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The nano-bowl shaped structure and gold nanoparticle array were successfully fabricated on the YSZ
substrate and examined to improve the sensitivity of mixed potential type NH3 gas sensor. The nano-bowl
shaped structure was constructed by solution-dipping template (polystyrene spheres) strategy and gold
nanoparticle inlaid in the nanostructure was fabricated by vacuum evaporation plating technology. The

present study mainly explored the influence of gold layer’s thickness on the nanostructure. The perfect
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ordered gold nanoparticle array inlaid in nano-bowl shaped structure was obtained when the evaporated
gold film thickness was about 50 nm. The mixed potential type gas sensor which based on processed
YSZ substrate displayed the improved sensitivity and selectivity to NH3 at elevated temperature. All
the enhanced sensing properties might due to the enlarged three phase boundary (TPB) and inlaid gold

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Selective catalyst reduction (SCR) systems have been widely
used in diesel cars to eliminate the NOx emissions. In this sys-
tem, the NOy is removed by a chemical reaction with NHs:
2NO +4NH3 +20, =3N, +6H,0 [1-3]. However, the emission of
NH3 to environment is also harmful. Thus, developing a NH3 gas
sensor to prevent the release of unreacted NH3 in SCR is becoming
more important.

Yttria-stabilized zirconia (YSZ)-based gas sensor, famous for its
chemical and mechanical stability [4-7], has been widely used in
monitoring vehicle emission. The sensitivities of this type gas sen-
sor were mainly affected by the sensing electrode material and
the structure of the three-phase boundary (TPB). Various materials
such as single and mixed oxides were used as sensing material and
presented good sensitivities. Liu et al. used In, 03 as sensing mate-
rial fabricated the sensor and showed a good sensitivity to NO, at
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700°C [8]. Au doped metal oxides were also extensively studied as
sensing electrode material. Elumalai et al. fabricated the YSZ-based
sensor utilizing Au/NiO composite sensing-electrode and gave
selective and sensitive response to Cz3Hg [9]. Wu et al. developed
CO gas sensor based on YSZ and Au-doped Ga;03 sensing elec-
trode at high temperature [10]. On the other hand, TPB also played
an important role on the sensitivities of the sensor. High perfor-
mance TPB means a larger contact area between sensing electrode
material, YSZ substrate and the sample gas, which could provide
more electrochemical reaction active sites for the electrochemi-
cal reaction. A series of methods such as sand blasting technology
[11], hydrofluoric acid corrosion [12] and femtosecond laser direct
writing technology [13] were used to construct an efficient TPB. In
our previous work, by using PS spheres (PSs) as a template com-
bined with solution-dipping method [14-18], nano-bowl shaped
structure was successfully fabricated on the YSZ substrate. The
sensing properties of the sensor which using processed YSZ sub-
strate as electrolyte showed a significant enhancement to NO, [19].
Up to now, there are a few related reports about constructing gold
nanoparticle inlaid in nano-bowl shaped structure on the YSZ sub-
strate. The design of such nanostructure array not only enlarged
the TPB but also introduced the gold nanoparticles into sensing
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Fig. 1. Schematic illustration of the fabrication strategy for well-ordered porous
array mounted with gold nanoparticles.

Fig. 2. Diagram of vacuum evaporator.

electrode, which could significantly enhance the sensitivities of
sensor.

In this paper, the well-ordered nano-bowl shaped structure and
gold nanoparticle array was fabricated on the YSZ substrate by solu-
tion dipping method and vacuum evaporation plating technology,
respectively. The high performance mixed-potential type NH3 sen-
sor utilizing the processed YSZ substrate as electrolyte and SnO; as
sensing electrode material was fabricated and tested.

2. Experimental

2.1. Fabrication of well-ordered porous array mounted with gold
nanoparticles

The process of fabricating gold nanoparticles on the YSZ sub-
strate was shown in Fig. 1. As we reported before, the nano-bowl
shaped structure was fabricated on the YSZ substrate successfully
by the solution dipping PSs template strategy. After solution dip-
ping, the PSs template was picked up by YSZ substrate. Then the
substrate was annealing at 1300°C for 3h to remove PSs tem-
plate. The processed YSZ substrate was introduced into the vacuum
chamber (Organic metal vapor deposition system, LN-1046SC) and
was fixed between two independent evaporation rate monitors, as
shown in Fig. 2. Monitor01 was put close to the gold pellet (purity
is 99.99%) to monitor the evaporation rate of gold. Monitor02 was
used to show the deposition rate of gold. These two monitors allow
us to estimate the final thickness of the gold film by controlling the

Fig. 3. Schematic diagram of the YSZ-based NH3 sensors.

evaporation time. When the evaporation rate monitored by mon-
itor01 was maintained, the baffle was removed and gold started
evaporated onto the YSZ substrate at the rate of 0.5A/s as shown
in monitor02 [20,21]. By controlling evaporation time (200 s 400 s
1000s 2000s), four different thickness gold films (10 nm, 20 nm,
50nm, 100 nm) were prepared on the processed YSZ substrate.
Then, the processed YSZ substrates covered with different thickness
gold film were sintered at 1100 °C for 3 h, and the gold nanoparticle
was successfully inlayed into the nano-bowl shaped structure.

2.2. Fabrication and measurement of the sensor

To further explore the influence of TPB and gold nanoparticle on
the sensitivities of the sensor, four different YSZ-based NH3 sensors
were fabricated. The sensors using YSZ substrate with or without
nanostructure porous nanostructure array film were labeled as S1
and SO as illustrated in Fig. 3(a) and (b). The sensors based on the
YSZ substrate which coated with gold nanostructure array covered
or not covered SnO, sensing electrode material were labeled as
S2 and S3 as shown in Fig. 3(c) and (d). SnO, sensing electrode
material was prepared by sintering SnCl, at 800°C for 3 h. The
stripe-shaped Pt (0.5 mm x 2 mm) acted as the reference electrode
(RE), the sensing electrode (SE) was fabricated through the point-
shaped Pt (0.8 mm x 2 mm) covered by the SnO, layer. Then the
devices were sintered at 800°C for 3 h. Finally, the Pt heater was
affixed on the back of YSZ substrate to offer the working tempera-
ture of the sensor.

For the mixed-potential type gas sensor, the response signal
(AV)was the potential difference between sensing electrode and Pt
reference electrode. When the sensor was exposed to sample gas,
the potential change on sensing electrode is much larger than Pt
reference electrode. The sensing properties of the sensor were mea-
sured by conventional static mounting static mounting method.
The specific process as follows: The sample gas containing different
NHj3 concentration were obtained by diluting 1% NH3 with base gas
(21vol.% O, and 79% vol.% N, ). When the sensor exposed to sample
gas or air, the sensing signal (AV) was measured by a digital elec-
trometer (Digital Multimeter; Rigol Technologies, Inc., DM 3054,
China), and the results were recorded into the computer which
connected with the electrometer.

X-ray diffraction (XRD) was used to show the phase structure of
sensing electrode material (SnO;) (wavelength=0.1541 nm). The
morphology of the YSZ substrate and sensing electrode material
were shown by Field emission scanning electron microcopy (SEM)
using a JEOL JSM-7500F microscope with an accelerating voltage of
15kV and_atomic force microscope(AFM; Being Nano-Instrument,
Ltd., CSPM5500, China). And the polarization curves were obtained
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Fig. 4. SEM images of morphology of YSZ substrate coated with different thickness
gold film (a) 10 nm (b) 20 nm (c) 50 nm (d) 100 nm after annealing at 1100 °C for 3 h.

by using electrochemical work station (CHI600C, Instrument Cor-
poration of Shanghai, China).

3. Results and discussion

The thickness of 10 nm, 20 nm, 50 nm, 100 nm gold films were
coated on the processed YSZ substrate by controlling the evaporat-
ing time, respectively. Fig. 4 showed SEM images of processed YSZ
substrate coated with different thickness of gold film after anneal-
ing at 1100°C for 3 h. Due to the surface tension and the uneven
surface of YSZ substrate, the gold film would shear off during
annealing process when the thickness of gold layer was relatively
thin (10 nm or 20 nm). As a result, the number of gold nanoparticle
in the nano-bowl shaped structure was uncertain and the distri-
bution of gold nanoparticle is irregular as shown in Fig. 4(a) and
(b). When the evaporated thickness of gold was about 50 nm, gold
nanoparticle was successfully inlaid in the nano-bowl shaped struc-
ture on the YSZ substrate after annealing, and almost every gold
nanoparticle take up a nano-bowl shaped structure (Fig. 4(c)). The
specific geometry size of the gold nanoparticle could be obtained
from AFM image as indicated in Fig. 5(a) and (b), the diameter of
the nanoparticle is about 600 nm and the height of gold nanoparti-
cle is approximately 160 nm. Furthermore, the nano-bowl shaped
structure was badly destroyed and the shape of gold nanoparti-

Fig. 5. (a) AFM image of nano-bowl shaped structure mounted gold nanoparticle;
(b) the height variation curves of the cross-section.

Fig.6. (a) SEM images of the surface of YSZ substrate ordered porous array mounted
with gold nanoparticles; EDS observation for the element of (b) Y (c) Zr (d) Au.

cle became irregular when the gold layer thickness increased to
100 nm, as illustrated in Fig. 4(d).

The EDS mapping images of the processed YSZ substrate were
also measured to further illustrate distribution of Au element as
shown in Fig. 6. EDS analysis indicated coexists of Y, Zr, and Au
contents. After detail analysis, the places circled out in Fig. 6(b and
c) were identified as gold nanoparticles because the signals of Y and
Zrin the corresponding locations were pretty weak. Meanwhile, the
signal of Au was regularly dispersed and concentrated in the places
circled out in Fig. 6(d), which demonstrated that the gold had been
perfectly filled in the nano-bowl shaped structure [22].

XRD measurement was carried out to confirm the composition
and crystalline phase of SnO, sensing electrode material. Fig. 7(a)
reveals the XRD pattern of SnO,. All the diffraction peaks of SnO,
were accorded well with the signal phase SnO, with tetragonal
structure (JCPDS No. 88-287). No impurity phases were observed
from the pattern, which suggests the high purity of material. The
diameter of SnO, nanoparticle was about 24.2 nm according to
Debye-Scherer formula. Fig. 7(b) shows the SEM image of nano-
bowl shaped structure filled with SnO, nanoparticles. It could be
seen that SnO, nanoparticles were successfully filled into the nano-
bowl shaped structure and formed an efficient TPB.

The response and recovery properties of sensor S2 at different
operating temperatures were exhibited in Fig. 8. The absolute value
tended to increase with the initial increase in the temperature and
the maximum response to 100 ppm NH3 was obtained at 650 °C. At
a higher temperature, the absolute value tended to decrease. Con-
sequently, 650 °Cwas considered as the best operating temperature
and was used in the subsequent sensitivity property tests.

The response transient curves of sensor SO, S1, S2, and S3 to
10-400 ppm NH3 were showed in Fig. 9(a). Obviously, S2 generated
the highest response to NH3 at every concentration conditions. And
S3 had the lowest response to NHj3 in the range of 10-400 ppm. For
sensor S3, the gold nanoparticle array which fabricated on the YSZ
substrate was considered had excellent catalyst to target gases. As
a result, the response of sensor S3 to different concentrations of
NH3 changed little and generated sensitivity as —9.2 mV/decade
as illustrated in Fig. 9(a) and (b). When SnO, sensing electrode
material was prepared on the smooth surface YSZ substrate and
fabricated the sensor (S0), the response of SO to 100 ppm NH3 was
about —21.6 mV, which showed that SnO, had a certain catalytic
activity to NHz. When SnO, was covered on the processed YSZ sub-
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Fig. 7. (a) XRD pattern of SnO; sensing electrode material; (b) SEM image of YSZ
substrate ordered porous array mounted with gold nanoparticles filled with SnO,
sensing electrode material.

Fig. 8. The response of sensor S3 to 100 ppm NHj3 at different temperatures.

strate and fabricated the sensor (S2), the sensitivity of S2 is highly
enhanced as illustrated in Fig. 9(a). The reason for the enhanced
sensitivity could be explained by the enlarged efficient TPB and the
construction of gold nanoparticle array. TPB is a reaction region
for the cathodic reaction: 1/20, +2e~ — 02~ (1) and anodic reac-
tion: 2/3NH3 + 02~ — 1/3N, + H,0 + 2e~ (2). The nano-bowl shaped
structure fabricated on the YSZ substrate could provide a larger
TPB, which makes the response of S2 to NH3 highly enhanced com-

Fig. 9. (a) Response transient curves for the sensor SO, S1, S2, S3 to 10-400 ppm
NHj3 at 650°C; (b) dependence of AV on the logarithm of NH;concentrations for the
sensors SO, S1, S2, S3 at 650°C.

Fig. 10. Schematic representation of NH; sensing mechanism for the sensor S2.

pared with SO. The improved sensitivity of sensor S1 compared
with SO could also be explained by the enlarged TPB. The effect of
gold nanoparticle array could be explained by the physico-chemical
model [23]. The adsorption of oxygen could be expressed by the
following equilibrium reactions (Fig. 10).

According to the equilibrium between oxygen vacancies and
oxygen gas, the mechanism of electrical conduction in tin oxide
could be written as follow:

O3 +2Sox — 20-Spx

O-Sox + VO + 2eox — 00*
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Fig. 11. Modified polarization curve in 100 ppm NH3 and in air for the sensor SO, S1, S2, S3 operated at 650°C.

0, + 2V + 4eox — 200"

Where Vj; is oxygen vacancy, eox is the electron of tin oxide and
0o’ represent the lattice oxygen.

When the gold nanoparticle contact with tin oxide, the spillover
effect and electron change between gold and tin oxide are two
main factors affect the catalytic activation of oxygen dissociation
[24-26]. The spillover effect could consist in catalytic activation of
oxygen dissociation on SnO, according to the following equations:

0Oy +2Smy — 20-sy

O-SM + €ox + Sox > O™ -Sox + Sm

Where Sy is an adsorption site on the metal, Sox is an adsorption
site on Sn0,. The second possible action of the gold in an elec-
tronic effect [27,28] consisting in electron change between metal
and SnO, by following equations:

0y +2em + 2S5y — O™ -sy

€ox > €M

On the TPB, the oxygen transmission could be expressed by fol-
lowing equations:

(0] -Sox + ST — O—ST =+ Sox

O-sp+St— O-st+Sym

Where St is the adsorption site on the TPB, O-st is the adsorbed
species on the TPB. With the construction of gold nanoparticle
array, more oxygen would be adsorbed on TPB and accelerated

electrochemical reaction [29,30]. Lu et al. reported that the particle
size of Au nanoparticle would highly influence catalyst activity of
CO oxidation reaction [31]. However, the influence of strain effect,
length among gold-YSZ-SnO, on the sensing properties would be
explored in the following experiment.

On the other hand, due to the strong acid-base interaction, NH3
molecules could be absorbed on SnO, nanoparticle completely and
then spillover to TPB. As a result, both cathodic and anodic reac-
tions are accelerated at TPB and a larger response is generated [32].
To verify the sensing mechanism further, the polarization curves
for sensor SO, S1, S2, S3 were measured (Fig. 11). The modified
anodic polarization curves were obtained by subtracting current
in air from in sample gas. The different variation range of polar-
ization curves may be caused by different electrochemical reaction
activity at TPB. The slope of anodic polarization curve for sensor
S2 is much larger than other sensors, which represent a higher
electrochemical reaction activity to NHs. Besides, mixed-potential
could also be estimated from the intersection point of anodic and
cathodic polarization curves [33]. The mixed-potential mechanism
could be verified by comparing mixed potential estimated val-
ues and observed values of experiment. The estimated values are
essentially in agreement with the observed values to 100 ppm NH3.
These results show clearly that the sensors agree with the mixed-
potential mechanism [34,35]. Fig. 9(b) shows the dependence of
AV on the logarithm of NH3 concentrations for the sensor SO,
S1, S2, S3 at 650°C. The AV for every sensor is almost linearly
with logarithm of NH3 concentration in the range of 10-400 ppm
which is accordance with the mixed-potential mechanism. The
slope of S2 was about —56.9 mV/decade, and other sensors SO,
S1, S3 were approximately —19.2 mV/decade, —46.8 mV/decade,
—9.2mV/decade. Obviously, gold nanoparticle array and high-
performance TPB played important roles in the enhancement of
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Fig. 12. Sensitivities of sensor S1 and S2 to 100 ppm various gases at 650°C.

the sensitivity. Meanwhile, t res and t ¢c of S2 were about 1s, which
showed excellent response and recovery performance.

The selectivities of S1 and S2 to various gases at 650°C were
illustrated in Fig. 12.1t can be observed that the sensor S1 generated
almost the same response to 100 ppm NH3 and CO at 650 °C. Addi-
tionally, other gases such as C;H4 and CHy4 also had great impact on
the detection of NH3. However, the response of S2 to 100 ppm NH3
was significantly increased and other examined gases decreased
largely at 650 °C, which showed S2 displayed the enhanced selec-
tivity to NHjs. In order to explain the effect of gold nanoparticle on
the selectivity of the sensor, the polarization curves for S1 and S2 in
sample gas (100 ppm NH3 and 100 ppm CO) and in base gas (in air)
at 650°C were measured, respectively. The cathodic polarization
curve of O, for the sensor S2 was largely increased with the pres-
ence of gold nanoparticle. The slope of polarization curve for NH3
was much larger than CO as shown in Fig. 13, which demonstrated
a higher electrochemical reaction activity of NH3 at TPB [36]. These
resulted in the increase in the response to NH3 and decrease in the
response to CO. Based on above reasons, the selectivity of the sen-
sor S2 was largely improved with the presence of gold nanoparticle
[37].

According to mixed-potential theory, the electrochemi-
cal reaction (1) 2/3NH3+0% - 1/3N,+H,0+2e~ and (2)
1/20,+2e~ — 0%~ can be described as following equations:

0
_ o 204F (V= V}y,)
INH; = INH;€XP ~  RT

Fig. 13. Modified polarization curves (a) in 100 ppm CO and in air (b) in 100 ppm NH3 and in air for sensor S1 and S2 operated at 650°C.
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0

) ) —20,F (V -V
102 = lozexp #

RT

Where o and F represent the transfer coefficient and Faraday
constant, ig and Vj represent the exchange current density and
electrode potential at equilibrium. R is the gas constant and T rep-
resents the temperature. The equalizations above could also be
expressed as follow:

-0 m
ing, = B1CNi,

0 n
102 = BZCOZ

Where By, By, n, and m are constants, Cyy, and Co, are the concen-
tration of NH3 and O,. When the electrochemical reactions reach
the dynamic balance (inn, + io, = 0), the mixed potential was gen-
erated and could be represented by Vy:

Vm = Vo + l'l‘lA]l'lCo2 — HA]HCNH3
Here

RT In B2 OLIVR’Hs + 0L2V82

Vo= In2
= 2(01 +a)F By o + oy
RT
.
2(0(1+0L2)F

When Cny, is a constant, Viy could also be simplified as the follow-
ing equations:

Vm =V + l'l‘lAll‘lCo2 (1)

It could be seen that Vi varies linearly to In Co, from Eq. (1).
In order to further determine whether the NH3 sensor S2 com-
ply with the mixed-potential theory, the measurements of sensor
S2 to 100 ppm NHs at different concentrations of O, were car-
ried out. Absolute value of the response to 100 ppm NH3 decreases
with increasing in O, concentration as indicated in Fig. 14(a). And
the AV almost vary linear to the logarithm of O, concentrations
with a positive slope in the examined range as shown in Fig. 14(b).
The result further demonstrated that the sensor is accord with the
mixed-potential mechanism.

From the perspective of practical applications, the repeatabil-
ity and long term stability are also crucial evaluation parameters
for a valuable sensor. The continuous response and recovery tran-
sients of sensor S2 switching on and off 100 ppm NH3 at 650 °C has
been tested and the corresponding result is shown in Fig. 15(a). Itis
clearly seen that the response of sensor S2 to 100 ppm NH3 showed
good repeatability in the examined eight-time circle. The long term
stability of sensor S2 to 100 ppm NH3 was measured at 650°C as
illustrated in Fig. 15(b). The change of the response to 100 ppm
NHj3 was slightly, and the base line also showed good stability with
+2 mV change during a month measurement period.

4. Conclusion

In this work, the well-ordered porous array mounted with
gold nanoparticles was successfully fabricated on the YSZ sub-
strate using a solution-dipping PSs template strategy and vacuum
evaporation technology. The optimal gold nanoparticle array was
obtained when the thickness of gold layer was about 50 nm. The
mixed-potential type NH3 sensor based on processed YSZ inlaid
with gold nanoparticles and SnO,-SE was fabricated and the sens-
ing characteristics were evaluated at elevated temperature. The
response of the sensor S2 to 100 ppm NH3 was approximately
—63mV at 650°C, nearly thrice as much as SO. Meanwhile, the

Fig. 14. (a) Responses of sensor S2 to 100 ppm NHj at different concentrations of
0, at 650°C; (b) dependence of the AV on the logarithm of O, concentrations.

Fig. 15. (a) Continuous response-recovery transients of the sensor S2 switching on
and off to 100 ppm NH3 at 650°C; (b) long-term stability at 650 °C for the sensor S2.
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sensor S2 achieved a high sensitivity of —59.6 mV/decade to NH3
in the range of 10-400 ppm at 650°C. In addition, the sensor S2
also showed fast response and recovery times, improved selectiv-
ity, good repeatability and long term stability to NH3 at 650°C.
All the improvements of the sensing properties were due to the
high-performance TPB and gold nanoparticle on the YSZ substrate.
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