26].
Briefly, zinc acetate dihydrate (Zn(CH3COO)2∙2H2O, Sigma Aldrich)
was dissolved in N, N-Dimethylmethanamide (C3H7NO, DMF) to form a
0.1M ZnO precursor solution. It was then mixed with a 0.3M solution
of tetramethylammonium hydroxide ((CH3)4NOH∙5H2O, TMAH, Sigma
Aldrich) in methanol by stirring at 30 °C for 1 h. After stirring, the
suspended nanoparticles were centrifuged and cleaned using acetone.
The final ZnO QDs were dispersed in methanol. For synthesizing doped
ZnO QDs, an Al precursor (Al(O2CCH3)3, Alfa Aesar) and an In pre-
cursor (InCl3, Sigma Aldrich) were added to the Zn precursor solution to
obtain AZO and IZO QDs with a doping concentration of 1 at%, re-
spectively. This specific doping concentration was selected because we
previously found it to exhibit the best sensing properties for Al-doped
ZnO nanoparticles [22].

2.2. Characterization

The surface morphology and particle size of the as-synthesized ZnO
QDs were investigated by transmission electron microscopy (TEM,
JEOL JEM ARM 200 F). The structural phases were identified by X-ray
diffraction (XRD, Ultima IV/ME 200DX, Rigaku) with Cu Kα radiation.
The chemical bonding state of the pure and doped ZnO QDs were in-
vestigated using a Fourier transform infrared (FTIR) spectrometer
(Perkin-Elmer®) within the range of 4000 to 400 cm−1. The analysis of
surface elements was performed by X-ray photoelectron spectroscopy
(XPS, K-alpha Thermo VG). The electronic structure of the samples was
examined using a ultraviolet–visible spectroscopy (UV–vis, V650
JASCO) in the wavelength range of 200–800 nm.

2.3. Fabrication of sensor devices

To fabricate the sensor device, interdigitated Pt electrodes were
patterned on a SiO2 substrate (8.5 mm×8.5mm) for a tube furnace
system and on an Al2O3 substrate (0.5 mm×0.25mm) for a mini-GC
system. A Cr interlayer was used to provide a good contact of the Pt
layer on the substrate. The Pt (100 nm) and Cr (20 nm) layers were
deposited on the substrate by a DC magnetic sputtering system. For the
fabrication of ZnO QD sensors, the prepared ZnO QD solution was
dropped on the interdigitated Pt electrode and dried at 90 °C.
Subsequently, we annealed the sensors at 600 °C for 30min to remove
the remaining solvent and to improve the sensor stability.

2.4. Gas sensing measurements

The gas sensing measurements were performed inside a chamber in
a tube furnace system having mass flow controllers (MFCs). The acet-
ylene concentration was adjusted in an air-balanced gas by varying the
gas flow rates on the MFCs. The sensing properties of the pure and
doped ZO QDs were measured using a system equipped with a nano-
voltmeter (Keithley 2182) and a current source (Keithley 6220). A
constant current of 10 nA was supplied for a time interval of 1 s. The
operating temperature of the sensor was controlled using the tem-
perature controller of the tube furnace. The sensing measurements of
the target gas were performed at various operating temperatures in the
range of 300–500 °C. The sensing performance was tested for various
acetylene concentrations (0.1–10 ppm).

We also tested the selective sensing performance of the ZnO-based
QDs using our recently developed mini-GC system. The method of
manufacturing the mini-GC incorporating ZnO QDs and the sensing
process of the mini-GC device are described in detail in our previous
reports [26,27]. The working temperature of the sensor was controlled
by applying a voltage through patterned Pt electrodes on the backside
of the Al2O3 substrate.

3. Results and discussion

In order to characterize the morphologies and phases of the as-
synthesized QD samples, we used high-resolution TEM and XRD. The
TEM images indicate that the particles of all QD samples are almost
spherical in shape and clustered together, as shown in our previous
study [26]. However, we found that the QD particles slightly vary in
their average size:> 5 nm for ZO, ∼ 4 nm for AZO, and ∼ 3.6 nm for
IZO (Fig. 1(a)). The XRD patterns of the ZO, AZO, and IZO QDs reveal
the crystal structure of a hexagonal wurtzite phase (ICDD: #98-000-
0483) without any secondary or impurity phases (Fig. 1(b)). We ob-
served that the main (101) diffraction peak shifted to higher angles for
AZO and to lower angles for IZO as compared to the undoped ZO (inset
of Fig. 1(b)). These shifts likely originate from the substitutions of Zn2+

(ionic radius of 0.74 Å) by the smaller Al3+ (0.54 Å) and the larger In3+

(0.81 Å) at the lattice points of the ZnO, respectively [29–31]. All
samples showed broadening main (110), (002), and (101) peaks, which

M.S. Park, et al. Sensors & Actuators: B. Chemical 299 (2019) 126992

2



appears to be more pronounced in the doped QDs, especially for IZO.
This is likely owing to the small crystallite sizes. The doped QDs also
exhibited a reduced peak intensity, which indicates that the crystal-
linity is deteriorated by the doping elements.

We estimated the average crystallite sizes of the samples from the
(101) peak using Scherrer’s equation to ∼ 5.5 nm for ZO, ∼ 4.3 nm for
AZO, and ∼ 3.7 nm for IZO. These are consistent with the results of the
TEM analysis. Al doping reduces the crystallite size of the QDs because
the smaller ionic radius of Al3+ compared to Zn2+ decreases the unit
cell volume. However, the crystallite size of IZO is even smaller than of
AZO although the ionic radius of In3+ is larger than of Zn2+. We pre-
sume that this is because the larger ion radius induces a higher com-
pressive stress in the crystal structure [32,33].

In order to investigate whether the dopants Al and In have been
completely incorporated into the ZnO lattice, we obtained the chemical
bonding characteristics of the QD samples using FTIR spectroscopy. The

peaks in the FTIR transmission spectra of the ZO, AZO and IZO QDs are
largely similar (Fig. 2(a)). The broad absorption band at ∼3421 cm−1

can be attributed to the OeH stretching vibration of water molecules
that are absorbed onto the surface of the nanocrystalline powders [34].
The peaks centered at ∼2350 cm−1 and ∼1445 cm−1 arose from the
absorption of atmospheric CO2 [35]. We also observed the strong
asymmetric stretching vibration mode of C]O at ∼1622 cm−1 and the
symmetric stretching of CeO at ∼1480 cm-1 and ∼1380 cm-1 [36]. We
attribute the peak around 1000 cm−1 to the CeOeC bond due to am-
bient environment [36].

The spectra of the samples differ, however, in the range from
800–400 cm−1 (Fig. 2(b)). In the AZO and IZO samples, we observed a
tiny peak at about 683 cm-1, which is absent in ZO. We assign this to a
fingerprint of the Al–O and In–O bonds [30,34]. A highly intense and
broad absorption band was observed in the range of 600–400 cm−1

corresponding to the stretching vibration of the Zn–O bond, which

Fig. 1. (a) TEM images of the filter-collected and isolated
undoped ZnO (ZO), Al-doped ZnO (AZO), and In-doped ZnO
(IZO) QDs; (b) XRD patterns of ZO (blue), AZO (green), and
IZO QDs (orange). The vertical lines at the bottom correspond
to the standard XRD pattern of hexagonal wurtzite-type ZnO
(ICDD: # 98-000-0483). The inset shows a zoom into the (101)
peak of the samples. The red and light blue arrows indicate the
peak shift for the IZO and AZO samples, respectively. (For
interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article).

Fig. 2. FTIR spectra of ZO (blue), AZO (green), and IZO QDs (orange) in the range of (a) 4000 – 400 cm−1 and (b) 800 – 400 cm−1. (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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confirms the wurtzite structure of the samples. The minimum of this
peak differs slightly, for the IZO QDs it is ∼468 cm-1, for the AZO QDs
∼462 cm-1, and for the pristine ZO QDs ∼456 cm-1. The shifts of the
peaks for IZO and AZO are likely related to the crystal perturbation
caused by the change in bond length upon replacement of Zn with Al
and In atoms in the lattice sites [30,34]. The larger shift of IZO is thus
owing to the substitution of In3+, which exhibits a larger ionic radius
than Zn2+. These results are consistent with the higher deterioration of
crystallinity observed in IZO using XRD, and confirm that the doping
elements Al and In were successfully incorporated into the Zn lattice
sites.

The specific surface areas of the QD samples were estimated by the
nitrogen adsorption–desorption method. Fig. 3 shows the N2 ad-
sorption–desorption isotherm of the ZO, AZO, and IZO QDs. As can be
seen in Fig. 3, all the samples exhibit type-IV physisorption isotherms
and a type-H1 hysteresis loop according to the International Union of
Pure and Applied Chemistry (IUPAC) classification [37]. These types of
isotherm curves are closely related to mesoporous materials. In parti-
cular, type H1 is often associated with porous materials that consist of
agglomerates or compacts of approximately uniform spheres in a fairly
regular array [37]. Therefore, the narrow hysteresis of the ad-
sorption–desorption isotherm curves observed in the ZO, AZO, and IZO
QD samples can be attributed to the mesoporous structures resulting
from particle agglomeration. The Brunauer–Emmett–Teller (BET)

specific surface areas of the nanoparticles were estimated from the N2

adsorption branches as ∼46.6, ∼48.2, and 50.5 m2/g for the ZnO,
AZO, and IZO QDs, respectively. The surface area increases in order of
pure ZO, AZO, and IZO QDs owing to the decrease in the particle size,
as discussed with regard to the TEM and XRD data in Fig. 1.

In order to investigate the sensing properties of the ZO, AZO and
IZO QDs upon exposure to acetylene, we measured their sensing re-
sponses at different operating temperatures (300–500 °C) and con-
centrations (0.1–10 ppm). The sensing response for the acetylene gas
was obtained with a definition as Δ R/Rg, where Δ R= (Ra – Rg), and Rg

and Ra are the sensor resistances in environments acetylene and plain
air, respectively. Fig. 4(a) shows the sensing response of the samples to
10 ppm of acetylene as a function of operating temperature. For all
samples, the sensing response to 10 ppm acetylene was highest at a
working temperature of 400 °C, i.e. ∼3 for ZO, ∼7 for AZO, and ∼19
for IZO QDs (Fig. 4(a)). Fig. 4(b) shows the maximum sensing response
of the samples to different acetylene concentrations at the optimal
working temperature of 400 °C. We observed an increase in the sensing
response with increasing acetylene concentration for all samples. The
doped IZO and AZO QDs revealed an improved sensing performance
compared to the undoped ZO QDs. In particular, the sensing response of
IZO QDs was significantly enhanced at 10 ppm acetylene exposures. In

Fig. 3. N2 adsorption–desorption isotherm of (a) ZO, (b) AZO, and (c) IZO QDs.

Fig. 4. Sensing responses of ZO (blue), AZO (green), and IZO QDs (green) as a
function of operating temperature under exposure of 10 ppm acetylene (a) and
as a function of acetylene concentration in the range of 0.1–10 ppm at their
optimal working temperatures of 400 °C (b). (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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comparison to metal oxide-based gas sensors as previously reported
[14–19], the acetylene sensing performance of IZO QDs are superior in
terms of sensitivity and detection limit (Table 1).

In order to understand the doping effect on the differing sensing
performances of AZO and IZO QDs, we investigated their chemical and
electronic characteristics, such as oxygen vacancies and band gap. To
analyze the surface composition and chemical state of the ZO, AZO, and
IZO QD samples, we carried out an XPS analysis. In Fig. 5(a), the Zn 2p
spectra of all samples show two main peaks located at ∼1021 eV and
∼1044 eV, corresponding to the Zn 2p3/2 and Zn 2p1/2 spin orbit, re-
spectively. This implies the existence of a divalent oxidation state in the
samples [29,38]. The Zn 2p spectra of the doped AZO and IZO QDs
show a slight chemical shift in the binding energy in comparison to the
undoped ZO QDs. This is likely due to the presence of Al and In dopants
in the ZnO structures [29,39]. In Fig. 5(b), the Al 2p spectra show a
peak only for the AZO QDs at a binding energy of ∼74.7 eV, which is
attributed to the Al–O bond, as the Al3+ ion is substituted into the Zn2+

ion sites in the ZnO lattice [29,38]. This binding energy is different
from that in the cases of metallic Al (Al 2p: 72.8 eV) [40] and Al2O3 (Al

2p: 75.6 eV) [41]. In Fig. 5(c), two main peaks of In 3d5/2 at ∼444.2 eV
and In 3d3/2 ∼451.8 eV [39,42] are exhibited only in the IZO QDs. This
is due to the presence of In dopant as In3+ ion in the ZnO crystal
[39,42]. Accordingly, the results of the Al 2p and In 3d spectra indicate
the successful incorporation of Al and In into the Zn2+ sites of ZnO.
This is in good agreement with the peak shifts in the XRD patterns
shown in Fig. 1(b).

To analyze the oxidation states of the elements present in the ZO,
AZO, and IZO QDs, we carried out detailed analysis of the XPS O 1s
spectra. The XPS spectra of the O 1s state of ZO (Fig. 5(d)), AZO
(Fig. 5(e)) and IZO QDs (Fig. 5(f)) were each deconvoluted into three
quasi-Gaussian peaks centered at about 530, 531, and 532 eV. The peak
at ∼529.8 eV (red line) corresponds to the O2− ions in the Zn-O bonds
of the ZnO structure [29]. The peak at ∼531.2 eV (orange line) is as-
sociated with adsorbed oxygen ions (O− and O2−). These significantly
influence the gas-sensing performances in the oxygen-deficient regions
within ZnO QDs, such as oxygen vacancies and oxygen interstices [29].
Because the peak intensities differ among the samples, we expect the
concentrations of the oxygen deficiencies to vary as well. By

Table 1
Comparison of the acetylene sensing performance of various types of metal oxide-based sensors.

Sensing materials Operating temperature
[℃]

Acetylene concentration
[ppm]

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

Ref.

In-doped ZO QDs 400 10 19.3 ∼ 1.92 0.1 This work
Al-doped ZO QDs 400 10 6.8 ∼ 0.68 0.1 This work
ZnO QDs 400 10 2.7 ∼ 0.27 0.1 This work
Ni-doped ZnO NFs 250 2000 17.0 ∼ 0.01 1 [14]
NiO/SnO2 heterostructures 206 100 12.8 ∼ 0.13 1 [15]
Ag/ZnO Hrc-rGO hybrid 200 100 11.3 ∼ 0.11 3 [16]
Ag/ vertical ZnO NR 200 1000 26.2 ∼ 0.03 [17]
Ag-SnO2/rGO nanaocomposite film 90 10 8.0 ∼ 0.80 [18]
Pt/ZnO thick film 300 50 0.1 50 [19]

* sensitivity= response/concentration.

Fig. 5. XPS spectra of (a) Zn 2p, (b) Al 2p, and (c) Id 3d of ZO (blue), AZO (green) and IZO QDs (orange), and O 1 s XPS spectra of (d) ZO, (e) AZO, and (f) IZO QDs.
(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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determining the area fraction of this oxygen-deficient peak in the de-
convoluted O 1s spectra, we were able to estimate the concentrations of
the oxygen deficiencies to about 32, 36, and 39% for ZO, AZO, and IZO
QDs, respectively. The results reveal that the doped IZO and AZO QDs
contain more oxygen vacancies than the undoped ZO QDs. The In do-
pant was found to provide more oxygen vacancies in ZnO than Al. This
can be attributed to the loss of crystallinity when In+3 is substituted,
which may lead to more defects such as oxygen deficiencies. The peak
at ∼532.2 eV (green line) is attributed to chemisorbed oxygen species,
such as H2O, O2, and −CO3 adsorbed on the surface of ZnO [29].

In order to analyze the optical band gap energy of the samples, we
performed UV–vis spectroscopy. We observed a relatively sharp ab-
sorption peak at ∼340 nm for the undoped ZO QDs (Fig. 6(a)). The
absorption edges of AZO and IZO were instead found to shift towards
higher energies, i.e. lower wavelengths of ∼333 nm and ∼328 nm,
respectively. This was accompanied by a broadening of the peak. Based
on the UV–vis spectra we determined the optical band gap energy (Eg)
of the QDs using the Tauc relation [43]:

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. More specifically, the optical band gap en-
ergy was calculated by extrapolating the function [F(αhν)2] versus hν to
zero [44]. We found the optical band gap of the samples to vary from
∼3.51 eV for the undoped ZO QDs to ∼3.55 eV for AZO QDs and
∼3.58 eV for IZO QDs (Fig. 6(b)).

The band gap is expected to depend on several factors such as
carrier concentration, lattice strain and size effect [45]. The blue shift
in band gap energy for the doped samples can mainly be explained by
the Burstein-Moss effect [46]. The donor Al and In atoms provide ad-
ditional carriers, which cause to the Fermi level to move into the con-
duction band, so that the energy gap becomes larger. In addition, the
carrier concentration can be increased by an increase in oxygen va-
cancies [47]. As observed using XPS, the doped samples have a larger
amount of oxygen vacancies than the undoped sample. Therefore, the
carrier concentration of the doped samples becomes larger than that of
the undoped sample. Moreover, the increase in band gap for the doped
samples compared to the undoped sample can be attributed to the de-
crease in particle size [48–51]. Similarly, the larger band gap of the IZO
QDs as compared to the AZO QDs can be attributed to the increased
carrier concentration and smaller particle size of IZO QDs.

According to the sensing mechanism of a ZnO-based sensor [24], a
higher sensing performance is closely related to an increase in the de-
pletion layer thickness at the initial state. This results in a greater
number of reactive sites for the target gas. The IZO QDs, which in our
study demonstrate the best sensing performance, exhibit indeed a
thicker depletion layer than the AZO QDs. This is owing to the in-
creased number of oxygen vacancies, which result in a larger carrier
concentration. In addition, the IZO QDs possess a greater number of
reactive sites for detecting acetylene because of the smaller particles
sizes.

For real applications, we tested the repeatability, humidity inter-
ference, and long-term stability of the IZO QDs toward 10 ppm acet-
ylene at the optimal working temperature of 400 °C. Fig. 7(a) shows the
reproducibility of the sensing resistance of IZO QDs for 10 ppm acet-
ylene for 13 cycles at 400 °C. Fig. 7(b)–(d) present the resistance curves
for the 4th, 5th, and 12th cycles, respectively. The resistance curves
exhibited high noise, which can be attributed to the low concentration
of QD particles in the IZO QD sensor. It is very difficult to ensure that
the concentration of the loaded QD particles is constant by using a
dropping method, but this will be studied further. However,
Fig. 7(a)–(d) clearly show that the sensing resistance is nearly stable
and constant throughout 13 cycles of gas input and release, which in-
dicates good repeatability in the response of IZO QDs for 10 ppm
acetylene.

Fig. 7(e) shows the variation in the sensor response of IZO QDs to
10 ppm acetylene under different humid conditions (0–90 RH%) at the
optimal working temperature of 400 °C. As the relative humidity in-
creases, the response decreases: there was a ∼50% reduction in re-
sponse to 10 ppm acetylene at 90 RH%. This indicates that the sensing
performance of IZO QDs at high humidity is significantly degraded by
the contamination of their reactive sites due to the adsorption of water
molecules. However, if the IZO QD sensor is adopted in GC-based online
DGA using a membrane-based gas-extraction method, the effect of
humidity on the sampling gas extracted from the transformer oil can be
significantly reduced.

Further, Fig. 7(f) shows a long-term stability test of the IZO QDs
when exposed to 10 ppm acetylene at the optimal working temperature
of 400 °C, which was measured at an interval of 5 or 10 days for 60
days. As a result, the response decreased by ∼50% on the 20th day, and
after 50 days, the response decreased by ∼65%, reaching saturation
within the error range. The reduced response during long-time con-
tinuous measurements can be attributed to the contamination of re-
active sites on the IZO QD surface. The smaller the particles, the better
their sensing reactivity, but the more likely they are to become con-
taminated. Therefore, further study is needed to solve the long-term
stability problem of QD samples. However, it is noted that the response

Fig. 6. UV–vis absorption spectra (a) and optical band gap energies (b) of ZO
(blue), AZO (green), and IZO QDs (orange). The inset shows a zoom into the
absorption peak/edge. (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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of ∼6 after 60 days is still higher than that reported in other metal
oxide-based gas sensors (Table 1).

To test the sensitivity of the IZO QDs for acetylene detection based
on GC technology, we used our recently developed mini-GC. Using the
mini-GC, we recorded a sensor signal of the QDs in acetylene/air
mixtures with varying acetylene concentrations (5–1000 ppm) at the
optimal working temperature of each sample. i.e. 450 °C for ZO, 350 °C
for AZO, and 350 °C for IZO. The Δ sensor signal was defined as the
logarithmic difference in the sensor resistances in air and under ex-
posure of the acetylene/air gas mixture:

Δ sensor signal=log(resistance)max – log(resistance)min (2)

where log(resistance)max denotes the maximum resistance before the
sensor was exposed to the target gas; and log(resistance)min the
minimum resistance during the exposure [26,27]. We observed that the
chromatograms of the air/acetylene gas mixtures exhibit a single peak
at ∼ 169 s for ZO (Fig. 8(a)), ∼ 146 s for AZO (Fig. 8(b)), and ∼ 100 s
for IZO (Fig. 8(c)), which corresponds to the detection of acetylene.
This means that acetylene was detected most rapidly by the IZO QDs. In

order to estimate the detection limit of the various QDs for acetylene,
we plotted the peak height value (Δ sensor signal) as a variation of
acetylene concentration. The sensing responses (Δ sensor signal) to
1000 ppm acetylene were found to be ∼0.19 for ZO, ∼0.37 for AZO,
and ∼0.71 for IZO (Fig. 8(d)). The lowest detection limits of ZO, AZO,
and IZO QDs were estimated to be 1000, 500, and 10 ppm, respectively.
Thus, the IZO QDs show the best response signal, detection time and
detection limit of all tested samples in the mini-GC device. Its sensing
response to 10 ppm acetylene of ∼19 was, however, lower than that of
undoped ZnO QDs to other target gases, e.g. ∼1500 to 10 ppm acetone
[26], ∼4614 to 20 ppm 2-chloroethyl ethyl sulfide (2-CEES) [27], and
∼42 to 1 ppm isoprene [28]. Nevertheless, the mini-GC integrated with
an IZO QDs-based sensor is able to selectively detect 10 ppm acetylene
gas in an air environment.

We tested the sensing ability of the IZO QDs incorporated into the
mini-GC device for detection of i) other fault gases, ii) other reducing
gases, and iii) acetylene mixed with other fault gases in an air-balanced
gas at the optimal operating temperature (350 °C) of the device. Fig. 9
shows the variations in the sensor signal of the mini-GC integrated with

Fig. 7. (a) Reliability of IZO QDs in sensing 10 ppm acetylene over 13 cycles at 400 °C; (b)-(d) sensing resistance curves for the 4th, 5th, and 12th cycles; (e) variation
in the response of IZO QDs for 10 ppm acetylene as a function of relative humidity at 400 °C; (f) a long-term stability test of IZO QDs exposed to 10 ppm acetylene at
400 °C measured at an interval of 5 or 10 days for 60 days.
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the IZO QDs for the various target gases. For the test of case i), 100 ppm
H2, 20 ppm C2H2, 10 ppm CH4, 10 ppm CO, and 0.1% CO2 are exposed.
For the test of case ii), 10 ppm NO, 10 ppm NH3, and 10 ppm C2H5OH
are exposed. For the test of case iii), 50 ppm C2H2 mixed with 500 ppm
H2 are exposed.

The chromatograms of the different gases are compared with those
of air (Fig. 9(a)) and N2 (Fig. 9(b)). As shown in Fig. 9(b) and (c), the
peaks corresponding to the detection of N2 and H2 (100 ppm H2 in
synthetic air) appear near 21 s. The N2 sensing of the IZO QDs can be
attributed to the reduction of adsorbed oxygen ions on the surface of
the IZO QDs. When the unreactive N2 gas is injected into the sensor as a
target gas, the N2 concentration increases instantaneously and the ad-
sorbed oxygen ion concentration decreases. This results in a decrease in
resistance. For 20 ppm C2H2 in synthetic air, only one peak, indicating
the detection of acetylene, was observed at ∼105 s (Fig. 9(d)). How-
ever, except for the N2 peak, there was no indication of the detection of
the other fault gases, such as 10 ppm CH4 (Fig. 9(e)), 10 ppm CO
(Fig. 9(f)), and 0.1% CO2 (Fig. 9(g)). The sensing results in
Figs. 9(c)–9(g) indicate that the mini-GC integrated with the IZO QDs
can detect only H2 and C2H2 among the various fault gases. For the tests
of other reducing gases of 10 ppm NO, 10 ppm NH3, and 10 ppm
C2H5OH, only 10 ppm C2H5OH was detectable at approximately 43 s, as
shown in Fig. 9(h)–(j). This provides a notable feature that this device
can be utilized as an alcohol sensor. For 50 ppm C2H2 mixed with
500 ppm H2, two peaks are observed at 21 s and 105 s, corresponding to
hydrogen and acetylene gas, respectively (Fig. 9(k)). Thus, we

confirmed that the major fault gases of H2 and C2H2 can be separately
detected from other gases within ∼100 s by using mini-GC integrated
with the IZO QDs.

4. Conclusion

We investigated the doping effect on the sensing properties of var-
ious ZnO QDs for the detection of acetylene. Undoped ZO QDs and
doped AZO and IZO QDs were prepared by a wet chemical method.
Using TEM, XRD, and FTIR analyses, we found that the prepared ZnO
QDs exhibited different particle sizes (> 5 nm for ZO, ∼4 nm for AZO,
and ∼3.6 nm for IZO) and that the doping elements Al and In were
successfully incorporated into the Zn lattice sites. The IZO QDs ex-
hibited a better sensing performance for 10 ppm acetylene than ZO and
AZO QDs. The maximum sensing response was ∼19 for IZO, ∼7 for
AZO, and ∼3 for ZO at their optimal working temperature of 400 °C.
Using XPS and UV–vis spectroscopy, we discovered that the higher
sensing response of IZO QDs can be attributed to a greater number of
reactive sites for detecting acetylene, which likely originates from an
increased number of oxygen vacancies, a larger optical band gap, and a
larger surface area of IZO compared to ZO and AZO QDs. The sensitivity
of IZO to acetylene was found to be superior to that of other previously
reported acetylene sensors based on semiconducting metal oxides. We
also achieved the selective detection of 10 ppm acetylene in air using an
IZO QD sensor incorporated into a miniaturized gas chromatography
setup (mini-GC) that was recently developed by our group.

Fig. 8. Sensor signals as measured in a miniaturized gas chromatographic column (mini-GC) integrated with (a) ZO, (b) AZO, and (c) IZO QDs sensors for various
acetylene concentrations (5–1000 ppm) at their optimal working temperatures of 450 °C, 350 °C, and 350 °C, respectively; (d) Peak height of the Δ sensor signal at
various acetylene concentrations (10–1000 ppm) for ZO (blue), AZO (green) and IZO (orange) QDs.
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Furthermore, we found that the device can detect the major fault gases
of hydrogen and acetylene separately. Our study demonstrates that the
mini-GC device integrated with the IZO QDs can be utilized in the GC-
based on-line DGA. This device makes it possible to detect small
amounts of acetylene gas in transformer oils, which can be used to
diagnose transformer failure in near future.
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