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ABSTRACT: A well-ordered porous three-phase boundary (TPB) was e i
prepared with a polystyrene sphere as template and examined to improve the by ¢¢<
sensitivity of yttria-stabilized zirconia (YSZ)-based mixed-potential-type NO,
sensor due to the increase of the electrochemical reaction active sites. The
shape of pore array on the YSZ substrate surface can be controlled through
changing the concentration of the precursor solution (Zr*"/Y*" = 23 mol/L/4
mol/L) and treatment conditions. An ordered hemispherical array was
obtained when C,,*" = 0.2 mol/L. The processed YSZ substrates were used 5[ =%
to fabricate the sensors, and different sensitivities caused by different
morphologies were tested. The sensor with well-ordered porous TPB
exhibited the highest sensitivity to NO, with a response value of 105 mV to
100 ppm of NO,, which is approximately twice as much as the smooth one.
In addition, the sensor also showed good stability and speedy response
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kinetics. All these enhanced sensing properties might be due to the structure and morphology of the enlarged TPB.
KEYWORDS: YSZ, PSs template, ordered pore array, NO, sensor, three-phase boundary

B INTRODUCTION

Yiyttria-stabilized zirconia (YSZ)-based NO, sensor is one of
the most advantageous devices' ™ because of its high operation
temperature and mechanical and chemical stability. The sensor
has been extensively applied in monitoring the “automotive
vehicle exhaust. Electrode materials and the structure of the
three-phase boundary (TPB) were two main factors affecting
the sensing properties of the sensor. Miura et al. fabricated the
mixed-potential type NO, sensor, which used NiO as sensing
electrode material and has excellent sensitivity to NO, at high
temperature.”’” Recently, the effect of the microstructure of
TPB had drawn considerable attention. The enlarged effective
area of the TPB may extend the electrochemical reaction active
sites and improves the sensing performance of the sensor. For
example, our group used hydrofluoric acid corrosion and sand
blasting technology to enlarge the surface area of YSZ
substrate.”” All the aforementioned methods significantly
improve the response value of the sensor to NO,. However,
constructing the same structure in every experiment was
difficult, and our group also developed femtosecond laser direct
writing technology to control the surface morphology of the
YSZ substrate.'” By using this method, a micrometer-range
ordered structure was successfully constructed. However, the
femtosecond laser direct writing system was too expensive.
Thus, developing a simple and inexpensive way to fabricate the
TPB with controllable morphology is becoming more essential.
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The self-assembly technique combined with the solution-
dipping strategy is a cost-effective and simple way to create
micrometer-scale pore array.'”'> The combination of the self-
assembled polystyrene sphere (PSs) template method and
solution-dipping strategy was an efficient approach to create
periodic nanostructures. In addition, structures, such as
nanobowl,">~"” nanorod,"® nanohoneycomb,w and nanoring
arrays,zo_22 as well as other nanostructures,” >’ have been
fabricated. After the self-assembly process, the PSs come into
the monolayer template; then, PSs template is transferred to
the precursor solution, and the template will float due to the
surface tension of the solution. After the solution-dipping
process, the template is picked by the substrate. After heat
treatment, the PSs template is removed and the ordered pore
array is eventually formed. To date, many studies on ordinary
glass or silicon substrates® have been conducted using the
aforementioned methods. However, only a few studies on YSZ
substrate have been conducted.

In this study, PSs colloidal monolayer was used as a template,
combined with the solution-dipping template strategy and self-
assembly technology, to fabricate well-ordered nanostructured
porous YSZ film on the YSZ substrate. Then, a high-
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Figure 1. Flowchart of the fabrication strategy for the YSZ nanostructured pore array film.
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performance YSZ-based NO, sensor, which used NiO as
sensing electrode and YSZ substrate with pore ‘array as
electrolyte, was fabricated and measured.

B EXPERIMENTAL SECTION

Preparation of Well-Ordered YSZ Nanostructured Pore
Arrays. The solution-dipping template synthesis strategy is shown
in Figure 1. First, the glass slide and silicon wafer were cleaned in a
mixed solution of 30%H,0, and H,SO, at 100 °C for about 1 h to
prepare a hydroxylated surface. Once cooled, the cleaned glass slide
was placed at the edge of the culture dish, which contained deionized
water and sodium dodecyl sulfate (SDS; 10 wt %; H,O/SDS = 100
mL/35 uL). Then, the PSs (provided by Alfa Aesar) suspension (PSs/
deionized water/ethanol = 0.1 g/1 mL/1 mL) was lifted off from the
glass slide. PSs would float on the solution due to the surface tension.
After the self-assembly process, PSs would come into the monolayer
PSs template, and the cleaned silicon wafer was used to pick up the
PSs colloidal crystal template. Then, the PSs colloidal crystal template
was slowly immersed into the precursor solution (C,* = 0.01, 0.02,
0.05, 0.1, 0.2, and 0.4 mol/L), keeping the same molar ratio of the YSZ
substrate (8% YSZ, provided by Anpeisheng Corp., China, Y,05/
ZrO,= 0.08/0.92). Due to the surface tension and the difference of
wettability between PSs and the silicon wafer, the PSs could be
detached from the substrate and float on the precursor solution
surface. After a 2 h solution-dipping process, the precursor solution
was fully filled into the interstitial spaces between PS spheres. Then
YSZ substrate was used to pick up the floating colloidal monolayer.
The flat surface of the YSZ substrate was covered by the colloidal
monolayer template, and the precursor solution fully filled in the
interstitial spaces between the substrate and PSs template. Then, the
YSZ substrate covered with PSs template was annealed at 1000 °C.
The PSs were removed after a 1 h heat-treatment; the solute (Y,05,
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ZrO,) was gradually deposited onto the surface of YSZ substrate, and
the YSZ substrates with an ordered nanostructure pore array film were
obtained. The film and the YSZ substrate were firmly combined
because pore array film was directly grown on the surface of YSZ at
1000 °C.>7*

Fabrication and Measurement of the Sensor. Planar-type NO,
sensors were fabricated using the unprocessed and processed YSZ
substrate after different concentrations of solution dipping (C** =
0.01, 0.02, 0.05, 0.1, 0.2, and 0.4 mol/L), which were labeled as SO, S1,
S2, 83, S4, S5, and S6. The chemical precipitation method was used for
synthesis of NiO, and the precursor of NiO (Ni(OH),) was sintered at
1100 °C for bout 3 h; NiO material was obtained.>> **The stripe-
shaped Pt (0.5 mm X 2 mm) acted as the reference electrode (RE),
and the sensing electrode (SE) was fabricated through the point-
shaped Pt (0.8 mm X 2 mm) covered by the NiO layer. The devices
were sintered at 800 °C for 3 h. A schematic diagram is shown in
Figure 2.

The phase structure of SE material (NiO) was characterized
through XRD patterns on a Rigaku wide-angle X-ray diffractometer
(wavelength = 0.1541 nm). The morphology and the nanostructure of
YSZ substrate were investigated by field emission scanning electron
microscopy (SEM) using a JEOL JSM-7S00F microscope with an
accelerating voltage of 15 kV and atomic force microscope (AFM;
Being Nano-Instrument, Ltd, CSPMS5500, China). The response
signal (V) of the sensor to measured gas was tested using a digital

electrometer (Rigol DM3054) connected to a computer. The
polarization curves of sensor SO and SS in air or sample gas (50 and
100 ppm of NO, + air) were measured by using an electrochemical
workstation (CHI600C, Instrument Corporation of Shanghai, China).
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Figure 3. PS spheres template before (a) and after dipping with different concentrations of precursor solution: (b) C;,* = 0.01 mol/L; (c) C,,* =
0.02 mol/L; (d) Cz* = 0.05 mol/L; (e) C,** = 0.1 mol/L; (f) C,** = 0.2 mol/L; (g) C*" = 0.4 mol/L.

10pum

Figure 4. Morphological and microstructured characterizations of the YSZ nanostructure pore array thin films sintered at 1000 °C. (a) C,,** = 0.01
mol/L, (b) Cz* = 0.02 mol/L, (c) Cz* = 0.05 mol/L, (d) C;,* = 0.1 mol/L, (e) C,* = 0.2 mol/L, and (f) C,,* = 0.4 mol/L.

-400nm

Figure 5. AFM images of (a) smooth YSZ and the YSZ ordered thin films after annealing at 1000 °C with (b) C,,*" = 0.01 mol/L; (c) C,** = 0.02
mol/L; (d) C** = 0.05 mol/L; (e) Cp,* = 0.1 mol/L; (f) C,* = 0.2 mol/L; (g) C,,* = 0.4 mol/L.

B RESULTS AND DISCUSSION

Fabrication of Nanostructure Pore Array Films. In this
experiment, after the self-assembly process, the ordered PSs
template was obtained, as indicated in Figure 3a. PS spheres
still keep the shape and take on the most closely packed
arrangement. After the self-assembly process, monolayer
colloidal crystals were transferred to different concentration
precursors for solution dipping for approximately 2 h. Their

morphologies were different, as shown in Figure 3b—g.
Compared with the colloidal monolayer without solution
dipping (Figure 3a), the deformation caused by a higher
concentration of dipping solution leads to a change from facet
contact (Figure 3b—d) to quasi-point contact (Figure 3e—g)
between neighboring PSs. Correspondingly, the interstices
between PS spheres become wider and wider. The shape of the
PSs changed due to the different buoyancy forces caused by the

DOI: 10.1021/acsami.6b04219
ACS Appl. Mater. Interfaces 2016, 8, 16752—16760


http://dx.doi.org/10.1021/acsami.6b04219

ACS Applied Materials & Interfaces

Research Article

Table 1. Comparison of the Depth, Width, and Ra of the Nanostructure

concentration (mol/L) 0 0.01 0.02 0.05 0.1 0.2 0.4
depth (nm) 0 275 300 350 350 350 350
width (nm) 0 750 800 950 980 980 920
Ra 38.2 82.8 84.9 98.1 117.5 1193 91.2
(a) S JCPDS PDF(#78-423) NiO
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Figure 6. (a) XRD pattern and (b) SEM image of NiO.

different concentration precursors. When the concentration was
low (Cz* = 0.01 and 0.02 mol/L), the buoyancy force was
small. This condition is conducive for PSs to come in contact
and huddle together with the YSZ surface. When the solution
concentration was higher (C,* = 0.2 and 0.4 mol/L), the
buoyancy force also increased, resulting in a decrease in
pressure between the two PSs. Obviously, the shape of the PSs
can be well-tuned by controlling the concentration of the
solution-dipping template.**™

Figure 4 shows the SEM images of prepared YSZ
nanostructure films using PSs monolayer template with
different concentrations of solution dipping. When the
precursor concentration is at a lower level (C,* = 0.01 and
0.02 mol/L), the structure is unordered and weak. When the
precursor concentration increased from Cy,**= 0.05 mol/L to
C,* = 0.2 mol/L, an ordered nanostructure pore array film
was successfully fabricated on the YSZ substrate surface, and its
shape is determined by the concentration of the solution. The
shape of the YSZ nanostructure thin film changed from
hexagon to circular with the increase of precursor concen-
tration, as shown in Figure 4c—e. The nanostructure pore
arrays were badly destroyed and became irregular at higher
concentration (Cz* = 0.4 mol/L). At the same time, a lot of
nanogaps were generated on the walls between two
neighboring nanostructure pores (Figure 4f).

In order to show the change of the nanostructure more
clearly, AFM was also used to illustrate the morphology of the
YSZ substrate surface, as shown in Figure 5. With the increase
in precursor concentration, the thickness of nanostructure pore
array films will correspondingly increase. The width of the
nanostructure increased from 750 to 980 nm, when C,*
changed in the range of 0.01 to 0.2 mol/L. However, at a higher
concentration (C,,*" = 0.4 mol/L), the width decreases to 920
nm. The depth of the nanostructure increases from 275 to 350
nm with the increase in precursor concentration in the range of
0.01 to 0.05 mol/L. When the precursor concentration is higher
(Cz* = 0.05 to 0.4 mol/L), the depth of the nanostructure
remains at 350 nm. In general, when the nanostructure pore
array film was annealed, thermal stress will be generated on the
film surface. The influence of thermal stress on the morphology
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of the nanostructure pore array film is becoming more serious
with the increase in film thickness. With the increase in
precursor concentration, the thickness of the nanostructure
pore array film increases with the increase of the concentration
of the dipping solution. When precursor concentration was
relatively small (C,* = 0.05, 0.1 mol/L), the thermal stress
had a weak effect on nanostructure pore array films in the heat-
treatment at 1000 °C for 1 h. Therefore, the nanostructure
array film on the YSZ substrate is in the same shape as the PSs
template after solution dipping and displays a regular pore.
However, when the precursor concentration was increased
(C* = 0.1, 0.2 mol/L), the thickness between neighboring
nanostructures correspondingly increased. With the increase in
thermal stress on the film surface, a lot of nanogaps were
generated on the walls between two neighboring nanostruc-
tures. When the thickness of the nanostructure was increased
further by the increase in precursor concentration (Cz* = 0.4
mol/L), the influence of thermal stress becomes more
significant, and the nanostructure pore array was out of shape
due to the influence of serious thermal stress. The surface root
mean squares (Ra) obtained from AFM images were used to
show the roughness of the YSZ substrate surface, and the
corresponding result was shown in Table 1. When the
precursor concentration is in the range of 0—0.2 mol/L, Ra
increases from 38.2 to 119.3. When the precursor concentration
was higher, the value of Ra decreases to 91.2. Taking the
integrity and specific dimension into account, C;,* = 0.2 mol/
L was considered to be the best concentration to construct the
ordered nanostructure pore array.

The XRD pattern of the as-synthesized product though the
precipitation method is shown in Figure 6a. The pattern is
consistent with JCPDS File No.78-423, and the phase of
synthesized NiO is a suitably crystalline cubic structure. As
shown in Figure 6b, the diameter of the NiO nanoparticle is
about 150 nm, and the size of the formed nanostructure is in
the range of 750—980 nm. Thus, abundant NiO sensing
particles can be easily incorporated into ordered nanostructure
and provide a larger contact area between NiO SE material and
electrolyte to enlarge the TPB area. The active sites of
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electrochemical reactions were increased, and the reaction rate
was also improved because of the enlarged TPB area.
Sensing Performances of the NO, Sensors. The
response of the YSZ-based gas sensor highly relies on the
operating temperature.39’40 Thus, the best operating temper-
ature of sensor SS was investigated first (SS: sensor with the
processed YSZ substrate which was covered with the best
integrity ordered nanostructure pore array film). The response
and recovery properties of sensor SS at different operating
temperatures are exhibited in Figure 7. The response value

o 800°C = 825°C  850°C = 875°C | 900°C
80 - ' F
> 60 i ( T
£ \
=
Za0r
20 F
: L
0 500 1000 1500 2000 2500 3000
Time/s

Figure 7. Responses of sensor S5 to 50 ppm of NO, at different
temperatures.

tends to increase with the initial increase in temperature, and
the value for maximum response to 50 ppm of NO, was
obtained at 850 °C. At a higher temperature, the response to 50
ppm of NO, tended to decrease. The reason for this
phenomenon is that the electrochemical reactions occurring
at the TPB need a certain active energy below 850 °C. As
temperatures rise, the sensitivity of the sensor will improve
below 850 °C. However, when the temperature was higher than
850 °C, a lot of nitrogen dioxide molecule desorb from the
sensing electrode with the increase in temperature. Thus, the
response of the sensor decreased due to a temperature further
increase. Consequently, 850 °C was considered as the best
operating temperature and was used in the subsequent
sensitivity property tests.

Figure 8a shows the response and recovery performances of
S0, S1, S2, S3, S4, S5, and S6 to different concentrations of
NO,. The response of sensor S5 to 100 ppm of NO, was 105
mV, approximately twice as much as sensor SO. The response
increased with the improvement in the integrity of the

nanostructure. For the sensors SO and S5, the dependences
of AV on NO, concentrations are investigated and shown in
Figure 8b. The AV values were almost linear with the logarithm
of the NO, concentration in the range of 10—400 ppm at 850
°C. The slope of sensor SS was approximately 53.9 mV/decade,
whereas sensor SO was approximately 30.3 mV/decade. This
result clearly showed that the YSZ nanostructure pore films
could effectively enhance the sensitivity.

In order to explain the enhancement of the sensitivity, the
mechanism of the mixed potential type gas sensor was
discussed first. Apparently, when the sensor is exposed to the
NO, atmosphere, a local cell is formed due to the cathodic NO,
+ 2e”— NO + O*™ (1) and anodic 20> O, + 4e~ (2)
reactions taking place at the TPB of the sensing electrode.
When the reaction rate of the cathodic reaction is equal to the
anodic reaction, the mixed potential is generated, as shown in
Figure 9. TPB provides the reaction field for reactions (1) and
(2); a higher roughness value means a larger interface between
NiO and the YSZ substrate, which could provide more active
sites for the electrochemical reactions.”"** As indicated in
Figure 10, Ra increased from 38.2 to 119.3 and the response of
S0—S5 to 100 ppm of NO, also increased from 53.7 to 102.2
mV. The sensors S4 and S5 generate almost the same NO,
sensitivity with nearly the same roughness value. Moreover,
compared to SS, the sensor S6 has a lower roughness value,
which means a relatively small number of electrochemical
reaction active sites. Thus, the sensor S6 generated lower NO,
sensitivity than SS. Obviously, as showed in Figure 10, the
response value of S0—S6 to 100 ppm of NO, was in accordance
with the variation curve of Ra, and the correlation coefficients
of two curves is 0.89, which showed a strong pertinent relation.

Sensor S5 has the highest response to 10—400 ppm of NO,
and processed the perfect YSZ nanostructure porous array film
on the YSZ substrate. Figure 1la illustrated the response
transients to 50 ppm of NO, repeated 9 times at 850 °C. The
AV of each time was almost equal, and the sensor exhibited
good repeatability. Cross-sensitivities for sensor S5 to 100 ppm
of various gases, such as C,H,, H,, CH,, and CO mixed with
100 ppm of NO, at 850 °C, were tested, and the result is shown
in Figure 11b. Compared with 100 ppm of pure NO,, the
response of the sensor SS to mixed gases slightly decreased. It
demonstrated that the sensor SS has relative good selectivity to
NO, in the mixed gas atmosphere. In addition, the 30 day long-
term stability of sensor S5 was tested. The result is shown in
Figure 1lc. The AV, (AV, = [(AV, — AV,)/AV, X 100%],
where AV, and AV, represent the AV of the sensor in the 0
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Figure 8. (a) Response transients of the different sensors to various NO, concentrations in the range of 10—400 ppm at 850 °C. (b) The
dependence of the AV on the logarithm of NO, concentrations for SO and SS.
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Figure 9. Schematic representation of the NO, sensing mechanism for the fabricated sensor.
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Figure 10. Variation curve of Ra and the response of different sensors

to 100 ppm of NO,.

and nth day) was used to show the change in degree of AV with
time. In the figure, sensor S5 maintained a good response to 50
and 100 ppm of NO, within +4% charge, which exhibits good
stability.

As for the detection of a certain concentration of NO,, the
mixed potential is linear with the logarithm of O, and the slope
was negative; the above phenomena coincided with the mixed-
potential sensing model.”** The effect of the coexisting
oxygen transient of sensor S5 to 50 ppm of NO, was
investigated to verify this conclusion. The result is shown in
Figure 12. The potential difference was almost linear to the
logarithm of the O, concentration, which shows a minus slope.
Such a result could clearly examine the sensing mechanism
involved in the mixed potential.

In order to explain the reason for the enhancement of
sensitivity, the polarization curves of the sensor SO and SS in
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Figure 11. (a) Continuous response and recovery transients of sensor SS to S0 ppm of NO, at 850 °C. (b) Cross-sensitivities to various gases for
sensor S5 at 850 °C. (c) Time dependence of the AV to 50 and 100 ppm of NO,.
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Figure 13. (a) Polarization curves of sensor SO and SS in 100 ppm of NO, (+air) and (b) modified polarization curves of sensor SS to air, S0 and

100 ppm of NO, at 850 °C.

100 ppm of NO, (+air) were measured as shown in Figure 13a.
Compared with the polarization curve of sensor SO in 100 ppm
of NO, (+air), the polarization curve of SS tends to shift
upward. This shift in the polarization curve is due to a more
intense cathodic reaction (1), which could enhance the
sensitivity. Besides, for validating the mixed-potential mecha-
nism, the modified polarization curves of the sensor SS in air,
50 and 100 ppm of NO, for the sensor SS, were measured and
exhibited in Figure 13b. The cathodic polarization curve was
obtained by subtracting in air from NO, + air, and the anodic
polarization curve was obtained in air. The intersection of the
anodic and cathodic polarization curves is the theoretical value
of mixed potential. Obviously, the experimental potential
difference values were almost equal to the estimated values.
Thus, the correctness of mixed-potential theory was verified by
the aforementioned experimental evaluation.

B CONCLUSION

In this work, the well-ordered YSZ nanostructure pore array
films on the surface of the YSZ substrate were formed
successfully using the solution dipping PSs template method.
The concentration of the precursor solution (Zr*'/Y** = 23
mol/L/4 mol/L) could highly influence the shape of the
nanostructure pore array film. The mixed-potential type
electrochemical NO, sensors based on processed YSZ with
three-dimension three-phase boundary and NiO-SE were
fabricated, and sensing characteristics were investigated at
elevated temperature. The response value of the sensor with
nanostructure pore array films to 10—400 ppm of NO,
exhibited significant improvements at 850 °C compared with
that of unprocessed. The sensor S5 has the most perfect
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nanostructure pore array film on YSZ substrate, and the
sensitivity to NO, was as high as 53.9 mV/decade. This result
could be explained by the larger area of the TPB. Meanwhile,
the sensor S5 also had good repeatability, selectivity, and
stability to NO,.
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XRD = X-ray diffraction
FESEM = field-emission electron scanning microscopy
AFM = atomic force microscope
YSZ = yttria-stabilized zirconia
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TPB = three-phase boundary
PSs = polystyrene sphere

RE = reference electrode

SE = sensing electrode
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