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Mixed potential type solid-state electrochemical gas sensors using yttria- stabilized zirconia (YSZ) and
columbite composite oxide sensing electrodes (SEs) prepared via a facile sol-gel method were developed
for detection of sub-ppm acetone at 600 °C. In the comparison of different devices, the sensor attached
with CdNb,Og-SE displayed the highest response of —25 mV to 5 ppm acetone and even could achieve low
detection limit of 200 ppb at 600 °C. The fabricated sensor using CdNb, Og-SE exhibited rapid response and
recovery times to 2 ppm acetone at 600 °C, which are 9 and 21 s, respectively. Additionally, the present
device also showed good repeatability, selectivity, wet-resistance and stability in 30 day measured peri-

Ysz ods at 600 °C. Moreover, the sensing mechanism related to mixed potential was proposed and analyzed

Mixed potential
CdNb,O¢

quantitatively and further demonstrated by polarization curve.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Diabetes is common endocrine metabolic disease which accom-
panies disorder of glycometabolism. It is the third leading cause of
death in industrial countries and the number of diabetes patients is
continually increasing all over the world [1,2]. Therefore, the early
diagnosis of diabetes is very important for the human health. The
clinical medicine indicates acetone can be generated via the fatty
acid oxidation in diabetes and ketoacidosis lack of insulin. Excessive
acetone circulating in the blood system is excreted from the lungs
and the concentration in exhaled breath varies from 0.3-0.9 ppm
for healthy people and more than 1.8 ppm can be detected for
diabetics [3-5]. Hence, acetone has been used as diabetic-specific
biomarker for non-invasive early detection or monitoring from
exhaled breath. Among the various acetone gas detection methods,
development and fabrication of reliable gas sensor with portabil-
ity, excellent sensing characteristics and low fabrication cost used
for real time monitoring acetone gas has attracted more and more
attention.

In the past two decades, mixed potential type solid-state elec-
trochemical gas sensor based on yttria-stabilized zirconia (YSZ)
electrolyte and metal oxide sensing electrode has been designed
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and developed widely, aiming at achieving in-situ gas sensing
detection [6-11]. According to mixed potential type sensing mech-
anism proposed by several research groups [12-17], the sensing
signal (V) is generated at triple phase boundary (TPB) of sensing
electrode, target gas and electrolyte by the electrochemical reac-
tion of anodic and cathodic reactions. The sensing performance is
mainly determined by electrochemical catalytic activity of sensing
electrode material to target gas. Thus, exploiting and hunting for
a suitable SE material is of great importance in developing high
performance YSZ-based acetone sensor. Quite recently, we have
reported that the use of composite oxide, such as Zn3V,0g [18] and
NiNb,Og [19], as an SE material for YSZ-bsed mixed potential sensor
resulted in high sensitivity in the relative high concentration range
and low detection limit of 1 and 0.5 ppm to acetone, respectively.
From the practical point of view, the development of acetone sen-
sor with enhanced sensing characteristics in low detection limit,
high sensitivity in the low concentration range and good stability
is still one of challenging targets.

In the present study, a serious of MNb,Og (M: Cd, Co, Zn, Mn
and Ni) columbite type composite oxide materials prepared by a
facile sol-gel method were used as sensing electrode for mixed
potential type YSZ-based gas sensors, aiming at highly sensitive
detection of acetone in the low concentration range suitable for the
diabetes monitoring. Among the SEs examined, the sensor attached
with CdNb,0g-SE displayed the largest sensitivity to acetone and
the corresponding sensing characteristics including response and
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Fig. 1. Schematic diagram of fabricated sensor.

recovery times, selectivity, repeatability, moisture influence and
stability were systematically investigated. Besides, as far as we
know, this is first study to report the sensor utilizing YSZ and
CdNb,06-SE for detection of sub-ppm acetone.

2. Experimental

2.1. Preparation and characterization of columbite composite
oxide materials

The CdNb,Og was synthesized via a sol-gel method from
Cadmium nitrate tetrahydrate (Cd(NO3),-4H,0), Niobium oxide
(Nb,0Os5), HF acid (40%), Ammonium hydroxide (NH3-H;0), Citric
acid (CA), and Ammonium nitrate (NH4NO3). All of reagents were
of analytical grade without further purification. In a typical synthe-
sis process, 3 mmol Nb, 05 was dissolved in a certain amount of HF
acid after heating in water bath of 80°C. Then, ammonia hydrox-
ide solution was dropwise added to the above solution until the
pH value was up to 9 to obtain Nb,05-nH,0 precipitate under stir-
ring constantly. The precipitate was filtered, washed, and dissolved
in citric acid aqueous solution and stirred at 80°C for 2 h. Then,
the stoichiometric Cd(NOs3),-4H,0 and NH4NO;3 (the molar ratio of
Cd/Nb/NH4NO3 =1:2:12) were added into the solution described
above and then stirred at 80°C until to a gel was obtained. The
resultant gel was maintained at 80°C for 36 h at vacuum drying
oven. The precursor gel was then introduced into a muffle furnace
and sintered at 1000 °C for 2 h to get target products. MNb,Og (M:
Zn, Ni, Co and Mn) sensing materials were prepared with the same
method according to above-described procedure, respectively.

The structural properties of the products were characterized
with Rigaku wide- angle X-ray diffractometer (D/max rA, using
Cu Ko radiation at wave length=0.1541 nm) in the angular range
of 20-80°. Field-emission scanning electron microscopy (FESEM)
measurements of surface morphology of the CdNb,Og-SE materi-
als were performed using a JEOL J[SM-7500F microscope with an
accelerating voltage of 10kV. X-ray photoelectron spectroscopy
(XPS) measurements were performed on a Thermo ESCALAB250
spectrometer equipped with an Al-Ka ray source. Fourier trans-
forminfrared spectroscopy (FTIR) of the CdNb,Og sensing electrode
material was recorded in the wavenumber range of 1200-400 cm ™!
with a PE-400 spectrometer at room temperature. A technique of
power pellets with KBr at a mass ratio of 1:200 was applied.

2.2. Fabrication and measurement of gas sensor

The sensor was fabricated using the YSZ plate (8 mol% Y,03-
doped, 2mm x2mm square, 0.3mm thickness, provided by
Anpeisheng Corp., China). A point-shaped and a narrow stripe-
shaped Pt electrode (reference electrode, RE) were formed on two
ends of the YSZ plate using a commercial Pt paste (Sino-platinum
Metals Co., Ltd.), and sintered at 1000 °C. The various sensing mate-
rials obtained were mixed with a minimum quantity of deionized
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Fig. 2. XRD patterns of MNb,Og (M: Cd, Co, Zn Mn and Ni) composite oxide mate-
rials.

water, respectively. Then, the resultant paste was applied on the
point-shaped Pt to form stripe-shaped sensing electrode (SE), and
then the device was sintered at 800°C for 2h to gain good con-
tact between the sensing electrode and electrolyte. The Pt heater
printed on Al,03 substrate was then fixed to the YSZ plate by the
inorganic adhesive, which provided the required heating temper-
ature for the sensor. The schematic diagram of the sensor is shown
in Fig. 1.

The gas sensing characteristics of fabricated sensors were eval-
uated by a conventional static method. The detailed gas sensing
measurement technique as followed: the sensor fabricated was
placed in airtight chamber with volume of 1L. Before the measure-
ment, the pure air was filled using an air pump. Then, a certain
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Fig. 3. SEM images of CdNb,Og-SE material; (b) EDS mapping images for the element of Cd, Nb and O of CdNb,Og.

amount of acetone or other solvents were injected into the cham-
ber via a special airlock at side of the chamber using a microsyringe
and the ventilators in the chamber were working fast to make the
test gases distributed uniformly in the chamber. The whole process
was controlled by intelligent system and the time it took was less
than a second [20,21]. The electric potential difference (V) between
the SE and the RE was measured with a digital electrometer (Rigol
Technologies, Inc., DM3054, China) when the sensor was exposed
to air or sample gas. The results obtained were recorded with
a computer connected to the electrometer. The current-voltage
(polarization) curves of the sensor were carried out via the poten-
tiodynamic method (CHI650C, Instrument corporation of Shanghai,
China) using a two-electrode configuration in the base gas (air) and
the different concentrations of acetone gas (2, 5 and 10 ppm) at
600°C.

3. Results and discussion

To confirm the composition and crystalline phase of synthe-
sized products, the X-ray diffraction (XRD) patterns of columbite
type composite oxide materials were measured as shown in
Fig. 2. The distinct and sharp diffraction peaks for the pre-
pared composite oxide sensing electrode materials indicate
the good crystalline nature. All the XRD peaks for CdNb,Og,
CoNb,0g, ZnNb,Og, MnNb,Og and NiNb,Og could be indexed to
orthorhombic columbite structure of CdNb,Og (JCPDS#38-1428),
CoNb;Og¢ (JCPDS#32-304), ZnNb,0g (JCPDS#76-1827), MnNb,0g
(JCPDS#33-899) and NiNb,0Og (JCPDS#32-694), respectively. No
impurity phases were observed from the pattern, which suggests
the high purity of material. The morphology of CdNb,Og sensing
electrode material was characterized by FESEM as presented in
Fig. 3. SEM images clearly reveal that CdNb,Og-SE material shows
the loose and porous structure, which is composed of particle with

the rough size of approximately 500 nm. Furthermore, Fig. 3(b) dis-
played EDS mapping images of surface of CdNb,Og-SE material.
For the single columbite phase CdNb,Og, the elemental mapping
measurement further confirms the coexistence and homogeneous
dispersion of Cd, Nb and O elements.

XPS measurement was performed to further determine the sur-
face compositions and chemical states of the prepared CdNb,Og
sensing electrode material. All spectra were calibrated with respect
to the binding energy of adventitious C1s peak at 284.7 eV. From the
survey spectrum (Fig. 4a), the pearks of Cd, Nb, O and C could be
clearly observed in the product. Fig. 4b-d show the high resolu-
tion scans of Cd 3d, Nb 3d and O 1s. The Cd 3d spectrum revealed
two fitting peaks centered at 411.8 and 404.8 eV, which correspond
to the Cd 3ds, and Cd 3ds),, respectively, indicating the existence
of Cd?* in the CdNb,0g material [22]. Fig. 4c presents the Nb 3d
spectrum and the Nb 3d was composed of two obvious peaks at
209.7 and 206.9eV, being attributed to Nb 3d3;; and Nb 3ds,,
respectively. The position of the Nb 3d doublet and the binding
energy width equal to 2.8 eV between the peak of Nb 3ds, and
Nb 3ds), confirmed the Nb>* oxidation state [23]. In Fig. 4d, the O
1s spectrum was asymmetric and could be fitted into two peaks.
The binding energy peak positions at around 531.7 and 530.2 eV
could be assigned to chemisorbed oxygen species and typital lat-
tice oxygen in the surface of CdANb,Og material, respectively [24].
Additionally, the preliminary information on structure of CdNb,Og
was also got by IR spectroscopy measurement. Fig. 5 presents the
IR spectrum of CdNb,Og sensing electrode material. The band with
maximum prak at 881 cm~! can be assigned to the stretching vibra-
tion of Nb-O in NbOg octahedron [25-27]. It is also noteworthy that
bands with maxima at 515 and inflection point at 498 cm~! may be
assigned to the bending vibrations of O—Nb—O bonds in the NbOg
octahedron [28]. The bands appearing at 651 and 585 cm™! corre-
spond to the stretching vibrations of Cd—O bonds in the octahedron
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Fig. 5. FT-IR spectrum of CdNb,0s composite oxide material.

[29]. The position at 439 cm~! could be assigned to the deformation
vibration of the bonds O—Cd—O0 in CdOg polyhedron [30]. The bands
of the maxima at 845, 773 and 723 cm~! are interpreted as corre-
sponding to the stretching vibrations of the bridge bonds Cd—O—Nb
[31,32].

In order to get the most suitable sensing electrode material for
the acetone sensor among the prepared oxides, the responses of
sensors using MNb,Og-SEs to 5 ppm acetone were measured and
corresponding results were shown in Fig. 6. It is clear that the
sensor attached with CdNb,Og-SE displayed the highest response
values (-25mV) to 5 ppm of acetone comparing with the devices
utilizing other oxide materials. As a result, the sensing character-

MnNb,O,

2

ZnNb, O

276

Sppm Acetone

NiNb,0,

Fig. 6. Response of sensors attached with different sensing electrode materials to
5 ppm acetone at 600 °C.

istics of the sensor utilizing CdNb,Og-SE are fully investigated in
the following content. The present fabricated device involved the
mixed-potential mechanism and could be expressed by the follow-
ing electrochemical cells:

In air: 05, CdNb,Og/YSZ/Pt, O,

In sample gas: C3HgO +0,, CdNb,Og/YSZ/Pt, C3HgO +0,
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Fig. 7. Schematic view of sensing model for fabricated sensor.

In the presence of sample gas, the cathodic Reaction of O, (1)
and the anodic Reaction of acetone (2) can proceed simultaneously
at the TPB (triple phase boundary, the interface of acetone and
CdNb,0g-SE/YSZ) of SE and form a local cell, as shown in Fig. 7. The
mixed potential is achieved when the rates of two electrochemi-
cal reactions reach the dynamic equilibrium. The sensing signal of
sensor is equal to the potential difference of sensing electrode and
reference electrode.

Cathodicreaction : Oy +4e~ — 20%~ (1)

Anodicreaction : 1/4C3HgO + 20%~ — 3/4C0; +3/4H,0 + 4e™
(2)

In the case of present sensor, the mixed potential is strongly
dependent on rates of electrochemical Reactions (1) and (2) at
TPB. In order to further clarify the reason for the highest response
of the sensor utilizing CdNb,Og-SE and validate the proposed
mixed-potential mechanism, the modified polarization curves of
the sensor attached with different sensing electrodes in air and
5ppm acetone and the polarization curves of the sensor utiliz-
ing CdNb,0g-SE in different concentrations of acetone at 600°C
were measured and shown in Fig. 8. The cathodic polarization
curve was obtained in air, and the anodic polarization curve
was obtained by subtracting in air from in sample gas (different
concentration of acetone +air). From the perspective of a mixed-
potential model [33,34], the mixed potential is strongly dependent
on rates of electrochemical Reactions (1) and (2) at TPB of MNb, Og-
SE/YSZ/Acetone. A good mixed potential response to acetone can
be achieved by one or the combination of the following condi-
tions: an increase in the anodic electrochemical Reaction (2) and
a decrease in the cathodic electrochemical Reaction (1). It is obvi-
ous that the polarization curve for the anodic reaction of acetone
for the device using CdNb, Og-SE shifts downward to higher current
values, compared with others of those sensing electrode materials.
This indicates that sensor using CdNb,Og-SE exhibits the highest
electrochemical catalytic activity to anodic Reaction (2) of acetone.
In this case, the sensor attached with CdNb,Og-SE displayed the
highest response value to acetone at 600 °C. Additionally, the mixed
potential can be estimated from the intersection of the cathodic
and anodic polarization curves. Based on the comparison of the
mixed potential estimated values and the potential difference val-
ues experimentally observed for sensor utilizing CdNb,Og-SE to
different concentrations of acetone at 600°C, in Table 1. The esti-
mated values are in close proximity to those observed values.
Additionally, the estimated and experimentally observed sensitivi-
ties of the device to acetone in the concentration range of 1-10 ppm
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Fig. 8. (a)Polarization curvesinairand 5 ppm acetone for the sensors using MNb, Og
(M: Cd, Zn, Ni, Co and Mn)-SEs at 600°C; (b) polarization curves in different con-
centrations of acetone for the sensor attached with CdNb,Og-SE at 600°C.

were extremely close. These coincidences further indicate that the
fabricated sensor conforms to the sensing mechanism involving the
mixed potential [35-37].

It is well known that the response of the sensor is largely influ-
enced by the operating temperature. Therefore, the responses of
the sensor attached with CdNb, Og-SE towards 5 ppm acetone were
investigated as a function of operating temperature. As seen in
Fig. 9(a), the response of present sensor to 5 ppm acetone increases
initially with the increasing of the operating temperature and
reaches a maximum value at 600°C, and then the response of
decrease with further increase of the operating temperature. At low
working temperature, the activation energy for electrochemical
reaction is deficient, leading to a poor response. With increas-
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Table 1

Comparison of the mixed potential estimated and the potential difference value observed for the sensor utilizing CdNb, O¢-SE.

Sensors Acetone Conc. (ppm) Mixed potential Potential difference
(estimated) (mV) value (observed) (mV)
CdNb,0¢-SE 1 -13 -10
CdNb,06-SE 2 -19.5 -16.5
CdNb,06-SE 5 —26 -25
CdNb,0¢-SE 10 -37.5 -32.5
Sensitivity (mV/decade) -23 -22
(a) 10
Air Air
0
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£ —8—550°C g
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Fig. 9. (a) Response and recovery transients for the sensor using CdNb,Og-SE to 5 ppm acetone at different operating temperatures; (b) response transients for the sensor
attached with CdNb, Og-SE toward different concentrations of acetone in the range of 0.2-10 ppm at 600 °C; (c) dependence of AV for the sensor attached with CdNb, Og-SE
on the acetone concentration at 600 °C; (d) response and recovery times of present sensor to 2 ppm acetone.

ing the working temperature, the electrochemical reaction at TPB
will quickly accelerate, leading to improved response. While fur-
ther increasing the working temperature, the desorption process
of acetone proceeds dominant, and cause the amount of acetone
adsorbed on the SE to decrease, which lead to deterioration of
response at higher temperature. Consequently, the optimal operat-
ing temperature for the present sensor was considered to be 600 °C.

The response transients of fabricated sensor attached with
CdNb,Og-SE toward different concentrations of acetone in the
range of 0.2-10 ppm was measured at 600 °C and shown in Fig. 9(b).
It is apparent that the response increases with the increase of ace-
tone concentration. Note that the sensor exhibits a low detection
limit of 200 ppb to acetone. The corresponding response values can
reach —2 and —32.5mV-0.2 and 10 ppm acetone at 600 °C, respec-
tively. Furthermore, the dependence of AV for the sensor attached
with CdNb,Og-SE on the acetone concentration in the examined
range at 600 °C was shown in Fig. 9(c). AV varied almost linear to
the logarithm of acetone concentrations in the range of 0.2-10 ppm
at 600 °C, which supports mixed potential type model [34,38,39].
The sensitivity of the device is —19 mV/decade. Besides, the present

device exhibits fast response and recovery rates in the range of
measured concentrations and the typical 90% response and recov-
ery times toward 2 ppm of acetone are 9 and 21 s. As depicted in
Fig. 3(a), the loose and porous channels of sensing electrode layer
facilitated acetone gas to reach the TPB and participated directly in
electrochemical reactions, which shortened the time in the diffu-
sion process. Moreover, according to result of polarization curve,
the electrochemical reaction activity at TPB was much higher, and
reaction rate was accelerated, which shortened the reaction time of
arriving at dynamic equilibrium. Combining these factors together,
the sensor displayed rapid response and recovery times. Based on
above results, the comparison of the acetone sensing property for
the fabricated sensor and those reported previously in literatures is
presented in Table 2. Obviously, the present device exhibited better
sensing performance to acetone than previously reported devices.
Additionally, the effect of different oxygen concentration on ace-
tone sensing performance is investigated. The dependence of AV
for the sensor utilizing CdNb,Og-SE to 5 ppm acetone on the loga-
rithm of O, concentrations at 600 °C was shown in Fig. 10(a). It can
be seen that AV was almost positive linear to the logarithm of O,



934 F. Liu et al. / Sensors and Actuators B 238 (2017) 928-937
Table 2
Comparison of the acetone sensing performances of the present sensor and those of devices reported in literatures.
Material Acetone Conc. Response (mV) Sensitivity Response Low Detection limit Reference
(ppm) (mV/decade) Variation/ppm (ppm)
CdNb,0Og 5 -25 -19 5 0.2 Present work
NiNb,Og 5 -14.5 -13 2.9 0.5 [20]
Zn3V,0g 5 -13 -16 2.6 1 [19]
Flower-like WO3 100 17.4 (R=R;/Rg) - 0.17 1 [40]
Porous Zn0/ZnCo,04 100 7.5 (R=R,/Rg) - 0.075 10 [41]
ZnO nanorod 5 2.3 (R=R4/Rg) - 0.46 1 [42]
ZnFe, 04 hollow microspheres 20 11.3 (R=Ry/Rg) - 0.57 1 [43]
Zn0O/ZnFe,04 nanosheets 100 16.8 (R=R;/Rg) - 0.17 5 [44]
ZnFe;04 yolk-shell microspheres 20 14 (R=Ra/Rg) - 0.7 0.5 [45]
(a) © (b) 10
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Fig. 10. (a) Dependence of AV for the sensor utilizing CdNb;Og-SE to 5 ppm acetone on the logarithm of O, concentrations at 600°C; (b) Polarization curves of the sensor

attached with CdNb,Og-SE in different concentrations of O, at 600 °C.

Table 3

Comparison of the mixed potential estimated and the potential difference value observed for the sensors attached with CdNb,O¢-SE at different concentration of O, at 600 °C.

Sensors Acetone Conc. (ppm) 0, Conc. (Vol.%) Mixed potential Potential difference
(estimated) (mV) value (observed) (mV)

CdNb,06-SE 5 5 -30.5 -28

CdNb,06-SE 5 10 -28 -27

CdNb,06-SE 5 15 =27 -26.5

CdNb,0¢-SE 5 21 -26.5 =25

concentrations in the range of 5-21Vol.% and the response value
changed slightly. Meanwhile, the polarization curves of the sensor
in different concentrations of O, at 600°C were investigated and
exhibited in Fig. 10(b). Based on comparison of mixed potential
estimated values and potential difference values experimentally
observed for the device fabricated, in Table 3, both values in each
case are close to each other. Such results also supported the sensing
mechanisms involving the mixed potential.

The V response of mixed potential type sensor fabricated can be
explained quantitatively according to Butler-Volmer equation, as
has been done before [7,8,34,46]. Each current density for cathodic
Reaction (1) and anodic Reaction (2) can be presented by Eqgs. (3)
and (4), respectively.

io, = i32 exp[—4aF(V — vg2 )/RT] (3)

iAcetone = igcemne exp[4BF(V — V,E\)Cgmne)/RT] (4)

Here, Vand VCare the electrode potential and the equilibrium elec-
trode potential; i® the exchange current density; oand 8 represent
transfer coefficient;F, Rand T are the Faraday constant, gas constant
and temperature, respectively. i is hypothesised to follow kinetic
Egs. (5) and (6).

(5)

0 _ m
102 =—-B; C02

= B,C} (6)

Where By, Bz, m, and n are constants, Co,and Cacetone represent the
concentration of O, and Acetone, respectively. The mixed potential
Vw is defined as the electrode potential at which the current densi-
ties of acetone and oxygen addition are equal to zero. Additionally,
based on above-obtained Eqgs. (3)-(6), Vi can be expressed by Eq.
(7):

i0
Lacetone cetone

Vi = Vo +mAln Co, — nAIn Cycerone (7)
Here,
s RT By 20V0, 42 fene ®)
O~ (4a +4BF B, 20+ 2B
RT
A=
(4o + 4B)F ©®

When O, concentration is fixed, Eq. (7) is simplified to the following
equation:

Vi = Vo — nAlIn Cycerone (10)

Thus, the linear relationship between V) and the logarithm of
acetone concentration displays negative slope under the fixed con-
centration value of Oy, which has been observed experimentally
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(@) 10 prm— e in Fig. 9(c) very well. With regard to the fixed concentration of
5 o] Peasne °"'pf_f'“ e acetone, on the other hand, Vy should positively linearly with the
E.10l F f_ logarithm of O, concentration. Fig. 10 indicates that the linear cor-
; ool relations have positive slope with increasing oxygen concentration
< \/ under fixed concentration of acetone, in agreement with theory

SO (+mA) from Eq. (7). Such theoretical analysis further demonstrated
E_-“g C that the present sensor conformed to the mixed potential mecha-
& = nism.
§ 4r Fig. 11(a) shows the continuous response-recovery transients
O 2f of the present sensor to 5 ppm acetone at 600°C. Obviously, the
2 ol L L] L responses of the present device to 5 ppm acetone had little fluctu-
% . . . . ‘ ation in the examined ten-time cycles, which indicated that the
2 &S 500 1000 1500 2000 2500 sensor exhibited good repeatability. The selectivity for the sen-

(b) Time /s sor attached with CdNb,Og-SE to various gases at 600 °C, such as

o toluene, benzene, NO, and NHj3, etc was evaluated and shown in

274 Fig. 11(b). It is obvious that the fabricated sensor exhibited rel-
e ative high responses to 5 ppm of acetone comparing with those
€O of other interfering gases. This result illuminates that the present
NH, device possessed good selectivity to acetone. From the perspec-

Xylene Operating Temperature tive of practical application, the sensitivity of sensor to a target
Acelong 600 °C gas should not be affected by the change of relative humidity dur-
Toluene 5ppm Target Gas ing use. Accordingly, the responses for the sensor attached with
Isooctane CdNb,Og-SE to 10 ppm acetone in the relative humidity (RH) range
Benzene of 15-98% at 600 °C are measured and results obtained are demon-

Formaldehyde strated in Fig. 12(a,b). The effect of RH on the response of the sensor
55 _2'0 _1‘0 5 1'0 2'0 5 fabric_ated is small in the examir_led humidity range and the change
RN ik amplitudes to 10 ppm acetone in the RH of 20%, 60% and 98% are

—1.5%, —18.5% and —23.1%. As another vital factor for evaluating

Fig. 11. (a) Continuous response and recovery transients to 5 ppm acetone for the sensing performance, the stability of the sensor utilizing CdANb;Og-
sensor attached with CdNb,Og-SE at 600°C; (b) cross-sensitivities for the sensor SE was investigated by continuous working at high temperature of

attached with CdNb, Os-SE to 5 ppm of various gases at 600°C. 600 °C during interval of 30 days. The responses of the sensor to 2, 5
(a)-60 (c)-100 = 120
Operating Temperature: 600 °C —e—5ppm  Operating Temperature: 600 °C ©
i y— 490 e
-40 -50 - 4~ 10ppm =
n-m A—A—A—A A A A A A—A—A—A—A A, o
\-\. - - s AT =B, -5 ([, a
E-zo i E 0F o
; &8 30 ?
—
< Or 10 ppm Acetone Z 50 m 40 o
20} 100 | TYTAVSZeem {308
—¢— AV --5ppm o
—>—AV_--10ppm | ¢q
40 1 1 1 1 1 150 1 1 1 1 1 1 1
20 40 60 80 100 0 5 10 15 20 25 30
(b) Relative Humidity / % (d) Time / day
20 20
Operating Temperature: 600 °C Initial 10 day 20 day 30 day
Air Air
0 0
E —=—20% RH E
; L. T S gg:;: g:: ; =20 f-2ppm 2ppm 2ppm 2ppm
""""" <
<. |[peerasacuacne Sppm Sppm 2o Sppm
- - = L 10
¥ 10 ppm Acetone o 10ppm L 10ppm
10ppm
-60 1

1 1 1 1 1 1 _60 L 1 L 1 1 ' 1
0 50 100 150 200 250 300 350 0 500 1000 1500 2000 2500 3000 3500
Time /s Time /s

Fig. 12. (a) Response of the sensor attached with CdNb,Og-SE to 10 ppm acetone at 600°C under different relative humidity; (b) response and recovery transients for the
sensor using CdNb;Og-SE to 10 ppm acetone under 20%, 60% and 98% relative humidity at 600 °C; (c) Long-term stability to 2, 5 and 10 ppm acetone for the sensor attached
with CdNb,O¢-SE at 600 °C; (d) response and recovery transients for the sensor using CdNb,Og-SE to 2, 5 and 10 ppm acetone on the initial, 10th, 20th and 30th day.
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and 10 ppm acetone were measured every other day and obtained
results are recorded in Fig. 12(c,d). The change amplitude of the AV
for the sensor attached with CdNb,Og-SE changed slightly to 2, 5
and 10 ppm acetone during 30 days measurement period. In order
to further illustrate quantitatively the change amplitude of the AV
with time, the change of the AV (AVs) for the sensor is given by
AVs=[(AVyh — AVy)[ AV x 100%], where AV, and AV, denote the
AV of the sensor on the n and initial day, respectively. The quanti-
tative results showed that the AV; for the sensor to 2,5 and 10 ppm
acetone on the 30th day were —9.1%, —8.0% and —1.5%, respectively.
In order to better understand the changes in the process of aging,
the response and recovery transients for the sensor using CdNb,Og-
SEto 2,5 and 10 ppm acetone on the initial, 10th, 20th and 30th day
are shown in Fig. 12(d). The result indicated that four response and
recovery transients of the present device to 2,5 and 10 ppm acetone
remain relatively better consistency. Therefore, the present fabri-
cated sensors also showed good stability during the measurement
period. The sensing performances of fabricated sensor in sensitiv-
ity, low detection limit, wet-resistance and stability showed that
the sensor developed has a good potential application prospect in
acetone detection.

4. Conclusion

In this work, YSZ-based mixed potential type gas sensors using
MNb,0g (M: Cd, Zn, Ni, Mn and Co) columbite-type composite
oxide as SEs were developed and used for detection of sub-ppm
acetone at 600°C. Among the different oxide sensing electrode
materials, CdNb,Og was found to the most suitable SE for acetone
sensor. Results showed that the sensor attached with CdNb,Og-SE
displayed low detection limit of 200 ppb acetone and had poten-
tial application in monitoring sub-ppm acetone. Additionally, the
present sensor also exhibited high response, rapid response and
recovery times, good sensitivity, repeatability, selectivity, relative
better moisture resistance and stability in 30 days measurement
periods at high-temperature-aging of 600°C to acetone. Conse-
quently, the present device is one of promising candidate for
detecting acetone in the aspect of diabetes diagnosis based on
excellent sensing performances.
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