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In order to fabricate a high performance triple-phase-boundary (TPB) for a mixed potential type NOy
sensor based on stabilized zirconia and oxide electrode, a porous surface of the yttria-stabilized-zirconia
substrate (YSZ) was formed with pore-formers (PMMA, graphite and starch) using coating technique.
SEM observation result indicated that the porous morphology in the final ceramic was related to the
category and amount of the pore formers, so that the pore size and microstructure of YSZ layer could be
controlled. The NO; gas sensors using above-mentioned modified YSZ substrate with porous surface and

Keywords: . nano-structured NiO electrode were fabricated and evaluated. The electric potential difference (AV) of
Mixed-potential-type NO, sensor . . . . . . .

Ysz the sensors varied almost linearly with the logarithm of NO, concentrations in the examined range of
TPB 10-500 ppm at 800 °C. The sensor based on 10 wt% starch-added YSZ matrix showed the largest response
Coating with the AVof 114 mV to 100 ppm NO,. It was also seen that the sensors showed good response-recovery

Tape-casting
Pore-formers

transient, selectivity and repeatability to NO,.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

With the rapid increasing of the exhaust emissions from the
automotive vehicles and various industrial processes, the content
of nitrogen oxides (NOy) have grown speedily in the air and give
rise to severe environmental pollution such as acid rain and photo-
chemical smog [1-8]. In order to effectively monitor the NOy from
car exhaust, the high performance NO, sensor which is used in the
on-board diagnostics (OBD) system for vehicles has been urgently
demanded [1-6]. However, the NOy sensor used for monitoring the
vehicle exhaust must be operated under high temperature, high
humidity and many coexisting gases, so the materials used for the
NOy sensor are required to have excellent chemical and thermal
stability, and relatively low fabrication cost as well. All in all, var-
ious solid-electrolyte-based electrochemical NOy sensing devices
have been studied and reported in the past years [7-20]. Among all
of them, the mixed potential type NOy sensors combining stabilized
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zirconia with the metal oxides show the practical potential under
the severe atmosphere [21-27], and have been widely investigated.

In order to improve the sensing property of mixed potential
type NOy sensor, many attentions have been focused on searching
for the sensing electrode materials and preparing the high per-
formance triple-phase-boundary (TPB) by various techniques. For
example, Miura et al. reported that the sensors using NiO, Cr,03-
WO3 and MnCr;04 could give excellent sensing properties to NO,
at elevated temperature [13-22]. Lu et al. has fabricated rough
surfaces of YSZ substrate with some special treatment techniques,
such as HF corroding, the double-tape casting and laser fabrication
methods [9-14]. On one hand, the composition of the sensing elec-
trode materials plays an important role on the sensing property
of the mixed potential type NOy sensor based on YSZ. The oxide
sensing electrodes such as NiO have been testified to have high
electrochemical catalytic activity to NOy [12-20,28]. On the other
hand, the TPB is the reaction field where the electrochemical reac-
tions take place. A large area of TPB can enlarge the contact area
between YSZ and the sensing electrode, and supply more electro-
chemical activity sites. Therefore, the constructing strategy of TPB
has been investigated by some researchers [11-14]. Among the var-
ious methods to fabricate TPB, increasing the surface porosity of
YSZ substrate is an important candidate due to its simplicity and
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good reproducibility. Furthermore, there are a number of ways to
synthesize porous ceramics. Template technique appears to be one
of the simplest and most flexible methods to prepare the porous
surface of YSZ [29-31].

In this work, we suggested the coating method to form a
porous surface of YSZ ceramic which could provide a larger
contacting interface between the YSZ plate and the sensing elec-
trode. High performance mixed-potential type NOx sensor using
the as-processed YSZ substrate and nano-structured NiO sensing
electrode was fabricated and evaluated. Compared to the sensor
without porous YSZ substrate, the sensing device using the porous
YSZ substrate exhibited much higher response to NO,.

2. Experimental
2.1. Preparation of YSZ layer by tape-casting method

The dense YSZ substrates were fabricated by YSZ powder
(ZrO,, 8 mol% Y,03, KCM Corp., Japan) using tape-casting method
[32,33]. The ceramic slurry was prepared by ball-milling YSZ power,
triethanolamine (Aladdin Corp., China), polyvinyl butyral (PVB,
Aladdin Corp., China), diethyl phthalate (DEP, Beijing Chemical
Works, China), ethanol and butanone for 24 h. The resulted slurry
were firstly vacuum bubbled for 1 h, and then fabricated as the basal
tape with a thickness of 3 mm using the tape-casting equipment
(Beijing Orient Sun-technical Corp., China). After drying the tape at
25°C for 48 h and keeping it at 60 °C for another 73 h, a biscuit was
achieved. The as-prepared biscuit was sintered at 1500 °C for 3 h in
the air and then followed by cutting (2 cm x 2 cm). Consequently,
the thickness of resulted YSZ substrate was reduced to 0.3 mm.

2.2. Fabrication and characteristics of the highly porous
triple-phase interphase using coating method

In order to get the porous YSZ substrate, we modified the sur-
face of YSZ-substrate with pore formers by coating method [29-31].
The schematic process of coating method is shown in Fig. 1. In this
process, we prepared the coating ceramic slurry containing differ-
ent pore formers (starch, graphite and polymethyl methacrylate)
with varied doping ratio (5wt%, 10wt% and 15 wt%). The doping
amounts, sizes and shapes of each pore formers are shown in
Table 1.

Firstly, 50 mg (100 mg, 150 mg) of starch powders were dis-
persed in 1¢g of above mentioned ceramic slurry under constantly
ball-milling to prepare three kinds of coating slurries with dif-
ferent doping ratios of 5wt%, 10wt% and 15wt%, respectively.
Besides, in order to make a contrast between different pore

Coating slurry
Mould )

YSZ substrate

)

&/ —

Fig. 1. Forming process schematic view of coating method.

Scraper

Table 1
Characteristics of pore formers used in this investigation.

Ingredient Amount of pore Average particle Particle shape
former (wt%) size (um)
5%
Starch 10% 50 Ellipsoid
15%
PMMA 10% 80 Ball
Graphite 10% 40 Lamina

formers, polymethyl methacrylate (PMMA) and graphite were also
added to the above mentioned ceramic slurry with the mass ratio of
10 wt¥%, respectively. The as-prepared YSZ layer (2 cm x 2 cm) was
masked perfectly into the mould (with inner length and width of
2cm x 2 cm, and height of 0.5 mm) and left a groove on the sur-
face. Coating slurry was dropped into the groove with 5 points once
a time, and scratching the slurry along with the surface using a
scraper immediately. After drying this slurry at 60 °C for half hour
and repeating this procedure for another 3 times, followed by sin-
tering at 1500°C for 3 h, the integrated YSZ biscuit with porous
surface was finally achieved.

The composition and crystalline phase of the processed YSZ
were investigated using X-ray diffraction on a Rigaku TTRIII X-ray
diffractometer (using Cu Ko radiation at a wavelength of 1.5406 A),
and the data was collected from 20° to 80°. Thermogravimetric
analysis and differential scanning calorimeter analysis (TG-DSC,
Netzsch, STA449 F3 jupiter) were performed in air from 30 to
1300°C at a heating rate of 10 °C/min to testify the thermal behav-
iors of the obtained slurries. The morphologies of final products
were observed by field-emission scanning electron microscopy
(SEM) on a JSM-7500F (JEOL) microscope operating at 15 kV.

2.3. Preparation and characterization of the nano-structured NiO

The nano-structured nickel oxide was prepared by a hydro-
thermal method [34-36]. In the typical synthesis process, 2.4¢g
of NiCl-6H,0, 0.6g CTAB (cetyl trimethyl ammonium bromide)
and 1.2 g of HMAT (Hexamethyleneteramine) were dissolved into
a mixed solution containing 15 ml of deionized water and 15 ml
of ethanol to form a clear solution. The solution was then trans-
ferred into a 40 ml Teflon-lined stainless-steel autoclave and kept
at 160 °Cfor 12 h. After the autoclave cooling down to room temper-
ature, the precipitate was centrifuged and washed with deionized
water and ethanol for several times, and then dried at 80°C for
24 h. Finally, the nano-structured NiO was obtained by sintering
the precipitate at 1100°C for 3 h in air.

2.4. Fabrication and evaluation of sensor

The mixed-potential-type NO, sensor was fabricated using the
as-prepared porous YSZ-substrate and as-synthesized NiO. The
detailed structure is shown in Fig. 2. On one end of YSZ-substrate,
a narrow stripe-shaped Pt acting as reference electrode was coated
with the commercial Pt paste (Sino-platinum Metals Co., Ltd.), and
a Pt lead wire was attached on this Pt electrode. On the other
end, a spot-shaped Pt paste was utilized for fixing another Pt
lead wire, and then the as-synthesized NiO layer was formed on
the spot-shaped Pt as the sensing electrode. The resulted sensing
device was sintered at 1000°C for 2 h. Then, a Pt heater formed
on Al,03 substrate was attached to the device by inorganic adhe-
sive. According to the categories and doped ratio of pore formers,
the sensors were labeled as SO (the smooth substrate without
doping any pore formers), S5 (5wt% starch-added matrix), S10
(10 wt% starch-added matrix), S15 (15 wt% starch-added matrix),
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Fig. 2. Schematic view of the sensor structure.

P10 (10 wt% PMMA-added matrix)and G10 (10 wt% graphite-added
matrix), respectively.

In order to check whether the NiO sensing electrode could com-
bine with the porous surface of YSZ very well after sintering, we
observed the cross section of the TPB by FESEM. Besides, to fur-
ther testify the conjunction, we polished the NiO layer away on the
porous YSZ plate and took the energy dispersive X-ray spectrom-
etry (EDX) measurement by the SEM attachment to find out if the
nano-particles had successfully dipped into the as-prepared pore
structure.

The measurements of gas sensing characteristics were per-
formed using a conventional static mounting method. The Pt heater
kept the working temperature of the sensor at 800 °C. The various
concentrations of NO, ranging from 10 to 500 ppm were prepared
by diluting a parent gas (NO, balanced by 21 vol.% O, and 79 vol.%
N,) with air. The potential difference measured between air and
sample gas (AV) was recorded as the sensing signal by a measure-
ment unit (Digital Multimeter; Rigol Technologies, Inc., DM3054,
China)

3. Results and discussion
3.1. Characterization of porous YSZ plate

Fig. 3 displays the XRD patterns of YSZ substrate sintered at
1500 °C. From which, the as-prepared product was identified as the
single phase Yy 15Zrg.8501.98 (JCPDS file No. 30-1468) with a suit-
ably crystalline hexagonal structure. No peaks from other phases
were found, which suggested high purity of the as-synthesized YSZ.

Y Zr O, . (JPCDS: 30-1468)
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Fig. 3. The XRD patterns of YSZ ceramic substrate sintered at 1500 °C.
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Fig. 4. The TG-DSC curves of the as-synthesized coating ceramic slurry with 10 wt%
(a) PMMA; (b) starch; (c) graphite.

Fig. 4 shows the TG-DSC curves of the as-prepared coating
ceramic slurry with 10wt% PMMA, starch and graphite, respec-
tively. As shown in Fig. 4, during the calcinations process, the
organic species were released and decomposed from the matrix
along with the phase formation process at corresponding crystal-
lization temperatures. The endothermic peak at about 90-100°C in
three graphs could mainly be attributed to desorption or release of
solvent included in the slurry, such as physically adsorbed water,
ethanol, butanone, etc. Three main weight loss processes within
different temperature range can be observed in Fig. 4a-c sepa-
rately. First, in the range of 200-500°C (Fig. 4a) slight weight
loss appeared and accompanied with endothermic behavior, which
demonstrated slow degradation of PMMA composition. Similarly,
the mainly weight loss on TG curve and endothermic peaks on DSC
curve shown in Fig. 4b and c indicated that starch was completely
removed at 700 °C and graphite was burned out at 1000 °C. Within
these temperature ranges, some tiny exothermic steps which could
be attributed to the gradual crystallization of YSZ could also be
seen. However, the crystal size continued to grow up after pore
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Fig. 5. Sintered porous YSZ ceramic microstructures made by adding pore formers: (a) smooth ceramic; (b) 5wt% starch; (c) 10 wt% starch; (d) 15 wt% starch; (e) 10 wt%

PMMA; (f) 10 wt’% graphite.

formers evaporating, and the internal porosity would reduce as the
YSZ particles growing. According to the above information, we can
conclude that pore size made by PMMA would be smallest, and the
biggest would be contributed by graphite.

Different pore formers can construct different morphology of
substrate. As shown in Fig. 5, morphologies of the as-prepared YSZ
using different pore formers are clearly indicated by SEM images.
Fig. 5a shows the surface of YSZ without doping any pore formers
which was certified to be smoothly. The sintered microstructures
of porous ceramic with 5wt%, 10wt%, and 15 wt% starch-added
matrixes are illustrated in Fig. 5b—d respectively. The porous struc-
tures obviously demonstrated that adding pore formers to the
casting slurry can develop the porosity in the subsequently sintered
process. The formation of such pore structure could be attributed
to the evaporation of pore formers from the YSZ matrix when
sintered at a high temperature of 1500 °C. These figures indicate
that the size of pore was increased with raising the starch con-
tent. However, excessively porous interspace collapsed a lot in
the 15 wt% starch-added matrix because of the instability. Close
examination of Fig. 5¢, e and f reveals several phenomena, which
indicate that morphology of pores was closely connected with the
characters of pore formers. It clearly verifies what have been con-
cluded above that the pores made by PMMA were small, spheroidal
and with well dispersibility. What’s more, graphite constructed
the unordered and biggest pores accompanied with collapse. By

Doped 10.wt% starch (C)
Py

Smooth YSZ

Smooth YSZ

comparison, it showed increased porosity throughout the starch-
added matrix than the PMMA-added matrix. Besides, starch-added
matrix showed well-distributed pore microstructure and appro-
priate pore size, effectively avoided the collapse phenomenon
similarly in the graphite-added matrix.

As followed, the characterization is further investigated by
the SEM pattern of cross section of sintered ceramic substrate
(Fig. 6a-c). Fig. 6d-f illustrates the schematic diagram of Fig. 6a-c
respectively. It shows that similar thicknesses could be observed
in all samples, and the average thickness of the porous YSZ layer
was about 30 wm. As shown in Fig. 6a and d, 10 wt% PMMA-added
matrix constructed evenly dispersed spheroidal microstructure
pores within the substrate. When it came to 10 wt% starch-added
matrix (Fig. 6b and e), there appears to be increasingly con-
nected open pore structure with vertical distribution throughout
the matrix as a result of the totally evaporation of starch parti-
cles. As a contrast, 10 wt% graphite-added matrix (Fig. 6¢c and f)
showed horizontally porous banding structure. However, it could
not benefit the nano-sized sensing particle accessing into the elec-
trolyte as well as the vertical linked access (in Fig. 6b) could do.
As a consequence, the porous microstructure and total porosity
can be effectively controlled by the amount and category of the
pore formers. What’s more, these figures indicated that the overall
trend respect to the various pore formers was in agreement with as-
forecasted rulesin TG-DSC curves. It can be even speculated that the

Doped 10.wt% graphite
L};‘—» S 3

Smooth YSZ

Fig. 6. The SEM pattern of cross section microstructures added various pore formers: (a) 10 wt% PMMA; (b) 10 wt% starch; (c) 10 wt% graphite; (d) schematic diagram of a;

(d) schematic diagram of b; (d) schematic diagram of c.
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Fig. 7. The XRD patterns of (a) as-synthesized NiO precursor; (b) the nano-
structured NiO sintered at 1100°C.

10 wt% starch-added matrix will result into the most appropriate
modification of porous YSZ substrate and be the main contributing
factor for improving NO, sensitivity of the sensor.

3.2. Crystal-phase composition and morphology of
nano-structured NiO sensing electrodes

The powder X-ray diffraction pattern of as-synthesized pre-
cursor is shown in Fig. 7a. The precursor showed a mixture of
seven typical diffraction peaks which could be indexed to hexag-
onal structured Ni(OH), (JCPDS card No. 1-1047) and four other
peaks indexed to hexagonal structured NiOOH (JCPDS card No. 6-
75). As shown in Fig. 7b, the resulted NiO was identified as single
phase NiO with suitably crystalline cubic structure (JCPDS file No.
78-432), which revealed that the nano-structure nickel oxide were
obtained after calcination of Ni(OH), and NiOOH at 1100 °C for 3 h.

The SEM images of Fig. 8a demonstrates the detailed structure
of the as-prepared precursor, from which a flowerlike morphol-
ogy with an average size of 4 um was clearly observed. As shown
in Fig. 8b, the morphology of assembled NiO maintained a basic
sphere shape of the precursor. From the higher magnification SEM
image shown in the inset, we can see that the assembled NiO parti-
cles were composed by many nano-cubic-particles. Obviously, NiO
grew in an oriented manner to form an integrated porous architec-
ture. According to these, we can conclude that during the sintering
process, the flowerlike surface of the 3D structure in precursor
was collapsed step by step. This process effectively slowed down
the growth of basic NiO particle and formed the smaller size. As
the temperature getting higher, the NiO particle began to grow
up slowly. After sintering in 1100°C for 3 h, the resulted particle

eventually grew up with well dispersibility (shown in the inset of
Fig. 8b).

3.3. The characterization of TPB covered with nano-structured
NiO

Fig. 9 shows the morphologies of TPB prepared by 10wt%
starch-added matrix and nano-structured NiO powders. On one
hand, Fig. 9a displays the SEM pattern of cross section part of
the TPB, where NiO sensing electrode film deposited onto the as-
fabricated porous YSZ substrate. The interface between the NiO
film and the YSZ substrate can be clearly seen in this figure. The
high-magnification SEM micrograph clearly indicates that the NiO
nano-particles were perfectly filled into the as-prepared pores and
constructed a high quality TPB with larger effective contacting area.
As the TPB is the field in which the target gases take electrochemi-
cal reactions, the high quality TPB can supply more active sites for
the related electrochemical reactions and obviously improve the
sensing characteristics.

On the other hand, Fig. 9b-e is the scanning EDX image of
polished porous ceramic plane. EDX elemental mapping was con-
ducted to clearly confirm the spatial distribution of Ni and YSZ
(Y203-Zr0O3) in the composite structure. The EDX analysis shows
the Ni (Fig. 9¢), Y (Fig. 9d) and Zr (Fig. 9e) contents, respectively.
After detailed observation and combined analysis, the places cir-
cled out were testified as the as-prepared pores because the signals
of Y and Zr detected in the corresponding locations were pretty
weak. Oppositely, the Ni signals there densely covered this dark
region. Besides, we can see the signals of Ni were detected to be
regularly dispersed and clearly agglomerated over the substrate,
which also indicated that the nano-structured NiO particles were
uniformly distributed and perfectly dipped into the as-prepared
pore structures of TPB.

The TPB of original dense substrate is marked as the red line in
Fig. 10a. As we discussed, the interface of the YSZ with pore former
added matrix became porous after being sintered. The porous struc-
ture can realize the deposition of nano-structured NiO sensing
particles into the connected pore structure, and then provide larger
contact area between electrolyte and sensing electrode material to
elongate the TPB length, which is also marked using the red line
as schematically depicted in Fig. 10b. Under this circumstance, the
increased TPB length can supply more active sites for the related
electrochemical reactions and accelerate reactions. Make the com-
parison between the two red lines in Fig. 10, we can see that the
length of the TPB can be effectively increased by enhancing the
porosity. In other words, the NO, sensitivity can be significantly
enhanced by improving the porosity of TPB. Specifically, 10 wt%
starch-added matrix with vertical distributed pore structure should
be much more effectively than others to fulfil the deeper infiltra-
tion of NiO and longer length of TPB, which indicates the sensor

Fig. 8. The SEM patterns of (a) as-synthesized NiO precursor and (b) sensing oxides NiO calcined at 1100°C.
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Fig. 9. Representative SEM images of (a) the cross sectional view and (b) top view of porous TPB (doping 10 wt% starch) attached with the NiO-SE sintered at 1000 °C. EDS

observation for the element of (c) Ni, (d) Y, and (f) Zr.

attached with 10 wt% starch-added matrix should show the highest
sensitivity.

3.4. Sensing performances of the NO, sensors

In order to better illustrate the connection between porous YSZ
substrate and the sensing properties, the sensing mechanism is
firstly introduced here. The sensing characteristic of this kind of
potentiometric sensor agrees with the mixed potential mechanism
which has been verified by Miura and co-workers [9,12,14,15].
According to that, the sensor can be described as the following
electrochemical cells:

In air: O,, NiO/YSZ/Pt, O,

In target gas: O, + NO,, NiO/YSZ/Pt, NO, + O,

In air, only the following equilibrium takes place at each elec-
trode:

1/20ygas) + Vo +2€~ — 0%7(YSZ) (1)

Here, Vo** represents the oxygen vacancy in the YSZ. Electronic
charge transfers between Pt electrodes and the zirconia electrolyte
as oxygen is incorporated or removed from the zirconia lattice.
Apparently, the transmission speed of the 02~ here in the solid
electrolyte can affect the total reaction rate.

Under the target gas atmosphere, two electrochemical reactions
(2) and (3) simultaneously take place at the sensing electrode.

Cathodic : NO;y + 2e~ — NO + 0%~ (YSZ) (2)
Anodic : 20%7(YSZ) — O, + 4e™ (3)
m NiO Smooth YSZ

The above electrochemistry reactions occur at the active sites of
TPB. When the rates of reactions (2) and (3) are equal, a local cell
forms and the potential in the sensing electrode is called the mixed
potential. The electric potential difference between the sensing
electrode and reference electrode is potential difference (AV).

Fig. 11a shows the continuous response and recovery transients
to 10-500 ppm NO, for Sensor SO, S5, S10 and S15 at 800°C. It
is seen that all sensors responded well to NO, and the steady-
state AV values attained at each NO, concentration were rather
quick. And the increase or decrease in the sensing characteristic
was substantiated by the results of the measurements. Firstly, the
sensor SO showed a high AV with 59 mV to 100 ppm NO, at 800 °C,
which was larger than those had reported before by Liang and co-
workers [9-16]. As for the reason, it should be that the smaller
nano-particles of oxide can effectively promote the sensing char-
acteristic, which was reported by Diao et al. [22]. Compared to SO,
the AV of S10 to 100 ppm NO, was 114mV at 800°C, while the
AV of sensor S5 and S15 were 68 mV and 83 mV, respectively. In
other words, the AV values to NO, in the range of 10-500 ppm at
800°C for improved sensors (S5,S5S10 and S15) had increased, which
clearly showed that the increase of porosity can effectively enhance
the sensitivity. Besides, it should be noted that the sensor based on
10 wt% starch-added matrix (S10) showed the highest potential dif-
ference. It meant that the sensitivity firstly got continual promotion
as the doping ratio of the pore formers confined increased, but then
conversely receded with the pore formers doping too much.

Under these circumstances, various factors are discussed to seek
the reasons. What has previously reported is that the conductivity
of the solid electrolyte declined when its porosity gets promoted.
The details in this regard have been discussed sufficiently by

m TPB

Porous YSZ

(@)

(b)

Fig. 10. Schematic view of (a) original TPB and (b) modified TPB.
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Fig. 11. Response transients of sensors (a) SO, S5, S10, and S15; (b) SO, S10, P 10,
and G10 to 10-500 ppm NO, concentrations; (c) Response transients of sensor S10
to 1-25 ppm NO; at 800°C.

Baumgartner et al. [37,38] and Suzuki et al. [39]. In view of the fact
that the sensitivity kept increasing as the doping ratio increased
from 5% to 10%, even the conductivity of YSZ reduced slightly, the
main reason should be attributed to the better porosity can provide
larger contact area of as-constructed TPB, supply more active sites
for the related electrochemical reactions and then hugely accel-
erate the reactions to a great extent at same time. The latter
reason must be accounted overwhelmed than the former reason.
Conversely, as the doping ratio keeping arisen to 15%, such too
porous substrate would be the main restriction reason to drasti-
cally reduce the conductivity, which would weaken and even retard
the propagation speed of 02~ and then result into slower rate of
exchange reaction between the adsorbed oxygen on the interface
of TPB and the oxygen ions existing in the bulk of YSZ. What’s
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worse, such excessive porosity with collapse (evident from Fig. 5d)
would decrease the actual amount of reaction sites at the inter-
face between 15 wt% starch-added YSZ and NiO sensing electrode.
And hence, S15 is expected to show diminished NO, sensitivity
compared to S10.

We further tested the sensing properties of sensors P10 and G10
to make a comparison with S10, aiming to find out a difference
caused by different pore formers. Fig. 11b exhibits the response
transients to NO, (10-500 ppm) for the sensor SO, P10,510 and G10
at 800 °C. In which, all sample sensors all presented a large increase
of the response to NO,. As a result, S10 still showed the largest
AV. This could be attributed to the connected open pore structure
with vertical distribution constructed by starch which benefited the
nano-sized NiO particles to infiltrate into the electrolyte to elongate
the TPB length at the greatest extent.

Fig. 11c exhibits the measured results of response transients to
1-25ppm NO, for S10. After further observation of the response
transients, it turned out that all sample sensors improved by coat-
ing method showed well sensing characteristic and larger AV to
low concentration of target gas than reported before. These sensors
(510, etc.) show potential advantage in detecting the low concen-
tration of NO, which is meaningful to monitor the NOy and control
atmosphere pollution.

Thus, in all cases, the AV value changed quickly upon expo-
sure to 100 ppm NO, at 800°C and soon reached the steady-state
value. The 90% response time for sensor SO to 100 ppm NO, was
105, the 90% response time for modified sensors (S5, S10, S15, P10
and G10) was corresponding 12-14s. Secondly, the recovery rate
became much slower with the increasing porosity of the YSZ sub-
strate. While the 90% recovery times of SO was 20 s, the AVresponse
of §5,510,S15, P10 and G10 did not return to the original level after
nearly 1 min with 63s, 66 s, 68 s, 59s and 60 s, respectively. Such a
slow recovery rate seems to be caused by the low electrochemical
reaction speed, which can be attributed to the porous structure at
the interface of TPB. Because the pore structure can supply larger
contact area and more active sites which can enhance the adsorp-
tion once response to NO, and improve the AV. However, porosity
will also in return obstruct the desorption and diffusion process of
target gas during the recovery process. It is seen in Fig. 11c that the
90% response times of the sensor S10 to 1 ppm and 25 ppm NO, are
about 14 s and 16 s which were similar, but the 90% recovery times
were 3s and 8s, respectively. It showed that as the concentration
of NO, increased, the same device absorbed much more target gas
to the electrochemical active sites at the same time, and in return
caused the slower desorption which resulted into a lower recov-
ery rate. As discussed above, Fig. 11a-c shows that each sensor had
acceptable response and recovery time which could meet the basic
needs of detecting task. However, recovery rate acted as important
characteristics as well for a practical NO, sensor, still need more
efforts to further examined and improved.

Dependence of the potential difference on the NO, concen-
trations for the sensor S10 using NiO is shown in Fig. 12. It is
seen that the AV of the sensor varied linearly with the logarithm
of NO, concentration in the examined range of 10-500 ppm at
800°C. The slope of the S10 with 10 wt% starch-added matrix was
about 60 mV/decade, while the SO using smooth one was about
38 mV/decade. It was obvious that the slope became larger when
the porosity increased, which indirectly indicated that the improve-
ment of the effective area of TPB played an important role in
increasing the sensitivity (slope) of the sensor.

The present sensor device S10 was further subjected to addi-
tional test for the cross-sensitivities test to various gases. As shown
in Fig. 13, S10 exhibited high selectivity to 100 ppm NO, against
the interference gases with the AV of more than 110mV, and a
rather low response to others with AV of less than 10 mV. These
well sensing properties indicated promising potential advantage of
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Fig. 12. Dependence of potential difference on the NO, concentration for the sensor
S$10 using the YSZ substrate doping 10 wt% starch.
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Fig. 13. Sensitivities of the sensor S10 using the YSZ substrate doping 10 wt% starch
that to various gases at 800°C.

the sensor in practical application. As shown in Fig. 14, the response
transients as well as the potential difference response to 100 ppm
NO, also showed reproducible properties in successive runs. This
result confirms that the reproducibility of the improved device is
really good.
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Fig. 14. Repeated response transients of the sensor S10 using the YSZ substrate
doping 10 wt% starch upon switching on- and off-NO, repeatedly at 800°C.

4. Conclusions

In summary, the porous and stable triple-phase-boundary (TPB)
structure of YSZ substrate has been successfully prepared using
coating techniques with various pore formers, and the nano-
structured NiO was synthesized by hydrothermal method as the
sensing electrode. The mixed-potential-type NO, sensor based
on as-prepared porous TPB and NiO contributed to a remarkable
increase of the response to NO, at the ranges from 10 ppm to
500 ppm, and the increased value showed a direct relationship to
the category and amount of pore formers. Each sensor showed an
acceptable response and recovery time to meet the basic needs
of detecting task. The sensor based on the 10wt% starch-added
matrix showed the largest response to 100 ppm NO, with the AV
of 114 mV at 800 °C. Further tests were taken and response varied
linearly with logarithm of the concentration. Moreover, the sen-
sor exhibited well selectivity and repeatability to NO,. These well
sensing properties indicate the promising potential of the sensor in
practical application.
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