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High performance mixed-potential-type NO, sensors using yttria-stabilized zirconia (YSZ) electrolyte
with NiCr,04 sensing-electrode were fabricated. The femtosecond laser direct writing technology was
used to process YSZ-substrate to construct structured surface. The results of scanning electron microscope
(SEM) revealed that porous micron-sized groove was formed on the surface of YSZ-substrate by the

radiation of 800-nm femtosecond laser. The sensor using processed YSZ-substrate outputted larger signal
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than the sensor using unprocessed YSZ-substrate in NO, containing atmosphere at 800 °C which might
be attributable to the enlargement of TPB (three-phase-boundary). In addition, the sensor maintained
good response-recovery transients, repeatability and cross-sensitivity.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

The emission of nitrogen oxides (NOx) has caused serious pollu-
tion problems such as acid rain and photochemical smog. In order
to monitor the emission of NOXx, high performance NOx sensors are
urgently demanded. At present, special attentions have been paid
to YSZ-based gas sensors owing to their simple structure, attractive
sensitivity and sustainability in hostile condition [1-6].

In order to improve the performance of YSZ-based NOx sen-
sors, many studies have been focused on exploring new electrode
materials [7-13]. In recent years, modification of structure of the
electrode proves to be another effective method to improve the per-
formance. For example, Park et al. formed three-dimensional TPB
by mixing NiO with YSZ as the sensing electrode [14]. Liang et al.
obtained YSZ-substrate with larger surface by hydrofluoric acid
corrosion method [15]. These methods can significantly improve
the response to NOx. However, the randomness of above methods
makes it difficult to repeat the same structure in each experiment.
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In this case, a method of constructing structured surface which can
ensure reproducibility is urgently needed.

Laser direct writing technology which can accurately control
the surface structure has been widely used in 3D-fabrication. So
far, there are few reports about constructing structured surface of
YSZ-substrate by this technology. In this work, femtosecond laser
direct writing was used to form porous micron-sized groove on
the surface of YSZ-substrate. High performance mixed-potential-
type NO, sensor using the processed YSZ-substrate with NiCr,04
sensing electrode was fabricated and tested.

2. Experimental

The schematic of femtosecond laser direct writing system was
shown in Fig. 1. The surface of YSZ-substrate (8 wt.% Y,03-doped,
2 mm x 2 mm, 0.2 mm thickness, Tosoh Corp., Japan) was processed
by titanium sapphire amplified femtosecond laser (SPTF-100F-
1KHPR) with 800-nm wavelength, 200-mW power, 150-fs pulse
width, 1-kHz pulse recurrence frequency and 50-pm facula diam-
eter. The focused femtosecond laser can cause the sublimation of
YSZ. The YSZ-substrate was placed on the Transfer Stage which
could motion along two orthogonal directions under the control
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Fig. 1. Schematic of femtosecond laser direct writing system.
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of PC. Two kinds of grooves array pattern with different groove
spacing were formed on the surface of YSZ-substrate.

The planar NO, sensors were fabricated using the processed
YSZ-substrate with NiCr, 04 synthesized by citric acid method [16].
The structure of the planar NO, sensor was showed in Fig. 2. The
stripe-shaped Pt (0.5 mm x 2 mm) acted as reference electrode (RE)
and NiCr,04 covering the point-shaped Pt (0.8 mm x 2 mm) acted
as sensing electrode (SE). The devices were sintered at 900 °C for
2h.

Field-emitting Scanning Electron Microscopy (FE-SEM; JEOL,
JSM-7500, Japan) was used to observe the surface of YSZ-substrate.
The NO, sensing characteristics were measured by increasing NO,
concentration from 5 ppm to 500 ppm (NO, +21 vol.% O, + N, bal-
anced) at the operating temperature of 800 °C. The electric potential
difference between SE and RE was recorded by the digital elec-
trometer (Digital Multimeter; Rigol Technologies, Inc., DM3054,
China).

Pt electrode Sensing electrode
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Fig. 2. Schematic of the sensor structure.

3. Results and discussion

Fig. 3a showed the SEM images of the smooth surface of unpro-
cessed YSZ-substrate. Fig. 3b and c showed the surface of two
kinds of processed YSZ-substrate with different groove spacing.
Fig. 3d and e was the enlarge details of the surface. It could be
seen clearly that micron-sized grooves were formed on the sur-
face of YSZ-substrate. The groove spacing was 130 wm and 240 p.m,
respectively. Fig. 3f showed the rough and porous microstructure of
these grooves. These porous grooves might provide larger contact
area between YSZ and sensing electrode materials.

Fig. 4 exhibited the response transients to various NO, concen-
trations of the sensors using unprocessed YSZ-substrate and two
kinds of processed YSZ-substrate (short for S (smooth), S (130 wm)
and S (240 pwm)). It could be seen that the sensors with processed
YSZ-substrate increased the change of electric potential difference
(AV) (electric potential difference (Vno2) — electric potential dif-
ference (Vy;;)) and the sensor S (130 wm) outputted the highest
response value. The AV for sensor S (130 wm) to 100 ppm NO, was
100 mV. The response time for each sensor was about 8s.

Fig. 3. SEM images of YSZ-substrate surface. (a) Unprocessed YSZ-substrate, (b) processed YSZ-substrate with 130 wm groove spacing, (c) processed YSZ-substrate with
240 wm groove spacing, (d) partially enlarged detail of (c), (e) partially enlarged detail of (b), (f) microstructure of YSZ-substrate where was irradiated by laser pulse.
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Fig. 4. Response transients of the sensors using unprocessed YSZ-substrate and
processed YSZ-substrate with 130 wm and 240 pm groove spacing to various NO;
concentrations in the range from 5 ppm to 500 ppm at 800 °C.

The sensing behavior of this kind of potentiometric sensor could
be explained by mixed-potential mechanism [14-18]. The device
could be described by the following electrochemical cells:

Inair : O, NiCr,04/YSZ/Pt, O,

Insamplegas : O, + NO,, NiCr,04/YSZ/Pt, NO, + O,

In air, only the following equilibrium took place at TPB of each
electrode (RE and SE):

1/205(gas)+Vo** + 2~ = 0% (ysz) (1)
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Here, Vp** represented an oxygen vacancy in the YSZ. The electrons
in the equilibrium transferred between electrodes and YSZ. Because
the equilibrium took place at different rates at SE and RE, an electric
potential difference (V,;.) between SE and RE was generated.

In sample gas (NO, +0,), because RE is insensitive to NO,, the
potential of RE was fixed by constant O, concentration. On the other
side, due to SE’s high electrochemistry catalytic activity to NO,, NO,
could change the potential of SE by the following electrochemical
process:

Cathodic : NO; +2e~ — NO + 0% (ysz) (2)

(3)

When the rates of the two electrochemical reactions were equal,
the potential of SE was the so-called mixed-potential. The electric
potential difference between SE and RE was the Vo, .

The above electrochemistry reactions occurred at the active sites
of TPB. In this case, the processed YSZ with 130 wm groove spacing
had the largest surface which might enlarge the TPB and acceler-
ate the reactions. Therefore, sensor S (130 wm) showed the largest
response to NO,.

The dependence of AV on the logarithm of NO, concentration
for sensor S (130 pwm)and S (smooth) was showed in Fig. 5a. The AV
values were almost linear to the logarithm of NO, concentration.
The slope was promoted from 35 mV/decade (for S (smooth)) to
55 mV/decade (for S (130 m)). The continuous response-recovery
transients (Fig. 5b) showed the stable and repeatable performance
of sensor S (130 wm). In addition, 3 weeks long-term stability of
sensor S (130 pm) was compared with sensor S (smooth) as shown
inFig. 5c. It could be seen that sensor S (130 pwm) kept good response
to 50 ppm NO, within +2% change.
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Fig. 5. (a) The dependence of the AV on the logarithm of NO, concentrations for sensor S (130 wm) and sensor S (smooth), (b) continuous response-recovery transients of
sensor S (130 wm) to 50 ppm NO; at 800°C, (c) time dependence of the AV to 50 ppm NO, for sensor S (130 wm) and sensor S (smooth).
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Fig. 6. Cross-sensitivities to various gases and dependence of the AV on the loga-
rithm of O, concentrations for the sensor S (130 wm) at 800°C.

In addition, the cross-sensitivities to various gases for the sen-
sor S (130 wm) were exhibited in Fig. 6. It was seen that the present
sensor displayed rather high selectivity to NO,. The inset showed
the dependence of the AV to 50 ppm NO, on the logarithm of
0, concentrations for sensor S (130 wm). It was observed that the
slope was linear and negative. Such a result examined the sensing
mechanism involved in the mixed-potential.

4. Conclusions

In this article, femtosecond laser direct writing technology was
used to process YSZ-substrate to form structured surface. The
response of YSZ-based mixed-potential-type sensor to NO in the
range of 5-500 ppm at 800 °C was improved by this method. The
better performance might be explained by the larger TPB. More-
over, the sensor with processed YSZ-substrate maintained good
response-recovery transients, repeatability and cross-sensitivity to
NO,.
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