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a  b  s  t  r  a  c  t

A  high  performance  mixed  potential  type  gas  sensor  based  on  stabilized  zirconia  (YSZ)  and  NiNb2O6 as
sensing  electrode  was  fabricated  and used  for detection  of  acetone  at 650 ◦C.  NiNb2O6 prepared  via a
facile  sol–gel  method  and  sintered  at different  temperatures  was  characterized  using  X-ray  diffraction
(XRD)  and  field-emission  scanning  electron  microscopy  (FESEM).  The  present  study  mainly  focused  on
the  effect  of sintering  temperature  (800 ◦C, 1000 ◦C, 1200 ◦C)  of  NiNb2O6-SE  materials  on  acetone  sensing
characteristics  at 650 ◦C. Results  indicated  that  the  sensor  using  NiNb2O6-SE  sintered  at  1000 ◦C  exhibited
the  largest  sensitivity  to acetone  in the  concentration  range  of  5–500  ppm  at  650 ◦C, which  the  slope
was  −79  mV/decade.  The  response  for  the sensor  attached  with  a NiNb2O6-SE  sintered  at 1000 ◦C  to
cetone sensor
SZ
ixed potential

100  ppm  of acetone  was  approximately  −113  mV.  Moreover,  the  present  sensor  could  detect  even 500  ppb
acetone  with  an  acceptable  response.  The  present  device  also  displayed  fast  response  and  recovery  times,
good repeatability,  slight  sensitive  effect  to  humidity,  small  drifts  in  40  days  measured  periods,  and
acceptable  selectivity  at 650 ◦C. Additionally,  the  mixed  potential  mechanism  was  further  demonstrated
by  polarization  curve.

©  2016  Published  by  Elsevier  B.V.
. Introduction

The universal environmental pollution problems have arisen
requently in some cities in China, represented by simultaneous
igh levels of ground-level ozone and PM2.5. Volatile organic com-
ounds (VOC) defined as a group of carbon-containing compounds
hat evaporate readily at room temperature are important pre-
ursors leading to the formation of ozone and fine particles [1,2].
cetone as a species of VOC is emitted into the atmosphere from
oth natural and anthropogenic sources, such as biogenic emission,
ehicular exhaust, solvent utilization, and industrial emission, etc.
3–5]. This hazardous air pollutant has been associated with seri-
us adverse health effects, including respiratory and neurological

llnesses when long-term inhalation or contact. To properly address
he related air quality and health effect problem, reliable detection
f acetone is critical for developing effective control technologies
nd coping strategies. Several acetone detection methods, such as

as chromatography/mass spectroscopy (GC/MS) and differential
obility spectroscopy (DMS) have been proposed for the accu-

ate analysis [6,7]. In general, however, these types of methods

∗ Corresponding authors. Fax: +86 431 85167808.
E-mail addresses: liangxs@jlu.edu.cn (X. Liang), lugy@jlu.edu.cn (G. Lu).

ttp://dx.doi.org/10.1016/j.snb.2016.01.128
925-4005/© 2016 Published by Elsevier B.V.
do not meet the requirements of portability, cost-effective per-
formance, real-time diagnosis and so forth. In this regard, the gas
sensors offering high sensitivity, low limit of detection, good sta-
bility are receiving increased attention due to the great potential
for realization of low fabrication costs, real-time detections and
miniaturization of portable devices.

Among the various VOC sensors reported [8–16], mixed poten-
tial type gas sensors utilizing yttria-stabilized zirconia (YSZ) as solid
electrolyte have been designed and investigated in a wide area of
application. For mixed potential gas sensor, the category of sensing
electrode material is vital to the improved sensing performance of
the sensor. However, the development of sensing electrode mate-
rial for YSZ-based mixed potential type acetone sensor is rarely
reported. Among them, Kasalizadeh et al. reported Yttria-stabilized
zirconia (YSZ)-based sensors using coupled metal oxide-doped
Pt/SnO2 sensing electrodes, result in the good response and lower
response and recovery times [17]. Our group fabricated the mixed-
potential-type acetone sensors using YSZ as solid electrolyte and
Zn3V2O8 composite oxide as sensing electrode, which exhibit a low
detection limit of 1 ppm, and effective sensing characteristics to

acetone [18]. Although above-mentioned YSZ-based electrochemi-
cal sensors displayed good performance in some respects, from the
perspective of practical application, the design and development of
the sensor with excellent sensitivity, long-term stability, especially

dx.doi.org/10.1016/j.snb.2016.01.128
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
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oisture resistance and the lowest detection limit to acetone is still
o be desperately needed.

Herein, for the first time, a novel type NiNb2O6 composite oxide
s synthesized with a facile sol–gel method and used as sensing
lectrode for fabricating YSZ-based mixed-potential-type acetone
ensor. The effect of different sintering temperatures of NiNb2O6-
E on sensing characteristics is studied. The results turn out that the
ensor attached with NiNb2O6-SE sintered at 1000 ◦C displays the
argest sensitivity to acetone in the examined range of 5–500 ppm
t 650 ◦C. Additionally, the gas sensing properties of the present
evice to acetone are systematically investigated and the sensing
echanism is discussed.

. Experimental

.1. Preparation and characterization of NiNb2O6 sensing
lectrode material

The NiNb2O6 was synthesized via a sol–gel method from Nickel
itrate hexahydrate (Ni(NO3)2·6H2O), Niobium oxide (Nb2O5), HF
cid (40%), Ammonium hydroxide (NH3·H2O), Citric acid (CA), and
mmonium nitrate (NH4NO3). All of reagents were of analytical
rade without further purification. In a typical synthesis process,

 mmol  Nb2O5 was dissolved in a certain amount of HF acid after
eating in water bath of 80 ◦C. Then, ammonia hydroxide solu-
ion was dropwise added to the above solution until the PH value
as up to 9 to obtain Nb2O5·nH2O precipitate under stirring con-

tantly. The precipitate was filtered, washed, and dissolved in
itric acid aqueous solution and stirred at 80 ◦C for 2 h. Then, the
toichiometric Ni(NO3)2·6H2O and NH4NO3 (the molar ratio of
i/Nb/NH4NO3 = 1:2:12) were added into the solution described
bove and then stirred at 80 ◦C until to a gel was  obtained. The
esultant gel was maintained at 80 ◦C for 24 h at vacuum drying
ven. The precursor gel was then introduced into a muffle furnace
nd sintered at 800, 1000, and 1200 ◦C for 2 h to get target products,
espectively.

The structural properties of the products were characterized
ith Rigaku wide-angle X-ray diffractometer (D/max rA, using

u K� radiation at wave length = 0.1541 nm)  in the angular range
f 20–80◦. Field-emission scanning electron microscopy (FESEM)
easurements of surface morphology of the NiNb2O6-SE materi-

ls were performed using a JEOL JSM-7500F microscope with an
ccelerating voltage of 10 kV.

.2. Fabrication and measurement of gas sensor

The sensor was fabricated using the YSZ plate (8 mol% Y2O3-
oped, 2 mm × 2 mm square, 0.2 mm  thickness, provided by Tosoh
orp., Japan). A point-shaped and a narrow stripe-shaped Pt elec-
rode (reference electrode, RE) were formed on two  ends of the YSZ
late using a commercial Pt paste (Sino-platinum Metals Co., Ltd.),
nd sintered at 1000 ◦C. The various sensing materials obtained by
intering at different temperature (800, 1000 and 1200 ◦C) were
ixed with a minimum quantity of deionized water, respectively.

hen, the resultant paste was applied on the point-shaped Pt to
orm stripe-shaped sensing electrode (SE), and then the device

as sintered at 800 ◦C for 2 h to gain good contact between the
ensing electrode and electrolyte. The Pt heater printed on Al2O3
ubstrate was then fixed to the YSZ plate by the inorganic adhesive,
hich provided the required heating temperature for the sensor.

he schematic of the fabricated sensor is shown in Fig. 1.

The gas sensing characteristics of the fabricated sensors were

easured by a conventional static method. The detailed gas sens-
ng measurement technique as followed: the sensor fabricated was
laced in airtight chamber with volume of 1L. Before the measure-
Fig. 1. Schematic diagram of fabricated sensor.

ment, the pure air was filled using an air pump. Then, a certain
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 [19,20]. 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 desired concentra-
tion of sample gas was  obtained by the static liquid gas distribution
method, which was calculated by the following formula [21,22].

C = 22.4 × � × ϕ × V1

M × V2
× 1000

where C(ppm) is the desired target gas concentration; �(g/mL) the
density of the liquid; ϕ the required gas volume fraction; V1 (�L)
and V2 (L) the volume of the liquid and chamber, respectively; and
M (g/mol) the molecular weight of the liquid. 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 (50, 100, 200, and
300 ppm) at 650 ◦C.

3. Results and discussion

X-ray diffraction (XRD) was used to identify the crystallographic
structure and crystallinity of the as-synthesized products. Fig. 2
shows the XRD pattern of NiNb2O6 composite oxide annealed at
different temperatures. The sharp diffraction features suggest the
good crystalline nature of the prepared NiNb2O6 composite oxide
sensing electrode materials. The diffraction peaks of NiNb2O6 sin-
tered at 800, 1000 and 1200 ◦C are readily indexed to orthorhombic
structure of NiNb2O6 oxide standard XRD patterns, which agreed
well with the reported values from the Joint Committee on Pow-
der Diffraction Standards card (JCPDS#32–694). The morphologies
of NiNb2O6-SE sintered at different temperatures (800, 1000, and
1200 ◦C) were studied by FESEM, as shown in Fig. 3. It can be
observed that the pore and particle size increased gradually with

the increasing of sintering temperature. Such porous structure con-
tributed to diffusion of the gas molecular within the material.

In order to study the effect of sintering temperature on the
sensing performances, the sensors using NiNb2O6-SE calcinated
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Fig. 3. SEM images of NiNb O -SEs sintered at different temperatures (a) 800 ◦C;
ig. 2. XRD pattern of NiNb2O6 composite oxide material sintered at 800, 1000 and
200 ◦C.

t 800 ◦C, 1000 ◦C and 1200 ◦C were fabricated and the depen-
ence of �V on the logarithm of acetone concentrations for these
ensor were measured and shown in Fig. 4. It is apparent that
he electric potential difference (�V) of three sensors fabricated
aried almost linearly with the logarithm of acetone concentra-
ions in the examined range of 5–500 ppm at 650 ◦C, which is
ypical for the mixed-potential type sensor [23–25]. Also, the sen-
or utilizing NiNb2O6-SE annealed at 1000 ◦C exhibited the almost
argest response values to each concentrations of acetone in the
ange of examined range and the highest sensitivity (slope) com-
aring with the devices attached with NiNb2O6-SE sintered at
ther temperatures. The reason for this result may  be partially
xplained from the following aspects. The sensing characteristics of
he present devices abide by the mixed-potential theory, which has
een demonstrated by Miura and co-workers [24,26,27]. Based on
his, the sensor can be presented as the following electrochemical
ells:

In air: O2, NiNb2O6/YSZ/Pt, O2
In sample gas: C3H6O + O2, NiNb2O6/YSZ/Pt, C3H6O + O2
Under the acetone gas atmosphere, the electrochemical reac-

ions of cathodic (1) and anodic (2) (the cathodic reaction of O2 and
he anodic reaction of acetone) take place simultaneously at the
PB (triple phase boundary, the interface of NiNb2O6-SE, acetone
nd YSZ) and form a local cell. When the rates of two electrochemi-
al reactions are equal to each other, the dynamic equilibrium is
eached, and the electrode potential is called the mixed poten-
ial. The potential difference of the sensing electrode and reference
lectrode is obtained as the sensing signal.

athodicreaction : O2 + 4e− → 2O2− (1)

nodicreaction : 1/4C3H6O + 2O2− → 3/4CO2 + 3/4H2O + 4e−(2

In regard to the present device, the sensing signal is strongly
ependent on the acetone concentration passed through SE layer
nd reached to TPB of NiNb2O6/YSZ/Acetone and degree of electro-
hemical reactions at TPB. Taking consideration of these aspects,
he more gas channel in SE layer and higher electrochemical reac-
ion action to acetone induced higher sensing performance. As

ndicated in Fig. 3, the sizes of pore and particle for NiNb2O6-SE
ncreased with the increasing of the sintering temperatures. The
arger porous channels decreased the consumption of acetone in
he process of diffusion in NiNb2O6 electrode layer and facilitate
2 6

(b) 1000 ◦C (c) 1200 ◦C.

more acetone gas to reach the TPB, which participated directly in
electrochemical reactions. In this way, the sensitivity of sensor may
be improved with the increasing of sintering temperature. How-
ever, the particles of NiNb2O6 became too large with the further
increase of annealing temperature and then the interface area of

the enlarged particle and YSZ increased, but TPB area reduced as
shown in Fig. 5. In this case, the electrochemical reaction active
sites decreased because of reduction of TPB length, that is, the
sensitivity of the sensor attached with NiNb2O6-SE sintered at
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Fig. 4. Dependence of �V  on the logarithm of acetone concentrations for the sen-
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ors using NiNb2O6-SEs calcined at 800 ◦C, 1000 ◦C, and 1200 ◦C in the range of
–500 ppm at 650 ◦C.

200 ◦C to acetone decreased obviously, compared with those of
intered at 800 and 1000 ◦C. Based on considering these factors,
he excellent balance of the diffusion of acetone passed through
iNb2O6-SE layer and TPB area was formed when the annealed

emperature is 1000 ◦C. Additionally, the NiNb2O6 oxide material
howed the prominent catalytic property [28,29]. It was beneficial
o accelerate the electrochemical reaction and resulted in high sen-
itivity. Therefore, the sensor using NiNb2O6 sintered at 1000 ◦C
xhibited the largest sensitivity and then was  paid considerable
ttentions to investigate in the following sections. In order to fur-
her illuminate the reason for the highest sensitivity of the sensor
tilizing NiNb2O6-SE annealed at 1000 ◦C and validate the proposed
ixed-potential mechanism, the polarization curves of the sensor

ttached with NiNb2O6-SE sintered at different temperatures in air
nd 100 ppm acetone and the polarization curves of the sensor
tilizing NiNb2O6-SE sintered at 1000 ◦C in different concentra-
ions of acetone at 650 ◦C were measured and shown in Fig. 6(a)
nd (b) [30]. The cathodic polarization curve was obtained in air,
nd the anodic polarization curve was obtained by subtracting in
ir from in sample gas (different concentration of acetone + air).
t is clearly seen that the polarization curve for the anodic reac-

ion of acetone for the device using NiNb2O6-SE sintered at 1000 ◦C
hifts downward to higher current values, compared with oth-
rs of that 800 ◦C and 1200 ◦C. This indicates that sensor attached
ith NiNb2O6-SE sintered at 1000 ◦C exhibits the highest electro-

ig. 6. (a) Polarization curves in air and 100 ppm acetone at 650 ◦C for the sensor using NiN
oncentrations of acetone for the sensor attached with NiNb2O6-SE sintered at 1000 ◦C.
Fig. 5. Schematic view of different particle sizes of sensing electrode and YSZ.

chemical catalytic activity to anodic reaction (2). In this case, the
sensor attached with NiNb2O6-SE annealed at 1000 ◦C displayed
the highest sensitivity to acetone at 650 ◦C. Additionally, the mixed
potential can be estimated from the intersection of the cathodic
and anodic polarization curves [31,32]. Based on the comparison
of the mixed potential estimated values and the potential differ-
ence values experimentally observed for fabricated three devices
and the sensor utilizing NiNb2O6-SE annealed at 1000 ◦C to dif-
ferent concentration of acetone at 650 ◦C, in Table 1. The estimated
values are in close proximity to those observed values under all cir-
cumstances. These coincidences further indicate that the present
sensors supported the sensing mechanism involving the mixed
potential [27,30,33,34].
The mixed potentials of the sensor fabricated can be treated
quantitatively, as has been done before [23,35]. The cathodic and

b2O6-SE sintered at 800 ◦C, 1000 ◦C and 1200 ◦C (b) polarization curves in different
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Table 1
Comparison of the mixed potential estimated and the potential difference value observed for the sensors attached with NiNb2O6-SEs sintered at 800 ◦C, 1000 ◦C, and 1200 ◦C.

Sensors Acetone Conc. (ppm) Mixed potential (estimated) (mV) Potential difference value (observed) (mV)

NiNb2O6 (800 ◦C)-SE 100 −100 −97.5
NiNb2O6 (1000 ◦C)-SE 100 −112 −113
NiNb2O6 (1200 ◦C)-SE 100 −92.5 −89

◦ −84
5 −144
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NiNb2O6 (1000 C)-SE 50 −87 

NiNb2O6 (1000 ◦C)-SE 200 −144.
NiNb2O6 (1000 ◦C)-SE 300 −160 

nodic current densities for reactions (1) and (2) can be expressed
y the following equations, respectively.

O2 = i0O2
exp

⎡
⎣−

4˛F
(
V − V0

O2

)
RT

⎤
⎦ (3)

Acetone = i0Acetone exp

[
4ˇF

(
V − V0

Acetone

)
RT

]
(4)

ere V is the electrode potential; F is the Faraday constant; V0 and
0 are the electrode potential and the exchange current density at
quilibrium;  ̨ and  ̌ represent transfer coefficient; R is the gas con-
tant and T is the temperature. We  assume that i0 obey the following
inetic equations.

0
O2

= −B1C
m
O2

(5)

0
Acetone = B2C

n
Acetone (6)

here B1, B2, m,  and n are constants, CO2 and CAcetone represent
he concentration of O2 and Acetone, respectively, and i0Acetone and
0
O2

are values with opposite signs. When the cathodic and anodic

lectrochemical reactions reach equilibrium, iAcetone + iO2 = 0 is
stablished, and the mixed potential (VM) is defined as the electrode
otential (�V) and represented by following equation:

M = V0 + mA ln CO2 − nA ln CAcetone (7)

ere V0 and A are given in Eqs. (8) and (9), respectively.

0 = RT

(4˛ + 4ˇ)F
ln
B1

B2
+

2˛V0
O2

+ 2ˇV0
Acetone

2  ̨ + 2ˇ
(8)

 = RT

(4˛ + 4ˇ)F
(9)

n the case of fixed concentration of O2, Eq. (7) is simplified to the
ollowing equation.

M = V0 − nA ln CAcetone (10)

It can be clearly seen that, from Eq. (10), Vm varies decrease
inearly with an increase in the logarithm of acetone concentration
nder the fixed concentration value of O2, which has been observed
xperimentally in Fig. 4 very well. Such theoretical analysis further
emonstrated that the present sensor obeyed the mixed potential
echanism.

It is well known that the response of the sensor depended
trongly on the operation temperature. Therefore, the optimal
perating temperature of the sensor attached with NiNb2O6-SE
nnealed at 1000 ◦C to acetone was investigated. The response and
ecovery transients for the sensor using NiNb2O6-SE sintered at
000 ◦C to 100 ppm acetone at different operating temperatures are
hown in Fig. 7. It can be observed that the response to 100 ppm
cetone for fabricated sensor tended to increase initially with the

ncreasing of the operating temperature and the highest response
alue was obtained at 650 ◦C. Above 650 ◦C, however, the response
f the sensor tended to decrease. The occurrence of the electro-
hemical reaction for the present device at TPB needed definite
Fig. 7. Response and recovery transients for the sensor using NiNb2O6-SE sintered
at  1000 ◦C to 100 ppm acetone at different operating temperatures.

activation energy [36]. The electrochemical reaction did not gain
enough activation energy at below 650 ◦C, thus, the sensitivity of
the sensor to acetone increased with the increasing of temperature.
However, the desorption process of acetone exhibited dominant
at above 650 ◦C, and the amount of acetone adsorbed on NiNb2O6
became less and less along with the increasing of temperature.
Hence, the response of the sensor to acetone decreased with fur-
ther increases in operating temperature. Consequently, the optimal
operating temperature for the present sensor was considered to be
650 ◦C.

The response transients of fabricated sensor attached with
NiNb2O6-SE annealed at 1000 ◦C toward different concentrations of
acetone in the range of 5–500 ppm was examined at 650 ◦C and the
results obtained are shown in Fig. 8. It is obvious that 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 different concentrations of acetone are all less
than 10s. As indicated in Fig. 3(b),  the more and larger porous chan-
nels of sensing electrode layer facilitated acetone gas to reach the
TPB and participated directly in electrochemical reactions, which
shortened the time in the diffusion process. Moreover, according
to the measurement results of polarization curves and complex
impedance, the catalytic activity to electrochemical reaction of ace-
tone for the sensor present fabricated was high, which accelerated
the reaction rate. Based on these factors, the present sensor dis-
played rapid response-recovery times. The response for the sensor
attached with NiNb2O6-SE annealed at 1000 ◦C to 100 ppm ace-
tone at 650 ◦C was  −113 mV.  It also can be seen that, from inset of
Fig. 8(a),  the present sensor even could detect 500 ppb acetone,
which the response value is −1.2 mV.  Furthermore, the depen-
dence of �V  for the sensor attached with NiNb2O6-SE annealed
at 1000 ◦C on the acetone concentration in the examined range at

650 ◦C is shown in Fig. 8(b). In this case, almost linear relationships
between the �V  and the logarithm of acetone concentration in the
both range of 0.5–5 ppm and 5–500 ppm at 650 ◦C were observed,
which conforms to mixed potential type model. The �V of the
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Fig. 8. (a) Response transient curves for the sensor attached with NiNb2O6-SE
s
5
s

d
o
r
r
d
w
t
o
N
c
s
c
t
a
s
p
p
c
s
o
c
t
a
s
o
t

Fig. 9. (a) Continuous response-recovery transients to 50 ppm and 200 ppm acetone
intered at 1000 ◦C toward different concentrations of acetone in the range of
–500 ppm at 650 ◦C. (b) Dependence of �V  for the sensor attached with NiNb2O6-SE
intered at 1000 ◦C on the acetone concentration at 650 ◦C.

evice exhibited segmentally linear relationship to the logarithm
f acetone concentration and the slope was −13 mV/decade in the
ange of 0.5–5 ppm and −79 mV/decade in the range of 5–500 ppm,
espectively. The reason for the occurrence of such a linear depen-
ence of acetone sensitivity is may  be followed. As known very
ell, the electrochemical reaction for the present mixed potential

ype acetone sensor occurred at the TPB. And the sensing signal
f the sensor depended on the concentration of acetone at TPB of
iNb2O6-SE and the amount of active sites of TPB. For the low con-

entration range of acetone (0.5–5 ppm), the amount of TPB active
ites for the present sensor are enough to provide the electrochemi-
al reaction, thereby, the sensitivity of the sensor are mainly related
o the amount of acetone, which reached the TPB of NiNb2O6-SE
nd directly participated in the electrochemical reaction. When the
ensor is exposed to the acetone atmosphere, the acetone gas need
ass through the sensing electrode layer and reach the TPB, which
articipate in the electrochemical reaction. Although with porous
hannels in sensing electrode layer, a certain amount of gas was
till consumed in the process of diffusion. When the concentration
f the measured acetone is at a lower level (0.5–5 ppm), the acetone
onsumption in the process of diffusion accounted for the propor-
ion of the total quantity of acetone is larger than that of higher

cetone concentration (5–500 ppm). Therefore, the relatively low
ensitivity to acetone concentration in the range of 0.5–5 ppm was
bserved. Moreover, the continuous response-recovery and selec-
ivity for gas sensor is important sensing performance parameters.
for  the sensor attached with NiNb2O6-SE sintered at 1000 ◦C at 650 ◦C; (b) cross-
sensitivities for the sensor attached with NiNb2O6-SE sintered at 1000 ◦C to various
gases at 650 ◦C.

The continuous response-recovery transients of the present sen-
sor to 50 and 200 ppm acetone at 650 ◦C, as illustrated in Fig. 9(a).
It is clearly seen that the responses of the present device to 50
and 200 ppm acetone have little fluctuation and the best change
error of continuous responses were 2.4% and −7.6% in the examined
eight-time cycles, which indicated that the sensor exhibited good
repeatability. Fig. 9(b) shows the cross- sensitivities for the sensor
attached with NiNb2O6-SE annealed at 1000 ◦C to various gases at
650 ◦C, such as toluene, benzene, NO2 and NH3, etc. It is obvious that
the sensor present fabricated exhibited relative high responses to
50 and 100 ppm of acetone comparing with those of other inter-
fering gases. But, the effect of the ethanol and H2S as coexistence
gas on acetone response for the fabricated sensor could not be
ignored. Thus, the present device is insufficient in selectivity. The
improvement of selectivity to ethanol and H2S remains to be further
investigated in the future work. On the whole, however, the present
sensor still displayed acceptable selectivity to most of various inter-
fering gases. Additionally, in order to explain clearly the mechanism
of selectivity to acetone, the complex impedance of the sensor fab-
ricated in 100 ppm of various test gases including acetone, ethanol,
methanol and methanal is investigated and results obtained are
shown in Fig. 10. Based on reported previously [37–39], the total
resistance of the sensor seems to be affected by the interfacial resis-
tance between the SE and YSZ. The interfacial resistance is given
by the resistance value at the intersection of the large semi-arc

with the real axis at lower frequencies (around 0.1 Hz). Evidently,
when the sensor was exposed to 100 ppm of acetone, the interfacial
resistance at the lower frequency range was  obviously decreased
compared with the interfacial resistance measured in other gases.
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Fig. 12. (a) Long-term stability to 50 and 100 ppm acetone for the sensor attached
with NiNb2O6-SE sintered at 1000 ◦C at 650 ◦C (b) response and recovery transients

at 1000 ◦C to 50 and 100 ppm acetone on the 0th, 10th, 20th, 30th
ig. 10. Complex impedance curves in 100 ppm of various tested gases for the sensor
ttached with NiNb2O6-SE sintered at 1000 ◦C at 650 ◦C.

hanges in the interface resistance measured in different atmo-
phere revealed the electrochemical catalytic activity toward the
xamined gas species [40], thus, it can be speculated that the cat-
lytic activity to the electrochemical reaction of acetone for present
ensor was high. As a result, the higher electrochemical catalytic
eaction activities generated highest sensing magnitude toward
cetone.

For a point of view in actual application of the sensor, the sen-
itivity to a target gas should not be affected by the change in a
urrounding condition. The water-vapor resistance and stability of
ensor are two vital factors for evaluating sensing performance,
hus, the responses for the sensor attached with NiNb2O6-SE sin-
ered at 1000 ◦C to 100 ppm acetone in the relative humidity (RH)
ange of 20–98% and the long-term stability of the present sen-
or to 50 and 100 ppm acetone at 650 ◦C are measured and results
btained are shown in Figs. 11 and 12. It can be seen that, in
ig. 11(a),  the effect of RH on the responses of the sensor fab-
icated are small in the examined humidity range. As shown in
ig. 11(b),  The change amplitude of the response for fabricated
ensor to 100 ppm acetone in the RH of 20%, 60% and 98% were
.7%, −0.9% and −5.3%, which displayed little effect on the sensing
erformance of the sensor. Additionally, the stability of the sensor
resent fabricated was investigated by continuous working at high
emperature of 650 ◦C during interval of 40 days. The responses of
he sensor to 50 and 100 ppm acetone were measured every other
ay. And obtained results were recorded in Fig. 12. It can be seen

hat, from Fig. 12(a), the change amplitude of the �V  for the sensor
ttached with NiNb2O6-SE sintered at 1000 ◦C changed slightly to
0 and 100 ppm acetone during the 40 days measurement period.

ig. 11. (a) Response of the sensor attached with NiNb2O6-SE sintered at 1000 ◦C to 100 p
ransients for the sensor using NiNb2O6-SE sintered at 1000 ◦C to 100 ppm acetone under
for  the sensor using NiNb2O6-SE sintered at 1000 ◦C to 50 and 100 ppm acetone on
the 0th, 10th, 20th, 30th and 40th days.

In order to further illustrate exactly the change amplitude of the
�V with time, the change of the �V  (�Vs) for the sensor is given by
�Vs = [(�Vn− �V0)/�V0 × 100%], where �Vn and �V0 denote the
�V of the sensor on the n and 0 day, respectively. The quantitative
results showed that the �Vs for the sensor to 50 and 100 ppm ace-
tone on the 40th day were −1.8% and −2.2%, respectively. In order to
better understand the changes in the process of aging, the response
and recovery transients for the sensor using NiNb2O6-SE sintered
pm acetone at 650 ◦C under different relative humidity (b) response and recovery
 20%, 60%, and 100% relative humidity at 650 ◦C.

and 40th days are shown in Fig. 12(b).  The result indicated that five
response and recovery transients of the present device to 50 and
100 ppm acetone remain good consistency. Therefore, the present
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Table  2
Comparison of the sensing performance of the present sensor and that of devices reported in literatures.

Material Acetone Conc. (ppm) Response (mV) Sensitivity (mV/decade) Humidity effect (98%) Detection limit (ppm) Reference

NiNb2O6 100 −113 −79 −5.3% 0.5 Present work
Zn3V2O8 100 −69 −56 – 1 [18]
NiCr2O4 100 −60 −22 – – [16]
SnO2 100 22 45 – – [17]
Pt/CeO2/SnO2 100 19 36 – – [17]
Porous ZnO/ZnCo2O4 100 7.5 (R = Ra/Rg) – – 10 [41]
Flower-like WO3 100 17.4 (R = Ra/Rg) – – 1 [42]
Ce-doped SnO2 hollow spheres 100 12 (R = Ra/Rg) – – 50 [43]
ZnO nanorod 100 30.4 (R = Ra/Rg) – – 1 [44]
ZnFe2O4 hollow microspheres 100 38 (R = Ra/Rg) – – 1 [45]
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ZnO/ZnFe2O4 nanosheets 100 16.8 (R = Ra/Rg) – 

abricated sensors also showed good water-vapor resistance and
he excellent stability during the measurement period. Based on
bove results, the comparison of the acetone sensing property for
he fabricated sensor and that reported previously in literature
s presented in Table 2. Obviously, the present device exhibited
etter sensing performance to acetone than previously reported
evices. The sensing performance of current sensor in sensitivity,

ow detection limit, water resistance and stability etc. showed that
he sensor developed has a good application prospect in acetone
etection.

. Conclusion

The NiNb2O6 as a new sensing electrode material was synthe-
ized via the facile sol–gel method and for the first time applied
n construction of mixed potential type YSZ-based electrochemi-
al gas sensors to detect acetone at 650 ◦C. The sensitivity of the
ensor using NiNb2O6-SE annealed at different temperature was
nvestigated and the result indicated that the sensor attached with
iNb2O6-SE sintered at 1000 ◦C displayed the largest sensitivity

o acetone in the concentration range of 5–500 ppm, and that the
resent sensor showed the low detection limit of 500 ppb to ace-
one and excellent moisture resistance at 650 ◦C. In addition, the
resent device also exhibited good repeatability, acceptable selec-
ivity and excellent stability in measurement period of 40 days at
igh-temperature-aging of 650 ◦C. For above-mentioned sensing
erformance of mixed potential type sensor fabricated, there is rea-
on to believe that it can be considered as a potential candidate in
he aspect of monitoring and diagnosing acetone.
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