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A B S T R A C T

We report on the sensitive and selective sensing properties of SnO2 nanorods (NRs) based gas sensors coupled
with a miniature gas chromatography (mini-GC) system for the detection of acetylene. The SnO2 NRs were
fabricated by a glancing angle deposition (GLAD) method and their average height and diameter were ∼200 nm
and ∼30 nm, respectively. In order to overcome a selectivity issue of metal oxide semiconductor gas sensors, we
integrated our SnO2 NRs based sensors with a packed column. The device accurately and selectively detected
acetylene within 2 min (∼120 s). We found that loading a thin layer (5 nm) of metal catalysts such as Au, Pt or
Pd increases the sensing abilities of the SnO2 NRs sensors. Among the tested sensors, the Pd-coated SnO2 NRs
sensor (Pd-SnO2 NRs) exhibited the best sensing performance for the detection of 10 ppm of acetylene and the
lower detection limit of 0.01 ppm. The superior sensing properties of Pd-SnO2 NRs are due to the large amount of
oxygen deficiencies on the surface of Pd-SnO2 NRs, which acts as reactive sites. More importantly, the mini-GC
device can be used to selectively detect 10 ppm of acetylene from other gases such as H2. Our findings de-
monstrate that Pd-SnO2 NRs integrated with a mini-GC device can be utilized to monitor the dissolved acetylene
gas in transformer oil in real time.

1. Introduction

Transformers are used worldwide to lower voltages and distribute
electricity to individual houses. In order to decrease the internal tem-
perature of transformers and to insulate currents, oils are being used in
transformers. Since transformers have a long lifetime, there is a high
risk for oils in older devices to degrade and damage the transformer
[1–3]. This is because defects such as fractures, or discharges inside the
transformer can cause the oil or cellulose to decompose and release
various gases inside the transformer. These gases may include hydrogen
(H2), hydrocarbons (CH4, C2H2, C2H4, C2H6) and carbon oxides (CO,
CO2) [1]. Of these gases, acetylene, C2H2, holds some serious potential
risks. An accumulation of only small amounts of C2H2 (5–7 ppm) may
cause arcing inside the transformer, which can lead to extremely dan-
gerous situations such as explosions [2]. Hence, monitoring the con-
centration of C2H2 during operation is a critical issue for the operation

of transformers.
Various devices are currently being used to examine fault gases

inside transformer oils [3–7]. These methods can be divided into two
groups: off-line and on-line techniques. In an off-line analysis, trans-
former oils are extracted from sampling valves of transformers and
transferred to separate laboratories for analysis. To analyze the gas,
dissolved gas analysis (DGA) or gas chromatography (GC) are usually
utilized [3–5]. However, because of the time gap between the extrac-
tion and the analysis, the dissolved gases can diffuse to the atmosphere,
leading to inaccurate results. On the contrary, using an on-line method,
membranes are directly attached to transformer oils to separate gases
from them [3,8]. This system is, however, quite expensive and complex
to install in all transformers. Therefore, it is necessary to develop an
economical device, which can perform real-time monitoring of gases
dissolved in transformer oils with high sensitivity and selectivity.

In order to develop a sensitive device, it is crucial to find an efficient
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sensing material for C2H2. Extensive researches have been carried out to
fabricate gas sensors based on metal oxide semiconductors (MOS) for
the detection of C2H2 [9–19]. Especially, SnO2 has been widely used as
a sensor material for detecting various kinds of gases due to its wide
bandgap (∼3.7 eV), high chemical and physical stability, and good
sensitivity [10–14,18–23]. In order to improve the sensing perfor-
mance, an increase in the specific surface area of the sensing material is
generally employed by construing a nanostructure. There are many
reports on the preparation of various types of nanostructures in SnO2

[22]. In addition, decoration of noble metals, such as Au, Pt, and Pd,

could be added to further enhance the sensing properties because the
metals serve as sensitizers or promoters. Most of the study presented
that the metal-loaded SnO2 exhibited a higher sensing response than
pure SnO2.

In this context, we have recently demonstrated that Pd-coated SnO2

nanorod arrays (NRs) synthesized by glancing angle deposition (GLAD)
via e-beam evaporation possess notable sensing properties towards H2

[24]. The Pd-coated SnO2 NRs exhibited a superior sensing response
compared to other SnO2 based sensors with a detection limit of 0.2 ppm
at room temperature. With this excellent performance as a gas sensor,

Fig. 1. An illustration of the fabrication of (a) the bare SnO2 NRs using a glancing angle deposition (GLAD) method via e-beam evaporation and (b) the resulting
metal-coated SnO2 NRs.

Fig. 2. Scheme of the concept of the selective
gas sensing process of fault gases in trans-
former oils using the mini-GC system with an
integrated Pd-coated SnO2 NR sensor. The fault
gases are separated from the transformer oil by
membranes and then injected into the mini-GC,
after which the sensor selectively detects each
gas component.
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we decided to investigate its sensing characteristics to C2H2, because
MOS based gas sensors usually have high responses for various types of
gases. Furthermore, since production of H2 is accompanied by that of
C2H2, it is necessary for a H2 gas sensor to overcome a selectivity issue,
a common obstacle for MOS sensors. Introducing a column for GC to a
gas sensing device would help overcome this problem by separating two
gases.

In this work, we investigated the sensing properties of the bare and
noble metal (Au, Pt and Pd) coated SnO2 NRs to C2H2. We found that a
noble metal on the surface of SnO2 NRs significantly enhanced their
sensing properties. This was owing to the spill-over effect of the noble
metals by creating a higher proportion of oxygen defect sites. We de-
monstrated that the Pd-coated SnO2 NRs sensor integrated with a GC
column can sensitively and selectively detect acetylene in a mixed gas
within 2 min.

2. Materials and methods

2.1. Synthesis and characterization of SnO2 nanorod arrays

SnO2 nanorod arrays (SnO2 NRs) were fabricated on Al2O3 substrate
(0.5 × 0.25 mm2) supplied with Pt interdigited electrodes and heating
components by glancing angle deposition (GLAD) via e-beam eva-
poration (Fig. 1(a)). Commercial SnO2 granules (4 N purity, Kojundo
Chemical Laboratory Co., Ltd.) were used as SnO2 source inside a 7cc-
crucible and all conditions for the experiment were mentioned in a
previous report [24,25]. The incident angle for the deposition was 80°
with respect to the vapor flux and the substrate was rotating at a speed
of 15 rpm. The growth rate was maintained at 1 Å/s and the process
was initiated at an pressure of 5.0 × 10−6 torr. The process was con-
ducted at room temperature and sensors were heat treated at 550 °C for
2 h afterwards.

Thin metal films (Au, Pt, Pd) were deposited on the top of the SnO2

NRs using an ultra-high vacuum DC sputtering system (SNTEK Co., Ltd;
Fig. 1(b)). The deposition was conducted at a pressure of 3.4 × 10−7

torr and 34 sccm of Ar was injected for initiation. The deposition rates
of Au, Pt, and Pd were 0.67 nm/s, 0.28 nm/s, and 0.31 nm/s, at
working powers of 30 W, 20 W, and 30 W, respectively.

The microstructures and the crystallinity of the fabricated SnO2 NRs
were investigated by field emission-scanning electron microscopy (FE-
SEM, JSM-7100 F) equipped with an energy-dispersive X-ray spectro-
scope (EDS). Surface elemental analysis was conducted by X-ray pho-
toelectron spectroscopy (XPS, K-alpha Thermo U. K.) using Al Kα ra-
diation.

2.2. Sensor characterization

The mini-GC system previous reported in detail [26,27] was used
for all gas sensing experiments. In brief, it was equipped with a sensor
based on SnO2 NR, a packed gas chromatography column (GC column),
a sampling loop, a mini-sized pump and three solenoid valves. The
actual dimensions of the device were 8 × 13 × 16 cm3 and the length
and the inner radius of the column were 90 cm and 0.1 cm, respectively.
The column was filled with Porapak Q (Restek), and both ends of fillers
were sealed by piles of glass wool.

The selective detection procedure of the mini-GC device integrated
with the SnO2 NR based sensor is described in Fig. 2. We operated the
mini-GC device with an integrated SnO2 NR based sensor by first in-
jecting 1 mL of target gas (C2H2) mixed with interfering gases in am-
bient air at room temperature into the sampling loop by mini-pump
without pre-concentration. Consequently, the mixed gas was divided
into each component after passing the packed column because the
strength of interaction between each gas molecule and the column filler
was different. The gases with non-polarity (e.g. H2) and smaller size are

Fig. 3. SEM images of the (a) top and (b) cross-sectional views of Pd-coated SnO2 NRs and elemental color mapping images for (c) Sn and (d) Pd using energy
dispersive X-ray spectroscopy (EDS).

J.H. Lee, et al. Sensors & Actuators: B. Chemical 307 (2020) 127598

3



released from the column faster than others because of the weak po-
larity of the stationary phase coated on the column filler. Thereafter,
the target gas was separately detected within 3 min by the SnO2 NRs
based sensors. The operating temperature of sensors were varied for the
different sensing materials based on their optimal working temperature,
but that of the column was set to 25 °C.

In the mini-GC system, response of a sensor was defined as follows
[26,27]:

=SensorSignal log Resistance log Resistance( ) ( )max min

where log(Resistance)max and log(Resistance)min represent the re-
sistance of the sensor when exposed to ambient air and the target gas,
respectively. These values were derived from the peak height in the gas
chromatograms corresponding to the relative response of the sensing
material.

3. Results and discussion

In order to investigate the microstructure and the elemental dis-
tribution of the as-synthesized catalyst-coated SnO2 NRs, we carried out
FE-SEM and EDS analysis. Fig. 3(a) and (b) shows the SEM images of

the top and cross-sectional views of the Pd-coated SnO2 NRs fabricated
on Al2O3 substrate, respectively. The nanorods were randomly dis-
tributed on the entire surface in clusters and the distance between the
clusters was about 5–20 nm (Fig. 3(a)). Since the size of a single grain
inside the cluster was about 30 nm in diameter, we concluded that the
average diameter of a single nanorod was ∼30 nm. The nanorods were
vertically attached to the surface of the substrate and the average
height of the nanorods was ∼200 nm as depicted in the cross-sectional
view of the Pd-coated SnO2 NRs (Fig. 3(b)). EDS elemental color
mapping images on the cross-sectional view of the sample (Fig. 3(c) and
(d)) confirmed that the Pd nanoparticles were evenly deposited on the
surface of the SnO2 NRs.

In order to optimize the sensing performance of the SnO2 NRs to-
ward acetylene, we first examined the optimal working temperature
and thickness of the metal catalysts of the as-synthesized SnO2 NRs. We
determined the optimal working temperature by measuring the peak
heights (Δ Sensor Signal) of the bare and the different catalyst-coated
SnO2 NRs upon exposure to 10 ppm of C2H2 at increasing temperatures
(Fig. 4(a)). The optimal working temperatures for the bare and the Au-,
Pt-, and Pd-coated SnO2 NRs (5 nm) were 350 °C, 400 °C, 200 °C, and
200 °C, respectively. Since SnO2 NRs sensors can degrade at a tem-
perature above 350 °C in long-term use, however, the optimal tem-
perature for the Au-coated SnO2 NRs was set to 350 °C, instead of 400
°C. To optimize the thickness of the catalyst coating, we used the Pd-
coated SnO2 NRs because they showed the highest sensing response in
the previous test. By investigating coating thickness of 3, 5, and 7 nm,
we found that depositing 5 nm of Pd led to the best sensing performance
(Fig. 4(b)). We used the same thickness for the other metal coatings as
well.

To evaluate the acetylene sensing performances of the as-synthe-
sized bare and Au-, Pt-, and Pd-coated SnO2 NRs integrated in the mini-
GC system, we analyzed the changes in the sensor signal over time. The
sensor signals of the samples were measured at their respective optimal
working temperature at different C2H2 concentrations in the range of
0.01–50 ppm in dry air (Fig. 5). All SnO2 NRs showed single peaks
indicating the presence of C2H2 at around 120 s. Among the tested
sensors, the bare SnO2 NRs exhibited the lowest sensing properties and
the metal-coating improved their responses.

To evaluate the sensing abilities of the SnO2 NR sensors to acet-
ylene, we estimated the sensing response (Δ Sensor Signal) from the
sensor signal curves at the various C2H2 concentrations. Fig. 6(a) shows
Δ Sensor Signal against concentration curves (both in log scales) for all
fabricated SnO2 NRs. All curves exhibited linearity and this was mainly
due to an exponential relationship between sensor response and con-
centration [28]. The Pd-coated SnO2 NRs, exhibited the best sensing
performance at 10 ppm or lower concentrations of acetylene. At 10 ppm
C2H2, the sensing response was ∼0.06, ∼0.52, ∼0.47, and ∼0.99 for
the bare SnO2 NRs and the Au-, Pt-, and Pd-coated SnO2 NRs, respec-
tively (Fig. 6(b)). Similarly, the detection limit was the lowest for the
Pd-coated SnO2 NRs (0.01 ppm) compared to the bare (1 ppm) and the
Au- (0.1 ppm), and Pt-coated SnO2 NRs (0.05 ppm; Fig. 6(b)), respec-
tively. Accordingly, we found that the metal-coated SnO2 NRs had
significantly improved sensing abilities compared to the bare SnO2 NRs.
Therefore, it could be inferred that metal nanoparticles improved
overall properties of sensors dramatically. As a result, the Pd-coated
SnO2 NRs had the best sensing performance, such as highest sensing
response at C2H2 concentration below 10 ppm, the lowest detection
limit, and the lowest optimal working temperature compared to other
samples. Detecting C2H2 at concentrations of less than 10 ppm is crucial
to prevent malfunction inside a transformer. Therefore, the Pd-coated
SnO2 NRs seem to be the best option among our investigated samples
for the use in a gas analyzer of dissolved C2H2 in transformer oil.

Fig. 4. (a) Sensor response (Δ sensor signal) of the device integrated with bare
SnO2 NRs and the Au-, Pt-, and Pd-coated SnO2 NRs (5 nm) for an acetylene
concentration of 10 ppm as a function of operating temperatures. (b) Variation
of the sensor signal as a function of time for different Pd thicknesses (3, 5, and 7
nm). The inset presents the sensor response of Pd-coated SnO2 NRs prepared
with different Pd thickness at 200 °C.
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To analyze the chemical composition and oxidation states of ele-
ments in sensing materials, we performed XPS analysis (Fig. 7(a)–(d)).
From XPS results, we found that all samples showed the peaks for Sn 3d
(∼500 eV), Sn 3p1 (∼760 eV), and O 1s (∼530 eV) [29] confirming
the successful fabrication of the SnO2 NRs. Additionally, XPS peaks for
Au (e.g. Au 4f (∼100 eV), Au 4d5 (∼340 eV), Au 4d3 (∼360 eV) and
others), Pt (e.g. Pt 4f, Pt 4d5, Pt 4d3 and others), and Pd (e.g. Pd 4p, Pd
3d, Pd 3p1) were observed in the Au-, Pt-, and Pd-coated SnO2 NRs,
respectively. This indicates the presence of metal nanoparticles in each
sample and as a consequence, successful deposition of each metal
[30,31].

To investigate the cause for the differing sensing performances of
the various metal coated NRs, we assessed the ratio of the oxygen va-
cancies in different samples. For this, we deconvoluted the O1s peaks in
the XPS results of the bare, Au-, and Pt-coated SnO2 NRs into three
individual Gaussian peaks at about 530 eV (blue), 531.5 eV (green), and
532 eV (pink) (Fig. 7(e)–(g)). The peaks correspond to O2− ions in
SnOe bonds of SnO2 structure, oxygen deficient sites (oxygen va-
cancies, and oxygen interstices), and oxygen atoms chemisorbed on the
surface of SnO2, respectively. For the Pd-coated SnO2 NRs, we used six
different peaks to deconvolute the peak at ∼528 eV–540 eV because
the Pd 3p peaks occurred in the same region [30] (Fig. 7(h)). The ratio
of the peak assigned to oxygen vacancies varied from 19.31% in the

bare SnO2 NRs to, 25.29% in the Au-, 29.42% in the Pt-, and 32.28% in
the Pd-coated SnO2 NRs. The great increase of deficient oxygen in the
metal-coated SnO2 NRs compared to the bare NRs can be attributed to
the spill-over effect of the noble metal [28]. Because this tendency
correlates that of the sensing performance, the density of oxygen defi-
cient sites such as oxygen vacancies could be related to the sensing
performance of the NRs. This is corroborated by a previous study re-
porting that oxygen vacancies were responsible for the sensitivity of n-
type MOS gas sensors [32].

Based on our findings, we propose the following sensing mechanism
of Pd-coated SnO2 NRs (illustrated in Fig. 8). In ambient air, a thicker
electron depletion layer is formed inside them compared to the bare
SnO2 NRs (Fig. 8, left). This is because the work function of Pd metal is
higher than that of the SnO2 semiconductor, so that more electrons
belonging to SnO2 are transferred to Pd [33,34]. Therefore, the dis-
sociation of the oxygen molecules into oxygen ion species at the surface
of the Pd nanoparticles is enhanced. Consequently, due to the spill-over
effect of Pd, the large number of oxygen ion species easily diffuses to
the surface of the SnO2 NRs [33,34], resulting in the more reactive sites
for the detection of the target gas. Further, the thicker electron deple-
tion layer limits the conduction paths of electrons inside the SnO2 NRs,
and consequently increases the resistance. As the sensor is exposed to a
C2H2 environment, C2H2 molecules react with the oxygen ion species

Fig. 5. Sensor signal of (a) bare, (b) Au-coated, (c) Pt-coated, and (d) Pd-coated SnO2 NRs as a function of time for various C2H2 concentrations at their respective
operating temperatures.
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and produce CO2 and H2O (Fig. 8, right). During these reactions,
electrons are released back to the conduction band of the SnO2 NRs.
This leads to a decrease in the depth of depletion layers, resulting in a
decrement of resistance. Pd nanoparticles might also acted as active

sites for the activation of target gas molecules, thus catalyzing sensing
reactions. Therefore, change of resistances for SnO2 NRs based sensors
in air and C2H2 environment made the detection possible.

Finally, in order to verify selectivity, we tested the selective C2H2

detection of Pd-coated SnO2 NRs with a mixture gas of 10 ppm C2H2

and 100 ppm H2 at an operating temperature of 200 °C. To compare the
signals, air, 100 ppm H2, and 10 ppm C2H2 were also separately in-
jected and evaluated (Fig. 9). H2 was chosen as an interfering gas since
it is another main default gas frequently evolved from transformer oil.
As a result, when 100 ppm H2 and 10 ppm C2H2 were singly injected, a
single peak was observed at 20 s and 120 s, respectively. For the gas
mixture of H2 and C2H2, we could detect both peaks clearly separated
indicating the high acetylene sensing selectivity of the Pd-coated SnO2

NRs. This characteristic implies that the selectivity can be achieved
from gas sensors based on metal oxide semiconductor by integrating
with a GC column. We believe that this device would be applicable to
an on-line sensing system for diffused gases from transformer oils fil-
tered by membrane filters, thus enabling a real-time monitoring system
for transformers.

4. Conclusion

In conclusion, we report on a miniaturized gas chromatography
(GC) device equipped with a SnO2 NR-based sensor for accurate and
selective detection of C2H2, a critical fault gas dissolved in transformer
oils. We found that Au-, Pt-, and Pd-coated SnO2 NRs exhibited an
improved sensing performance compared to the bare SnO2 NRs. In
particular, Pd-coated SnO2 NRs with a coating thickness of 5 nm
showed the best sensing response to 10 ppm C2H2 at the lowest optimal
working temperature of 200 °C. Pd-coated SnO2 NRs were able to detect
0.01 ppm C2H2 within 120 s and to selectively detect C2H2 in a mixture
with H2 (10 ppm C2H2/100 ppm H2). The dramatically improved per-
formance of the Pd-coated compared to the bare SnO2 NRs was mainly
attributed to an increase of oxygen deficient sites on the surface of the
metal-coated SnO2 NRs owing to the spill-over effect of the noble metal
nanoparticles. In conclusion, we successfully demonstrate that by in-
tegrating Pd-coated SnO2 NRs into a GC column, the selectivity issue of
acetylene sensors can be overcome. We anticipate that the device can
be utilized for real-time monitoring of evolved gases from transformer
oils.

Fig. 6. (a) The sensor response of the different SnO2 NR based sensors as a
function of C2H2 concentration in log scales. (b) Columnar diagrams of both Δ
Sensor Signal (blue, left y-axis) and detection limit (orange, right y-axis) of all
sensors (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article).

Fig. 7. Full XPS spectra of (a) bare SnO2 NRs, (b) Au-SnO2 NRs, (c) Pt-SnO2 NRs, and (d) Pd-SnO2 NRs. (e–h) Deconvolution of the O 1s peak at 525 eV–540 eV for
each sensor (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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and decrease electron depletion layers. The
resistance of Pd-coated SnO2 NRs decreases
during the process (For interpretation of the
references to colour in this figure legend, the
reader is referred to the web version of this
article).

Fig. 9. The sensor signal of the mini-GC device integrated with Pd-SnO2 NRs
when exposed to air, 100 ppm H2, 10 ppm C2H2, and a gas mixture of 100 ppm
H2 and 10 ppm C2H2 at 200 °C.
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