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ARTICLE INFO ABSTRACT

Solid state electrolyte type formaldehyde (HCHO) gas sensors based on a novel pyrochlore structure Gd,Zr,0,
solid electrolyte coupled with rod-shaped ZnO sensing electrode (SE) were initially designed and fabricated in
this paper. The incorporation of alkaline-earth metal Ca can significantly improve sensing performance of the
Gd,Zr,0; based sensors to HCHO. The response value (AV) of the sensors based on Gd, ,Ca,Zr,O, (x = 0, 0.02,
0.05 and 0.1) varied approximately linear with the logarithm of HCHO concentration in the range of
1-100 ppm at 600 °C, with sensitivities of -25, -30, -15 and -5 mV/decade, respectively. The optimal sensor
based on Gd; 9gCag 02Zr,0, (GCZ(0.02)) exhibited the excellent sensing characteristics with maximum response
value (-61.3 mV) and extremely short response time (3s) to 100 ppm HCHO. In addition, the GCZ(0.02) sensor
also showed good selectivity and stability within 20-day period of continuous high-temperature aging under
high-humidity condition. Conclusively, the sensing behavior and mechanism based on mixed potential were
investigated and demonstrated by the mearsurement of the polarization curves.
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1. Introduction

In recent decades, indoor air quality issues have increasingly be-
come the focus of public attention with the improvement of living
standards and human consciousness. Among multitudinous indoor
harmful gases, formaldehyde (HCHO), primarily comes from various
decoration materials, is becoming the top killer to human health [1-4].
The main harm of HCHO is the stimulation that it to the skin mucosa
and respiratory tract. People who have been exposed to high con-
centrations of HCHO gas for a long time have a greater risk of suffering
cancer. Mild discomfort caused by HCHO includes symptoms such as
cough, headache, fatigue, and more serious is that HCHO can induce
tumors and even death [5-8]. At the same time, as an irreplaceable
material, HCHO also has a wide range of applications in the field of
textile, wood and other industries, which increases the chances of
people coming into contact with it [9]. Therefore, it is extremely urgent
and necessary to detect HCHO through rapid, portable and efficient
methods.

Generally, methods for detecting HCHO include chromatography,
fluorescence spectrophotometry, gas sensors and so on [10-15].
Thereinto, gas sensors are widely developed and applied due to the

* Corresponding authors.
E-mail addresses: liufangmeng@jlu.edu.cn (F. Liu), lugy@jlu.edu.cn (G. Lu).

https://doi.org/10.1016/j.snb.2020.127768

advantages of low cost, miniaturization, portability, real-time and ef-
fectively detection. The solid state electrolyte type gas sensors for
monitoring various gases, such as NOy, NH3, SO,, Triethylamine, VOCs,
have been largely investigated and developed in different applications
[16-21]. However, the development of solid electrolyte type sensor for
detection of HCHO is rarely reported or even stagnation. Inspired by
above-mentioned works, the development of more stable solid state
electrolyte sensors will have a great significance in the field of HCHO
detection, and the selection of solid electrolyte and sensing electrode is
the primary consideration.

Recently, a novel solid electrolyte with pyrochlore structure has
shown great application prospects in the field of gas sensors because of
its large concentration of intrinsic oxygen vacancy [22-25]. Pyrochlore-
phase solid electrolyte usually has a general chemical formula of
A,B,0,, where A and B can be either trivalent and tetravalent or di-
valent and pentavalent metallic cations, respectively [26]. In the series
of pyrochlore A;B,0, compounds, Gd,Zr,0- is the most widely studied
substance. Fig. 1 shows the coordination structure of Gd** and Zr** in
Gd»Zr,0; crystal [27]. It can be seen that each Zr*™* is coordinated with
the surrounding 8 O atoms (6 O-48f and 2 O-8b), whereas there are only
6 0-48f around each of Gd>* and the concentration of intrinsic oxygen
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Fig. 1. Coordination structure of Gd®* and Zr** in pyrochlore Gd,Zr,0O;,
crystal.

vacancies (O-8a) reaches 12.5 %. In Gd,Zr,0, compound, the value of r
(GA®**)/r(Zr**) is the minimum of the prerequisite for the formation of
pyrochlore structure, which means that it may have a higher con-
ductivity compared to other substances, but on the other hand it may
also cause instability of the structure. A small amount of metal doping
might be possible to mitigate this effect [26-31]. Inspired by the pre-
vious studies on solid electrolyte type gas sensors [32,33], here, we
considered the effcct caused by partial Ca doping into the Gd position
and prepared the Gd, ,Ca,Zr,0, (GCZ(x)) solid electrolytes.

The selection of sensing electrode material is another consideration
for the development of solid electrolyte sensors. In the past few dec-
ades, a large number of metal oxides [34-37], such as NiO [38], ZnO
[39,40], CoTiO3 [41], CoNb,Og¢ [42], have been developed to detect a
variety of pollutant gases. Among them, ZnO was found to have good
sensitivity to HCHO, and a lot of work for ZnO modification has been
devoted to optimize the sensing performance [43-46].

In this work, pyrochlore Gd,_Ca,Zr,O, based solid electrolyte type
gas sensors coupled with ZnO sensing material were firstly fabricated.
The detailed gas sensing performance and sensing mechanism to HCHO
were investigated and proposed.

2. Experimental
2.1. Synthesis and characterization of the Gd,.,Ca,Zr,0, solid electrolyte

The main synthetic steps of the electrolyte are referenced in the
literature [30]. Specifically, the Gd, CayZr,0, (x = 0, 0.02, 0.05 and
0.1) solid electrolyte materials were prepared through facile hydro-
thermal synthesis followed by high temperature sintering at 1500 °C.
Firstly, fixed amount of Gd(NO3)36H>0, Ca(NO3)>2H,O and
ZrOCl,-8H,0 materials were dissolved in 40 mL deionized water to form
a mixed solution with total cation concentration of 0.25mol/L.Then,
25 mmol urea as precipitant was added into above-obtained solution
with magnetic stirrerring for 30 min to form a thorough mixed solution.
After that the solution was transferred into a Teflon-lined autoclave
(100 mL), sealed and removed into an oven with controlling tempera-
ture at 180 °C for 24 h. After the autoclave was cooled to room tem-
perature, white precipitates were separated by centrifugation, alter-
nately washed with deionized water and ethanol for 6 times, then dried
at 80 °C for 24 h in drying oven to obtain white powder. After the ob-
tained powder was pre-sintered at 600 °C for 4 h, a small portion was
directly sintered at 1500 °C for 4 h to characterize the structure of the
material. The remaining was unidirectionally pressed into a pellet
(plOmm * 2mm) under a pressure of 280 Mpa for 5min and then
sintered at 1500 °C for 4h as solid electrolyte substrate of gas sensor
[30,38,55].

The crystalline and molecular structure of Gd,,Ca,Zr,O, were
identified by X-ray diffraction (XRD) using Rigaku wide-angle X-ray
diffractometer (D/max rA, using Cu Ko radiation at wave
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length = 0.1541 nm) in the angle (20) range of 5-70° and Raman
spectroscopy (LabRAM HR Evolution, Jobin-Yvon, Horiba, France) in
the range of 200-1000 cm ™' excited by a He-Ne laser with a wave-
length of 532 nm. Conductivity was investigated using an impedance
analyzer (Solartron 1260 and Solartron 1287) with the amplitude of the
AC potential signal at 50 mV within the frequency range of 10 MHz-
0.1 Hz at 500 —800 °C.

2.2. Synthesis and characterization of rod-shaped ZnO sensing electrode

The rod-shaped ZnO sensing material was prepared based on hy-
drothermal method. 0.2g ZnCly2H,0 and 2g Na,yCOs dissolved in
40 mL deionized water and reacted in an oven of 110°C for 12h.
Obtained products were then sintering at 800 °C for 4 h.

The crystal phase was analyzed by Rigaku wide-angle X-ray dif-
fractometer (D/Max 1A, using Cu Ko radiation at wave
length = 0.1541 nm) in the 26 range of 5-80°. The microstructure was
observed by Field-Emission Scanning Electron Microscopy (JEOL JSM-
6500 F, Accelerating voltage =15kV) and Transmission Electron
Microscopy (TEM; JEM 2100F, Accelerating voltage =200kV). The
element spot pattern scanning analysis was tested by Energy-Dispersive
X-ray Spectroscopy (EDS).

2.3. Fabrication and measurement of solid electrolyte type gas sensors

First, Gd,xCayZr,0, (x = 0, 0.02, 0.05 and 0.1) solid electrolyte
pellets were cut into substartes with the physical dimensions of 2 mm *
2mm * 0.4 mm, respectively. Second, commercial Pt paste (Sino-pla-
tinum Metals Co., Ltd) was printed on both ends of the electrolyte
substartes which were wound around with two Pt wires and then sin-
tered at 1000 °C for 0.5h to form a striped-shaped Pt reference elec-
trode (RE) on one end and a point-shaped Pt junction on the other.
Third, ZnO sensing material was thoroughly mixed with deionized
water to form paste of uniform viscosity and then was painted on the
point-shaped Pt junction to form a stripe-shaped ZnO-SE. Then the
device was sintered at 800 °C for 2h to ensure a good contact between
SE and electrolyte plate. Finally, the Al,O5 substrate with Pt heater was
attached to the electrolyte plate using inorganic adhesive to provide the
required operating temperature of the device. The sensing device based
on Gd,.xCayZr,0, (x = 0, 0.02, 0.05 and 0.1) solid electrolytes using
ZnO-SE is marked as GCZ(0), GCZ(0.02), GCZ(0.05) and GCZ(0.1),
respectively.The schematic illustration of the fabricated sensor is shown
in Fig. 2.

A conventional static test method was used to evaluate the sensing
properties of the fabricated sensors. The ZnO-SE and Pt-RE were re-
spectively connected to the positive and negative terminals of a digital
electrometer (Rigol Technologies, Inc., DM 3054, China). The potential
formed at both electrodes of the device can be collected and displayed
by computer conneted with electrometer. The response voltage (AV) of
the sensor to different gases is defined as the difference between the
potential values when the sensor was exposed to the tested gases (Vg,s)
and in the air (Va) (AV = Vgus - Vair). The current-voltage curves
(polarization curves) of the device were obtained through the po-
tentiodynamic method (CHI600C, Instrument Corporation of Shanghai,
China).The humidity resistance was measured through preparing tested
gases under different relative humidity controlling by humidity
chamber (Shanghai ESPC Environment Equipment Corporation, China).

3. Results and discussion

The X-ray diffraction data of the prepared Gd,,Ca,Zr,0, (x = 0,
0.02, 0.05 and 0.1) powders were shown in Fig. 3(a). Generally, the
compunds with pyrochlore phase structure display the characteristic
peaks at the positions of 14°, 28°, 37°, 45°, which correspond to the
(111), (311), (331) and (511) planes,respectively [38,47,48]. However,
in the series of Gd, ,Ca,Zr,0O, (x = 0, 0.02, 0.05 and 0.1) compunds,
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Fig. 2. Schematic illustration of the solid electrolyte type gas sensor.

there are only two peaks at 14° and 28° can be observed, and the
portion of characteristic peaks in XRD datas are very weak and is dif-
ficut to be observed as it has been reported [28], thus bringing un-
certainty to the determination of the structure. In order to further
confirm the structures, Raman spectroscopy of the samples were per-
formed, as shown in Fig. 3(b). According to the analysis of group
theory, Gd,Zr,0; shows six distinct bands that are E; + Ajz + 4 Fa,
where E; and A, are considered to be the characteristic bands of the
pyrochlore stucture. However, due to the overlap of several of the vi-
brational bands, some of those bands could not reveal [49,50]. The
bands located at 310 cm ™" and 517 cm ™! are identified as the E; mode
and A;; mode, respectively, and the other two bands at 412 cm ! and
600 cm ™! are assigned to two Fy; modes. Specifically, the E; mode is
attributed to the mixture of the Zr-O, Gd-O stretch vibration and O-Zr-O
bending vibration, the A;; mode is attributed to the mixture of the Gd-O
stretch vibration and O-Zr-O bending vibration, and the F,; mode is
assigned to Zr-Og bending vibration. Combined with XRD alanalysis,
these results indicated that the prepared Gd, CayZr,0O, (x = 0, 0.02,
0.05 and 0.1) electrolytes possessed pyrochlore structure. Additionally,
it can be observed that with the incorporation of alkaline-earth metal
Ca, a new band is presented at around 718 cm ~ !, which corresponds to
the Ca—O symmetrical stretch vibration. This proves that Ca was suc-
cessfully incorporated into the Gd site of Gd,Zr,O,. Furthermore, the
microstructures of Gd,,Ca,Zr,0, samples sintered at 1500 °C for 4 h
were given in Fig. S1 (a-d). The samples are composed of conjoined
particles with diameter of micro-scale and the doping of Ca did not
significantly affect the microstructure of the samples. Fig. S1 (e)
showed the microstructure of Gd;ggCag g2Zr.O; pellet sintered at
1500 °C. As shown, the surface of the pellet presents non-uniform grain
structure and high density with a clear boundary during the grains. This
structure with high density of the electrolyte sheet is beneficial to re-
duce the grain boundary resistance and facilitates the ion transmission.

For GCZ(x) solid electrolytes, electrical conductivity is an important
parameter for consideration. The electrical conductivity in the tem-
perature range of 500 — 800 °C was calculated according to o= t/(Sep),

where t and S are the thickness and cross-sectional area of the sheet and
p is resistance of electrolyte sheet measured using impedance analyzer,
respectively. Fig. 4(a) showed the relationship between the con-
ductivity and the temperature. Obviously, the conductivities increase
with increasing temperature when fixing the Ca content. When the
temperature raised from 500 °C to 800 °C, the conductivity rapidly in-
creases from the order of 107° S cm™ to that of 102 S cm™. Moreover,
the conductivity of the electrolyte gradually decreases with the in-
creasing of Ca doping, which may be due to the ionic radius of Ca being
smaller than Gd, causesing lattice shrinkage to limit the migration of
oxygen vacancies. However, after the temperature reaches 800 °C, the
conductivity will be greatly improved since Ca is excited to participate
in conduction. In order to further study the quantitative relationship
between conductivity and temperature, the Arrhenius plots of Fig. 4(b)
was obtained. Very good linear relationship indicates that the migration
of oxygen vacancies in the series is thermally activated, and the acti-
vation energy E, calculated from the slope in the Arrhenius plots is
0.89, 0.94, 0.86 and 0.95eV for Gd,Zr,0,, Gd;gCag g2Zr,07,
Gd1'95C30'052r207 and Gd1,9Cao,1Zr207, respectively [51].

The XRD pattern of the ZnO powder sintered at 800 °C was shown in
Fig. S2, which is in good agreement with the standard card (JCPDS#
36-1451), indicating that the high purity ZnO sensing electrode mate-
rial was prepared. As shown in Fig. 5(a, b), the ZnO sensing electrode
material present a rod-shaped structure with a diameter range of 0.4-
0.8 um. The alternately disordered accumulation of the sensing material
forms structures with a large number of loose porous, which facilitates
the migration of HCHO gas inside the sensing electrode layer. Fig. 5(c,
d) exhibited TEM photomicrograph and partial high resolution image of
rod-shaped ZnO material. The surface of the rod is relatively flat and it
has a solid structure. The spacing between two adjacent crystal faces is
approximately 0.28 nm, corresponding to (100) crystal faces of ZnO. In
addition, the element distribution maps of O and Zn in ZnO material
were observed, as shown in Fig. 5(e, f).

In order to find the optimum doping ratio of Ca in pyrochlore type
Gd, .Ca,Zr,0,, sensitivities of different devices to HCHO in the
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Fig. 3. XRD patterns (a) and Raman spectroscopy (b) of Gd,.xCa,Zr,0; (x = 0, 0.02, 0.05 and 0.1) electrolyte materials sintered at 1500 °C.
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Fig. 4. (a) The dependence of the conductivity for Gd,,CayZr,O, (x = 0, 0.02, 0.05 and 0.1) at different operating temperatures; (b) Arrhenius plots of grain

conductivity of Gds.xCa,Zr,0; (x = 0, 0.02, 0.05 and 0.1) measured in air.

concentration range of 1 —100 ppm and the response transients toward
100 ppm HCHO at 600 °C were depicted in Fig. 6(a, b), where in order
to better observe the response value, the base potential levels have been
shifted to 0 mV. Between AV and the logarithm of HCHO concentration
showed liner relationship. The slope (AV/1gC) of the sensors based on
GCZ (0, 0.02, 0.05 and 0.1) is -25, -30, -15, -5mV/decade to
1-100 ppm HCHO, which is defined as the sensitivity of the sensor.
Clearly, among the different sensing devices, the GCZ(0.02) sensor
exhibites the highest response value to 100 ppm HCHO and the largest
sensitivity to 1—100 ppm HCHO at 600 °C. Therefore, the optimum
doping ratio of Ca is considered to be 0.02, which greatly improves the
sensing characteristics to HCHO of the sensor (the characteristics of
other sensing devices are shown in Fig. S3). The reason for this result
may be that a small amount of doping improves the structure stability
of the electrolyte material, but more doping causes a decrease in con-
ductivity, which hinders the improvement of gas sensitivity.

Furthermore, form Fig. 6(c, d), the response value of the GCZ(0.02)
sensor to 100 ppm HCHO reaches -61.3 mV, and the lowest detection
limit is 1 ppm with response value of -1.5mV at 600 °C. The response
and recovery times are 3s and 13 s toward 100 ppm HCHO at 600 °C,
respectively (Here we adopt the 90 % definition, that is, the response
time of the sensor is the time required for potential value change ar-
riving 90 % when the sensor is placed in the sample gas. Similarly,
recovery time can also be defined). This result demonstrates that GCZ
(0.02) sensor possesses rapid response and recovery capacity. The
reason for linear relationship between AV and the logarithm of HCHO
concentrations for GCZ(0.02) sensor could be explained by the mixed-
potential sensing mechanism. According to previous studies, on the
tripe phase boundary (TPB) of HCHO/GCZ(x)/ZnO, the electrochemical
cathodic reaction of O, (reaction (1)) and the anodic reaction of HCHO
(reaction (2)) occur simultaneously and form a local cell (¥) [52-54].
(—) air + HCHO, Pt /GCZ(x)/ZnO, HCHO + air (+)(*)

Zn0 (100)

Fig. 5. (a, b) SEM images of ZnO sensing electrode material sintered at 800 °C; (c, d) TEM images and (e, f) EDS element map sanning images of ZnO sensing electrode

material.
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According to Butler-Volmer Equation, the current density equations
are expressed as:

204F (V — VQ,CHO)]

. _ 0
incro = ipcro€xpl

RT 3)
. .0 —20,F(V - V§,)
lo, = lo, eXP[T] )
Where,
ificno = BiClicros i82 = —B,Cy,

Therein, i% a, F, V, V%, R, T, and C represent the Exchange current
density, Transfer coefficient, Faraday constant, Electrode potential,
Equilibrium electrode potential, Gas constant, Temperature and Gas
concentration, respectively; and B;, By, m, n are constants. When the
rates of electrochemical cathodic reaction (1) and anodic reaction (2)
reach a dynamic equilibrium, that is, igcpo + io, = 0 the mixed poten-
tial (V) is formed and can be calculated:

Viu = Vo + mAInCo, — nAlnCycro (5)
Where,

RT B,

V- " o Vieno + V3,
°7 Qo + 2)F B,

g+

A= KT
(20{1 + 20(2)F

Eq. (5) can be written as follows if the O, concentration was a fixed
value:

Vu = Vo — nAlnCrcro (6)

Therefore, the potential response value of the sensor varied nega-
tively linear to the logarithm of HCHO concentration in the case of fixed
O, concentration, which is in accordance with the result. The polar-
ization curves of different sensing devices based on different electro-
lytes were also measured after exposed to 100 ppm HCHO at 600 °C. As
shown in Fig. 7(a), polarization curve of GCZ(0.02) in 100 ppm HCHO
has a larger slope comparing to the other devices, indicating that GCZ
(0.02) exhibited the optimal sensing characteristics because of its best

were tested and the modified polarization curves are shown in
Fig. 7(b). The estimated values of the sensing device for 50 ppm and
100 ppm HCHO are -53 and —59 mV, which are very close to the ob-
served test value of —55 and —61 mV. The measurement results of the
polarization curves not only confirm the mechanism of the mixed po-
tential, but also explain the best sensitivity characteristics of GCZ(0.02)
from the electrochemical point of view.

In addition, it is easy to see from the above analysis that the mixed
potential is also affected by the O, concentration. Theoretically, the
potential response value of the sensor and the logarithm of O, con-
centration satisfies a positive linear relationship. The response and re-
covery curves of GCZ(0.02) sensor to 100 ppm HCHO in 2 vol%-21 vol%
0O, at 600 °C were measured, as shown in Fig. 8(a). As the O, con-
centration increases, the response potential of the GCZ(0.02) sensor to
100 ppm HCHO gradually decreased at negative direction and changed
within an acceptable range. Fig. 8(b) shows the dependence of the re-
sponse value on the logarithm of O, concentrations in the range of 2 vol
%-21 vol%, and the positive linear variation is very consistent with the
theoretical analysis.

Generally, sensing performance of a solid state electrolyte gas sensor
is closely related to its operating temperature. The response change of
GCZ(0.02) sensor toward 100 ppm HCHO at 550 —675 °C is shown in
Fig. S4. Before 600 °C, the response value of GCZ(0.02) sensor gradually
improved with increasing operating temperature. However, the re-
sponse value decreased when the working temperature was more than
600 °C. Therefore, 600 °C could be deemed as the most appropriate
operating temperature for GCZ(0.02) sensor, and the following gas
sensing measurement was conducted at such an operating temperature.

Moreover, the humidity resistance of the GCZ(0.02) sensor was
widely concerned and investigated. Controling by the humidity
chamber (Shanghai ESPC Environment Equipment Corporation, China),
100 ppm HCHO tseted gases were prepared under different relative
humidity at 22 °C. As shown in Fig. 9(a, b), the response and recovery
characteristics of GCZ(0.02) sensor to 100 ppm HCHO at 600 °C were
measured under realtive humidity of 20 %, 40 %, 60 %, 80 % and 98 %,
respectively. The GCZ(0.02) sensor demostrated good response and
recovery characteristics to 100 ppm HCHO in the range of 20 %-98 %
RH and the response value fluctuated slightly at 600 °C. The amplitude
of variation of the response value for the GCZ(0.02) sensor to 100 ppm



L. Jiang, et al.

(a)200
1504

1004

—a—GCZ(0)
—e—GCZ(0.02)
—A—GCZ(0.05)
—v—GCZ(0.1)

3]
o ©
n n

Current/ nA
&

100 HCHO
1004 ppm

-150

60 -40 20 0
Potential / mV

-80 20

Sensors & Actuators: B. Chemical 309 (2020) 127768

-1004

-zoo.E ' " Enm
-300qobserved:-61 mv| : [Observed:55 mv

-400
-100

Current/ nA

.60 -40 20 0
Potential / mV

-80 20

Fig. 7. (a) Polarization curves of different sensing devices in 100 ppm HCHO; (b) Polarization curves of GCZ(0.02) in different concentrations of HCHO.

20 -20
(a) Operating temperature: 600°C (b)
0foe= -404 Operating temperature: 600°C
-20 >
£ -404 € -601
o 60 ——21vol% 0,| =~
= -001 —e—15v0l% 0, z -80+
-804 —e—10vol% O,
80 100 ppm HCHO _,_ 5 o9 o, -100- HCHO: 100 ppm
-100 —e— 2 vol% 0,
-120 v T T -120 y
100 200 300 5 10 20
Time /s O, Conc. / vol%

Fig. 8. (a) Response and recovery curves of GCZ(0.02) sensor to 100 ppm HCHO in 2vol%-21 vol% O, at 600 °C; (b) Dependence of the response value on the

logarithm of O, concentrations.
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Fig. 9. (a) Response and recovery curves of GCZ(0.02) sensor to 100 ppm
HCHO under 20 %-98 % RH at 600 °C; (b) Variation of response value for the
sensor to 100 ppm HCHO at different relative humidity.

HCHO in 20 % RH and 98 % RH at 600 °C was 12.5 % and -19.1 %.

Actual working environment might include various coexist gases, so
it is necessary to evaluate the selectivity of the developed sensor in
more variable conditions with other coexist gases. The cross-sensitiv-
ities to various gases for the GCZ(0.02) sensor at 550 °C, 600 °C, 650 °C
is exhibited in Fig. 10 (the concentration of each gas is 100 ppm). It is
observed that GCZ(0.02) sensor displayed excellent sensitivity and se-
lectivity to HCHO under whole of different operating temperatures,
outdistancing to other tested interfering gases.

To inspect the actual application potential in HCHO detection, the

I HCHO
JcH,

I NH,
CINo,

W CH,
[1co

AV I mV

550°C 600°C 650°C

Fig. 10. Selectivity of GCZ(0.02) sensor in 100 ppm various gases at 550, 600
and 650 °C.

long-term stability of the GCZ(0.02) sensor was evaluated. The fabri-
cated sensor operated consecutively in air at the operating temperature
of 600 °C for 20 days and the response characteristics to 100 ppm HCHO
were obtained through testing every few days under 60 % RH condi-
tion. It can be clearly observed from Fig. 11(a) that the baseline of GCZ
(0.02) sensor revealed the slightly. During the consecutive 20 days, the
maximum deviation of the baseline value from its average is only -16.5
% and the stability of baseline is within an acceptable range. The re-
sponse and recovery transients of the sensor to 100 ppm HCHO under
60 % RH within the 20 consecutive days are present in the Fig. 11(b).
As indicated in Fig. 11(b), the response characteristics of the sensor to
100 ppm HCHO on initial, 5th, 10th and 20th day exhibited relative
good concordance at 600 °C. Furthermore, the fluctuation of AV (AVy)
for the sensor to 100ppm HCHO 1is given according to
AV, = AV"—OAVO X 100%, where AV, and AV, represent the response
value AV of the sensor on the initial and nth day, respectively. The
attenuation amplitude of response value for the GCZ(0.02) sensor to
100 ppm HCHO at 600 °C on 5th, 10th and 20th day were -9.4 %, -6.3 %
and -11.2 %, respectively, indicating that the fabricated GCZ(0.02)
sensor displayed good stability during the consecutive 20-day mea-
surement period.
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Fig. 11. Long-term stability of GCZ(0.02) sensor: (a) The changes of the base-
line; (b) The response and recovery transients of GCZ(0.02) sensor to 100 ppm
HCHO within the consecutive 20 days.

4. Conclusion

For the first time, pyrochlore structure Gd,,Ca,Zr,O, solid elec-
trolyte type gas sensors attached with rod-shaped ZnO-SE synthesized
by a facile hydrothermal method are used in the field of HCHO detec-
tion. Among GCZ(0, 0.02, 0.05 and 0.1) sensors, the GCZ(0.02) sensor
presented the highest sensitivity (-30 mV/decade) to 1-—100 ppm
HCHO and the maximum response value (-61.3 mV) to 100 ppm HCHO
at 600 °C, which is mainly attributed to good conductivity of the elec-
trolyte and high activity of electrochemical reaction to HCHO.
Furthermore, the GCZ(0.02) sensor also exhibited excellent selectivity
in various coexist gases, good stability within 20-day period of high-
temperature and high-humidity measurement. The Ca-doped pyro-
chlore Gd,CaZr,O, material is an important potential candidate elec-
trolyte and the Gd,. CaxZr,O; solid electrolyte type gas sensors using
rod-shaped ZnO-SE displays the valuable application capacity in repid
and sensitive detection of HCHO.
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