
Contents lists available at ScienceDirect

Sensors and Actuators B: Chemical

journal homepage: www.elsevier.com/locate/snb

YSZ-based mixed-potential type highly sensitive acetylene sensor based on
porous SnO2/Zn2SnO4 as sensing electrode

Caileng Wanga, Ao Liua, Xueli Yanga, Jing Wanga, Rui Youb, Zijie Yanga, Junming Hea,
Lianjing Zhaoa, Fangmeng Liua,⁎, Xu Yana, Xishuang Lianga, Yuan Gaoa, Fengmin Liua, Peng Suna,
Geyu Lua,⁎

a State Key Laboratory on Integrated Optoelectronics, Key Laboratory of Advanced Gas Sensors, College of Electronic Science and Engineering, Jilin University, 2699
Qianjin Street, Changchun, Jilin Province, 130012, China
bDepartment of Precision Instrument, Tsinghua University, Beijing 100084, China

A R T I C L E I N F O

Keywords:
C2H2sensor
Porous SnO2/Zn2SnO4
YSZ
Mixed-potential

A B S T R A C T

Here, the porous SnO2/Zn2SnO4 sensing electrode material prepared by facile hydrothermal method was applied
to fabricate the mixed-potential-type gas sensor based on yttrium-stabilized zirconia (8mol% Y2O3-doped ZrO2)
solid electrolyte plane substrate for effectively detecting acetylene (C2H2) at 700 °C. In terms of the sensing
characteristics of the C2H2 gas sensor, the response value toward 100 ppm C2H2 was -82.3 mV, and the detection
limit of C2H2 was lowered to 500 ppb. The ΔV of the sensing device varied piecewise linearly with the logarithm
of C2H2 concentration gradient range of 0.5–2 and 5–1000 ppm, with sensitivities of -12 and −56mV/decade,
respectively. In addition, the sensor exhibited good humidity stability, long stability, and selectivity to C2H2 at
700 °C. More interestingly, after high-temperature measurement (700 °C) for 20 consecutive days, the sensor
continued to present good response transients, sensitivity, and reproducibility to C2H2. Furthermore, the sensing
mechanism of the mixed-potential-type sensor was verified by measuring the polarization curves and complex
impedance curves.

1. Introduction

The development of society and demand of human production and
lives are inseparable from electricity; the power transformer is a very
important power conversion equipment in the entire power system;
therefore, its various aspects of hidden dangers and failures must be
taken seriously and solved [1–3]. The oil-immersed transformer is
mainly used in the industry; it uses an oil-paper insulation structure to
prevent insulation safety problems during long-term operation of the
transformer. When the transformer generates an electrical fault or a
thermal fault, different types of characteristic gases including acetylene
(C2H2) are produced. In this regard, different fault types, such as spark
discharge, arc discharge, and partial discharge, can be judged by de-
tecting acetylene gas around transformers. Furthermore, acetylene is a
common flammable and explosive hazardous gas, which causes en-
vironmental pollution and dangerous accidents extremely easily once
combustion and explosion occur [4–6]. Therefore, real-time, online,
and in situ detection of acetylene is of great significance to eliminate
the potential risks of transformers and ensure normal operation of

equipment and safety of operators.
To achieve accurate detection of acetylene, many methods such as

gas chromatography [7], infrared spectroscopy [8], Raman spectro-
scopy [9], photoacoustic spectroscopy [10], and metal oxide semi-
conductor sensors [11] have been proposed. However, given the en-
ormous volume and exorbitant price, the methods based on gas
chromatography and spectral absorption instruments are usually sui-
table for laboratory even if they have high precision. For metal oxide
semiconductor-type C2H2 gas sensor, low sensitivity [12–14] and long
response–recovery time remain essential factors that limit the wide-
spread use of such sensors [11,15,16]. Considering these shortcomings,
an all-solid mixed-potential-type gas sensor based on oxide sensing
electrode (SE) and yttrium-stabilized zirconia (YSZ) solid electrolyte
with high C2H2 sensing performance needs to be developed. The high
sensing property of the mixed-potential-type gas sensor depends on the
selection of oxide sensing materials and the electrochemical reaction
degree at the three-phase boundary (TPB). To date, different sensing
materials, such as single oxide [17,18], perovskite [19,20] and spinel
oxides [21,22], and other composite oxides [23,24], have been
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developed to fabricate a high-performance YSZ-based mixed-potential-
type gas sensor for the detection of different gases. Combining SnO2,
which has stable chemical properties, and Zn2SnO4, which has high
electron mobility and high chemical sensitivity, is believed to show
greater gas sensing properties to the target gas [25–32]. Moreover, as
reported in previous studies [33], the microstructure and porosity of
sensing materials are conducive to improve the sensing characteristics
of fabricated sensing devices because of the increase in gas diffusion
degree in the SE layer and increase of TPB. Inspired by these research
results, we chose to design the SnO2/Zn2SnO4 SE material with a porous
structure and fabricate a YSZ-based C2H2 gas sensor on the basis of a
mixed-potential mechanism.

This study is the first to fabricate a YSZ-based mixed-potential-type
C2H2 sensor that uses porous SnO2/Zn2SnO4 as the SE. The sensing
properties of the fabricated C2H2 sensor were measured and in-
vestigated in detail. Furthermore, the sensing mechanism of the gas
sensor to C2H2 was discussed.

2. Experimental

2.1. Synthesis and characterization of the porous SnO2/Zn2SnO4 composite
oxide

The porous SnO2/Zn2SnO4 composite oxide SE material was suc-
cessfully synthesized via the typical hydrothermal method, as reported
in literature [34]. The precursor was annealed in a muffle furnace at
800 °C with heating rate of 2 °C/min for 2 h to obtain the porous SnO2/
Zn2SnO4 sensing material.

The crystalline structure of the SnO2/Zn2SnO4 sensing material was
determined by operating a Rigaku wide-angle X-ray diffractometer (D/
max rA) using Cu Kα radiation (λ =1.5410 Å) in an angle range of
10°–80°. The morphology and grain size were observed using field
emission scanning electron microscopy (JEOL JSM-6500 F, accelerating
voltage=15 kV).

2.2. Fabrication and measurement of gas sensor

The manufacturing process of the gas sensor is as follows. First, both
sides of a YSZ substrate (8 mol% Y2O3-doped, 2mm×2mm square,
0.3 mm thickness, provided by Anpeisheng Corp., China) were used to
produce a Pt reference electrode (RE) and point-shaped with Pt wire
using commercial Pt paste (Sino-Platinum Metals Co., Ltd.). Second, the
SE paste was acquired by mixing the SnO2/Zn2SnO4 sensing material
with a few drops of deionized water. Then, the paste was painted on the
point-shaped Pt to form a stripe-shaped SE. Next, the device was
transferred to a muffle furnace for sintering at 800 °C for 2 h to facilitate
improved contact between YSZ and sensing material. Finally, an “m”
symbol Pt heater, which could provide the required working tempera-
ture to the device on the Al2O3 substrate, was integrated into the YSZ
plate using an inorganic adhesive to form a complete gas sensor. Fig. 1
shows a schematic illustration of the fabricated gas sensor.

A static test system was used for measuring the gas sensing prop-
erties. Approximately 1% of the C2H2 standard gas including 1% C2H2

and nitrogen equilibrium gas, which is purchased from Changchun
Juyang Gas Co., Ltd, was used to gain different concentrations of C2H2

test gases by diluting with air in a 1 L measurement chamber. First, the
test chamber was pumped into vacuumed and then filled with pure air.
Subsequently, a certain amount of C2H2 or other gases was mixed into
the chamber via a special airlock at the side of the chamber using a
microsyringe to distribute the test gases uniformly. A digital electro-
meter (Rigol DM3054) was used for measuring the electric potential
between the SE and RE when the device was placed in the air or in the
sample atmosphere. A constant current source (Gwinstek gpd-3303 s)
was used to provide a stable heating current to the heater to ensure the
heating power of the heating plate. The heating temperature can be
adjusted by adjusting the current. The surface temperature of the device
can be calibrated by the infrared temperature measuring instrument
(Flur T250). For the humidity test of the sensor, we used a constant
temperature and humidity chamber (Shanghai ESPC Environment
Equipment Corporation, China) to provide a different humidity atmo-
sphere for the 1 L test chamber. The measurement data were recorded
in a computer that was linked to the electrometer. The current–voltage
(polarization) curves of the device were obtained using two electrodes
in air and the target gases through the potentiodynamic method
(CHI600C, Instrument Corporation of Shanghai, China). Furthermore,
complex impedance results were recorded depending on the impedance
analyzer (Solartron 1260 and Solartron 1287) with the amplitude of the
AC potential signal at 300mV and the frequency from 1MHz to 0.1 Hz
at 700 °C.

3. Result and discussion

The crystal phase structure and composition of the sensing material
can be analyzed based on the X-ray diffraction (XRD) spectra. Fig. 2(a)
shows the XRD pattern of the synthesized porous SnO2/Zn2SnO4

sample. As shown in the figure, the major diffraction peaks of the
sensing material were in accordance with the standard diffraction data
of SnO2 (JCPDS# 41–1445) and Zn2SnO4 (JCPDS# 24–1470). The well
peak intensity and narrow peak width manifested good crystallinity and
small particle size of the sensing material. The surface morphology of
porous SnO2/Zn2SnO4 composite oxide observed by SEM is shown in
Fig. 2(b). The composite oxide was composed of a uniformly distributed
sphere-shaped particle with a diameter of approximately 480 nm. Fur-
thermore, the porous structure could help the target gas pass through
the sensing layer quickly, thereby reducing gas consumption.

The gas sensing performance for a sensor based on YSZ solid elec-
trolyte and metal oxide SE is closely related to its operating tempera-
ture. The response change of gas sensor toward 100 ppm C2H2 at
650 °C, 675 °C, 700 °C, 725 °C, and 750 °C is shown in Fig. 3(a). Before
700 °C, the response value of the gas sensor based on porous SnO2/
Zn2SnO4-SE gradually improved as the operating temperature in-
creased. However, the response value decreased when the working
temperature was more than 700 °C. Therefore, 700 °C could be deemed
as the most appropriate operating temperature for the present sensor,
and the following sensing measurement was conducted at such an op-
erating temperature. Fig. 3(b) depicts the response transients of the
sensor toward C2H2 in the concentration range from 0.5 ppm to
1000 ppm at 700 °C. The developed sensing device that used porous
SnO2/Zn2SnO4-SE showed good response and recovery characteristics
to 0.5–1000 ppm C2H2. In addition, the response signal gradually im-
proved when the C2H2 concentration increased. The response value of
the sensor to 100 ppm C2H2 was −82.3mV, and the detection limit of
C2H2 was 0.5 ppm; its response value was −2.1 mV at 700 °C. The time
of response and recovery is one of the most important parameters of the
gas sensor in practical applications. The response time for the porous
SnO2/Zn2SnO4-SE sensor refers to the time arriving at 90% of the stable
electric potential value when the sensor was placed in the sample gas.Fig. 1. Schematic illustration of the gas sensing device.
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By contrast, the recovery time is the time when the sensor was removed
from the sample gas, reaching 90% of the stable electric potential value
in air. As shown in Fig. 3(c), the response and recovery times were 7
and 15 s toward 100 ppm C2H2 at 700 °C, respectively. This result de-
monstrated that the sensor with SnO2/Zn2SnO4-SE possessed rapid re-
sponse speed and quick recovery capacity. Fig. 3(d) shows the piece-
wise negative linear relationship between the electric potential
difference and the logarithm of the C2H2 concentrations in the ranges of
0.5–2 ppm and 5–1000 ppm, with sensitivities of −12 and −56mV /
decade, respectively. The reason for this linear relationship phenom-
enon could be explained by the mixed-potential sensing mechanism.
According to previous studies [35–40], on the TPB of C2H2/YSZ/SnO2/
Zn2SnO4-SE, the electrochemical cathodic reaction of O2 and the elec-
trochemical anodic reaction of C2H2 occur simultaneously and form a
local cell at the SE to determine the mixed potential to C2H2. When the
rates of two electrochemical reactions reach a dynamic equilibrium, the
electrode potential is called the mixed potential. The potential differ-
ence of the SE and the RE is obtained as the sensing response signal.

Anodic reaction: C2H2 + 5O2− → 2CO2 + H2O + 10e− (1)

Cathodic reaction: 5/2O2 + 10e− → 5O2− (2)

The electric potential response of the mixed-potential-type sensor

can be illuminated following the Butler–Volmer equation. Primarily,
the current density equations of reactions (1) and (2) are listed as (3)
and (4):

= −i i α F V V RTexp[2 ( )/ ]H C H C HC
0

1
0

2 2 2 2 2 2 (3)

= − −i i α F V V RTexp[ 2 ( )/ ]O O O
0

2
0

2 2 2 (4)

Therein, i0, α, F, V, and V0 represent the exchange current density,
transfer coefficient, Faraday constant, electrode potential, and equili-
brium electrode potential, respectively; R denotes the gas constant, and
T is temperature. The exchange current density is accorded with the
kinetic Eq. (5) and (6):

=i B CC H C H
n0

12 2 2 2 (5)

= −i B CO O
m0

22 2 (6)

CC H2 2 and CO2represent the concentration in C2H2 and O2; B1, B2, m and
n are constant. When the rates of reactions (1) and (2) achieve dynamic
equilibrium, = −i iC H O2 2 2 or = −i i| | | |C H O2 2 2 , the potential (V) is named
as the mixed potential (VM).

= + −V V mA C nA Cln lnM C H0 O2 2 2 (7)

Above equation,

Fig. 2. XRD pattern (a) and SEM image (b) of SnO2/Zn2SnO4 sensing material sintered at 800 °C.

Fig. 3. (a) Effect of the operating temperature
on C2H2 sensing performance of the sensor
using porous SnO2/Zn2SnO4-SE; (b) Response
transients for the sensor toward 0.5–1000 ppm
C2H2 at 700 °C; (c) Response and recovery
characteristics of the sensor to 100 ppm C2H2;
(d) Dependence of ΔV for the sensor on the
logarithm of C2H2 concentrations at 700 °C.
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If the O2 concentration was a fixed value, Eq. (7) becomes

= −V V nA ClnM C H0 2 2 (10)

From Eq. (10), the potential response value of the sensor varied
linearly negatively to the C2H2 concentration in the case of fixed O2

concentration, which is in accordance with the results in Fig. 3(d).
However, the sensitivity of the sensor to C2H2 in the range of
5–1000 ppm was much higher than the concentration range of
0.5–2 ppm C2H2, which may be explained by the diffusion consumption
process of C2H2 in the porous SnO2/Zn2SnO4 SE layer. As shown in
Fig. 2(b), the SnO2 /Zn2SnO4 with porous structure contributed to the
diffusion of large quantities of C2H2 in the SE, and more C2H2 gas ar-
rived at TPB. However, according to previous studies [23,45,46], the
C2H2 gas must move through the SE diffusion layer prior to reaching the
TPB due to the catalytic characteristics of SE at 700 °C. Then, C2H2 will
react with oxygen by the gas phase catalytic reaction: C2H2+ 5/2
O2→ 2CO2+H2O to produce carbon dioxide, thereby resulting in a
certain amount of gas being consumed. At a low C2H2 concentration
range (0.5–2 ppm), the amount of TPB active sites is sufficient to pro-
duce an electrochemical reaction; thus, the sensitivity of the sensor is
mainly attributed to the amount of C2H2 reaching the TPB. The C2H2

consumption proportion that accounted for the total quantity of C2H2 in
the diffusion process is larger than the concentration range of C2H2

(5–1000 ppm). As a result, less C2H2 participated in the electrochemical
reaction at TPB. Therefore, the sensitivity of −12mV / decade to
0.5–2 ppm C2H2 was lower compared with that of 5–1000 ppm C2H2.

The oxygen concentration is also an important effect parameter of
the sensing characteristics of a developed gas sensor. Fig. 4 shows the
dependence of the potential response variation to 50 ppm C2H2 on O2 in
the concentration range of 2%–21% at 700 °C. The response value of the

sensor to 50 ppm C2H2 at 700 °C increased with the decrease of O2

concentration, and the degree of change was acceptable (Fig. 4(a)).
Moreover, at 700 °C, the potential value of the sensor to C2H2 and the
logarithm of O2 concentration exhibited a positive linear variation,
which had been confirmed in Eq. (7). Continuous response–recovery
curves to 100 ppm C2H2 for the sensor based on porous SnO2/Zn2SnO4-
SE at 700 °C are shown in Fig. 5. After 10 cycles, the response and
recovery transients could repeat perfectly, thereby indicating that the
prepared device revealed good reproducibility to 100 ppm C2H2 at
700 °C.

Gas sensors often work in environments with high water vapor
content; thus, their humidity resistance was also widely concerned. As
shown in Fig. 6(a), the response and recovery curves of the gas sensor
with porous SnO2/Zn2SnO4-SE toward 50 ppm C2H2 in 20% RH, 40%
RH, 60% RH, 80% RH, and 98% RH showed a nearly uniform trend. In
Fig. 6(b), the response value of the gas sensor to 50 ppm C2H2 in dif-
ferent relative humidity exhibited slight fluctuation, thereby indicating
that the prepared sensing device can maintain stable C2H2 sensing
characteristics in a high-humidity environment.

The cross-sensitivities to various gases were measured and ap-
praised for the fabricated device based on porous SnO2/Zn2SnO4-SE at
700 °C. As seen in Fig. 7(a), the potential difference to 100 ppm C2H2 at

Fig. 4. (a) Response and recovery curves of the sensor attached with porous
SnO2/Zn2SnO4-SE to 50 ppm C2H2 under 2%–21% O2 at 700 °C; (b) Dependence
of ΔV on the logarithm of O2 concentrations.

Fig. 5. Continuous response-recovery curves to 100 ppm C2H2 for the sensor
based on porous SnO2/Zn2SnO4-SE at 700 °C.

Fig. 6. (a) Response and recovery curves of the sensor to 50 ppm C2H2 at
20%–98% relative humidity; (b) Variation of response value for the sensor to
50 ppm C2H2 at different relative humidity.
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700 °C achieved the highest value compared with the potential response
value of other gases. This result demonstrated that the sensor using
porous SnO2/Zn2SnO4-SE displayed good selectivity to C2H2 at 700 °C.
Furthermore, the complex impedance curves in different gases were
investigated to account for the reason why the sensor with porous
SnO2/Zn2SnO4 showed good selectivity to C2H2. The relevant results
are shown in Fig. 7(b). As reported in the literature [41–44], the re-
sistance of the sensor at high frequencies is mainly attributed to SE bulk
resistance (including the small YSZ-bulk resistance). However, the in-
terfacial resistance between the YSZ substrate and the sensing material
is the main factor that affects the total resistance of the device, and it is
given by the resistance value at the intersection of the large semi-arc
with the real axis at low frequencies (approximately 0.1 Hz). At dif-
ferent interface resistances measured in different gases, SnO2/Zn2SnO4-
SE displayed various electrochemical catalytic activity toward the ex-
amined gas species. Fig. 7(b) shows that the resistance at high fre-
quencies was almost invariable when exposed at different tested gas
atmosphere. By contrast, the distinct resistance value difference for the
sensor to different test gases in the low-frequency range was observed,
and the interfacial resistance in 100 ppm C2H2 was the smallest com-
pared with 100 ppm CO, CH4, C2H4, NO2, and NH3. Thus, we deduced
that the catalytic activity of the SnO2/Zn2SnO4-SE to the electro-
chemical reaction of C2H2 was the largest, which generated the highest
response toward C2H2. To verify the mixed-potential theory of the
prepared sensor, the polarization curves were measured in air and
different concentrations of C2H2 at 700 °C. As shown in Fig. 8, the
cathodic polarization curve was gained in air, and the anodic polar-
ization curve was acquired by subtracting the current value in air from
the current value in different concentrations of C2H2. The intersection
(estimated value) of the anodic and cathodic polarization curve is de-
fined as the mixed potential. Evidently, the estimated values (−78 and
−87mV) in 100 and 200 ppm C2H2 were almost similar to the observed
values (−81.5 and −90.5 mV) on the basis of the experimental

measurement.
The long-term stability of the prepared sensor was assessed by

measuring the response value change to 100 ppm C2H2 at 700 °C for 20
consecutive days. Fig. 9(a) shows that the response value was almost
maintained at −80mV, and an attenuation percentage less than 9% is
acceptable. Furthermore, Fig. 9(b) shows the relatively good response
and recovery curves of the prepared sensor to 100 ppm C2H2 in the
original and at 6th, 12th, 18th, and 20th days. Furthermore, the sensing
performance of the manufactured sensor with porous SnO2/Zn2SnO4 SE
sintered at 800 °C after 20 days was tested. The continuous response
and recovery curves for the developed device to C2H2 in the range of
0.5–1000 ppm at 700 °C are shown in Fig. 9(c). The present sensing
device exhibited good response and recovery characteristics to different
concentrations of C2H2 at 700 °C. Simultaneously, the sensitivity of the
sensor to 0.5–1000 ppm C2H2 exhibited a negative linear relationship,
wherein the slope of 5–1000 ppm C2H2 concentration was -49 and
−14mV/ decade in the range of 0.5–2 ppm C2H2. The sensor still
achieved the lowest detection limit of 0.5 ppm to C2H2 after 20-day
measurement. Compared with the sensitivity before 20 days, a slight
change was observed in the lower concentration range (0.5–2 ppm) and
higher concentration range (5–1000 ppm) to C2H2 after 20 days of high-
temperature measurement. As shown in Fig. 9(e), the prepared sensor
could still perform the successive reduplicative potential response to
100 ppm C2H2 at 700 °C after 20 days, demonstrating that the sensor
attached with SnO2/Zn2SnO4-SE had comparatively excellent reprodu-
cibility and stability. All the above experimental results indicated that
the sensor we prepared can present good stability after a long operation
time at high temperature. Therefore, the YSZ solid electrolyte-type
sensor combined with porous SnO2/Zn2SnO4-SE has potential applica-
tion value in detecting C2H2.

4. Conclusion

In conclusion, this study is the first to establish a YSZ-based mixed-
potential-type C2H2 sensor with porous SnO2/Zn2SnO4 composite oxide
SE. The porous SnO2/Zn2SnO4 sensing material was synthesized by a
facile hydrothermal method. The material had a spherical diameter of
480 nm and a porous structure. The constructed sensor using porous
SnO2/Zn2SnO4 exhibited fast response and recovery characteristics and
good stability and reproducibility before and after 20 days of high-
temperature measurement. After 20 days of high-temperature mea-
surement, the response value of the device to 100 ppm C2H2 displayed a
change amplitude of −0.97% at 700 °C. The lowest detection limit of
the sensing device to C2H2 was 0.5 ppm, and the changes of sensitivity
in the C2H2 concentration range of 0.5–2 and 5–1000 ppmwere−14
and −49mV/decade, respectively. The mixed-potential gas sensor
based on YSZ and porous SnO2/Zn2SnO4-SE can be used to detect C2H2.

Fig. 7. (a) Selectivity and (b) complex impedance curves of the fabricated sensor to various gases at 700 °C.

Fig. 8. Polarization curves in different concentrations of C2H2 for the sensor
utilizing porous SnO2/Zn2SnO4-SE.
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measurement at 700 °C.
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