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1. Introduction

   In recent years, global warming has become a serious world-wide environmental problem. Since CO2 is a greenhouse effect gas and contributes much to global warming, the detection of CO2 has attracted interest from environmental perspective. Electrochemical sensors using solid electrolyte show several advantages compared to other systems such as optical analysis instruments. Solid state electrochemical sensors are low cost, simple structure, lightweight, fast response time, and high sensitivity. The high sensitivity and fast response time of the electrochemical CO2 sensor is due to the fact that NASICON as solid electrolyte is a fast Na+ ionic conductor. Therefore sensor characteristics strongly depend on NASICON film properties. For fabricate of microstructure electrochemical sensors using semiconductor processes must be crystallized in relatively low temperature region. NASICON have been usually prepared from conventional solid-state reactions at above 1200oC. But it is difficult to obtain high-purity NASICON in conventional solid-state reaction because be formed of secondary phase such as monoclinic zirconia.

   In this paper NASICON was synthesized by sol-gel method, and the response signal upon changes of sample gas concentration has been studied for various carbonate auxiliary phases. 

2. Experimental

2.1 Preparation of NASICON powder and disk

   The solid electrolyte, NASICON(Na3Zr2Si2PO12) powder was synthesized by sol-gel method reported by Shimizu et al. Na2SiO3•9H2O(Sigma), NH4H2PO4(Sigma), and ZrO(NO3)•8H2O (Aldrich) were used as the starting materials. When each aqueous solutions were mixed(2:1:2 molar ratio), a sol was formed. A aqueous ammonia and nitric acid was added dropwise to stirred sol to adjust pH of the sol. The sol was stirred and heated on a hot plate to dehydrate at 60oC, and then be formed a viscous gel. The gel was dried in a oven at 120oC for 24 hours to form a fine dry gel powder. The resulting powder was calcined at 750oC for 1 hours . The calcined powder was pressed under 12 ton and then sintered at 1000oC for 6 hours in air to manufacture of NASICON disk, 24mm in diameter and 1.2mm thick..

The characteristics of the synthesized powder and disk were investigated with thermogravimetric - differential thermal analysis(TG-DTA, Setaram 92-1750), X-ray diffraction (XRD, Rigaku, Geigerflex Dmax-II) using the of CuK radiation.

2.2 Preparation of CO2 sensors

   The basic experimental setup is shown schematically in Fig. 1 and the sensor device is constructed in the following form

Air, Ag, Pt mesh/NASICON/Pt mesh, Carbonate auxiliary phase, Air, CO2.
   A Ag paste(Fujikura Kasei, Dotite D-500) was printed on the NASICON disk through a silk screen and then sintered at 500oC. The carbonate auxiliary phase, Na2CO3, BaCO3, Li2CO3, Na2CO3-BaCO3(4:6 molar ratio), was fixed on the Pt mesh and NASICON surface by a melting-quenching method. A NASICON disk was sealed on the end of alumina tube with ceramic adhesive. CO2 sample gases containing various partial pressure of CO2 at a fixed partial pressure of O2 (0.21atm) were supplied to the carbonate auxiliary phase site, while the counter electrode was exposed to ambient air. The total flow rate of sample gas was 100cm3/min. The flow rate of the sample gases was controlled needle valve and checked by a digital flowmeter(ADM1000 J&W Scientific). And concentration of sample gases were checked by on-line IR type CO2 sensor(Model 309 Nova). Wet CO2 sample gases were supplied to the sensing electrode by mixing water vapor with the gas flow. The temperature of sensor was measured by a K-type thermocouple placed near the sensing electrode and controlled to within ( 1oC by a PID controller. The EMF response was measured with a digital multimeter(34401A Hewlett Packard ).

3. Results and Discussion

3.1. Preparation and Characterization of NASICON powder and disk.

   The green powders were investigated by simultaneous TG/DTA analysis. The result for the green powder is shown in Fig.2. Amorphous green powders were found to undergo thermal decomposition stepwise before NASICON were obtained. The green powder is seen to decompose in four steps. There is a endothermic peak between 50oC-150oC and 250-300oC corresponding to the release of the volatile compounds H2O and NH3 respectively. At 320oC-340oC an endothermic peak is attributed to the elimination of residual nitrate groups(-NO3). And at about 600oC a formation of green body began to be crystallized to NASICON, hexagonal structure. Fig.3 shows the XRD patterns of the calcined NASICON powder at various temperatures. Hexagonal structure of NASICON grew at 750oC. At 1000oC NASICON powder was crystallized well to hexagonal structure. Also impurity such as monoclinic zirconia which is found in solid-state reaction at above 1200oC was not found. 

3.2. Gas sensing properties 

   Fig.4 –6 show the dependence of the EMF on the CO2 partial pressure under the constant O2 partial pressure(PO2=0.21atm) at Na2CO3, Li2CO3, and Na2CO3-BaCO3(4:6 molar ratio) auxiliary phase, respectively. The steady state EMF value was linear to the CO2 partial pressure in the wide range(200-20000ppm). At the sample gas side, the reference gas side, and the interface between metal carbonate and solid electrolyte of the CO2 gas sensor, the following reactions proceed.

At sensing electrode : Na2(Li2 or Ba)CO3 ( 2Na+(2Li+ or Ba2+) + CO2 +0.5O2 + 2e-
At interface : Na+ (Li+ or Ba2+) ( Na+(solid electrolyte)

At reference eletrode : 2Na+ (solid electrolyte) + 0.5O2 + 2e- ( Na2O

Total : Na2(Li2 or Ba)CO3 ( Na2O + CO2
Therefore, neglecting the change and difference in the partial pressure of oxygen in both electrodes and assuming to be constant, the EMF of the sensor using carbonate auxiliary phase represented in following Nernst equation form.

E = E0 - (2.303RT/2F) log(PCO2)

Where , E0 is a constant and PCO2 is CO2 partial pressure.

   In each case of Na2CO3, Li2CO3, and Na2CO3-BaCO3, the EMF response followed almost Nernst behavior. At 500oC the electron transfer numbers approximately estimated from the experimental slope was about 2. This means that the detection of CO2 is accomplished by two-electron reaction at the sensing electrode with CO2. The Nernst slopes were coincided with theoretical value. With the temperature decreasing, it deviated from Nernst correlation. This behavior may result from insufficient conductivity in carbonates. When it is fixed by heat treatment, the parital decomposition of the carbonate causes the instability of its structure. When CO2 sample gas contains water vapor, water vapor interfered with the Nernst correlation for Na2CO3, Li2CO3 from Fig 4-6. But in case of Na2CO3-BaCO3, water vapor hardly interfered with the Nernst correlation. Na2CO3-BaCO3 is solid solution which sodium substitutes into the BaCO3 structure. Na2CO3 and Li2CO3 can absorb water well, while BaCO3 is very resistant with water. Therefore this solid solution is very stable under water vapor environment. 
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Fig. 2. TG-DTA results of the NASICON precursor powder.

[image: image5.wmf]CO

2

 concentration ( ppm )

100

1000

10000

EMF ( mV )

-400

-300

-200

-100

0

100

Fig.4. EMF of the CO

2

 sensor as function of P

CO2

 at various 

temperature ( Air, Pt|NASICON|Na

2

CO

3

|Pt, CO

2

, Air ). 

Closed symbol is dry CO

2

 , Open symbol is 17% humid CO

2

.

500

o

C

450

o

C

400

o

C

350

o

C

300

o

C

[image: image6.wmf]CO

2

 concentration ( ppm )

100

1000

10000

EMF ( mV )

-160

-120

-80

-40

0

Fig.5. EMF of the CO

2

 sensor as function of P

CO2

 at various 

temperature ( Air, Pt|NASICON|Li

2

CO

3

|Pt, CO

2

, Air ). 

Closed symbol is dry CO

2

 , Open symbol is 17% humid CO

2

.

500

o

C

450

o

C


� EMBED SigmaPlotGraphicObject.3  ���





� EMBED SigmaPlotGraphicObject.3  ���





� EMBED Visio.Drawing.5  ���











� EMBED SigmaPlotGraphicObject.3  ���








� EMBED SigmaPlotGraphicObject.3  ���





� EMBED SigmaPlotGraphicObject.3  ���











[image: image7.wmf]CO

2

 concentration ( ppm )

100

1000

10000

EMF ( mV )

-400

-300

-200

-100

0

100

Fig.4. EMF of the CO

2

 sensor as function of P

CO2

 at various 

temperature ( Air, Pt|NASICON|Na

2

CO

3

|Pt, CO

2

, Air ). 

Closed symbol is dry CO

2

 , Open symbol is 17% humid CO

2

.

500

o

C

450

o

C

400

o

C

350

o

C

300

o

C

[image: image8.wmf]CO

2

 concentration ( ppm )

100

1000

10000

EMF ( mV )

-160

-120

-80

-40

0

Fig.5. EMF of the CO

2

 sensor as function of P

CO2

 at various 

temperature ( Air, Pt|NASICON|Li

2

CO

3

|Pt, CO

2

, Air ). 

Closed symbol is dry CO

2

 , Open symbol is 17% humid CO

2

.

500

o

C

450

o

C

[image: image9.wmf]Carbonate

auxiliary phase

NASICON

Alumina tube

Pt wire

Inorganic

adhesive

Fig. 1.  Structure of CO

2

 gas sensor

Pt mesh

[image: image10.wmf]2

q

 ( degree )

10

20

30

40

50

60

70

80

90

Intensity ( A.U. )

Fig.3. XRD patterns of NASICON calcined at different temperature

(a) 750

o

C, (b) 1000

o

C. 

(a)

(b)

[image: image11.wmf]Temperature ( 

o

C )

0

200

400

600

800

1000

Mass loss ( % )

DTA signal ( A.U. )

0

40

20

0

exo

endo

DTA curve

TG curve

Fig. 2. TG-DTA results of the NASICON precursor powder.
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