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Solid-state electrochemical  C O  2 gas sensors 
based on sodium ionic conductors 
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Department of Appfied Chemistry, Faculty of Engineering, Ehime University, 
Matsuyama 790, Japan 

The sensing characteristics of a solid-state electrochemical C02 gas sensor, expressed as 
Ptl02, Na20 II Na ionic conductor [I Na2CO31C02, 021Pt were investigated in terms of a two- 
electron electrochemical reaction. The number of electrons for the cell reaction was higher 
than 2 and approached 2 with an increase in the operating temperature up to about 500~ 
The introduction of water vapour induced a lowering of the e.m.f, and a prolongation of the 
response time. The formation of sodium oxides in the NaEC03 layer was considered as a 
possible cause of these water effects. The sensing characteristics recovered completely after 
the water vapour was cutoff. The e.m.f, reduction due to water sorption was depressed by 
using a densified Na3Zr2SimPO 12. A densified Na3ZrzSi2PO1 e-based electrolyte is preferable for 
use as a gas sensor with a fast response and high stability for detection of CO2 in air. 

1. Introduct ion  
The discovery of Na3Zr2Si2PO12 represents an im- 
portant development in the field of solid electrolytes 
because it shows the existence of a three-dimensional 
framework structure comparable to that of [~-alumina. 
It has been shown that crystalline compounds with the 
composition Na~+xZrzSixP3_x012 belong to the 
group of fast sodium ion conductors. The composi- 
tions with the highest ionic conductivities are the 
original solid solution system with 1.8 _< X < 2.4 
[1, 2]. Recently, there has been considerable interest in 
solid glass electrolytes [3]. Glasses have Several ad- 
vantages over crystalline materials for solid electrolyte 
and/or chemical sensor applications: ease of prepara- 
tion as thin plates or thin coated elements, absence of 
grain boundaries and pores, and isotropy. Although 
various types of CO2 gas sensor have been proposed 
[4-6], gas sensors based on all solid-state galvanic 
cells have become increasingly important in practical 
applications [7-13]. It has been reported that adding 
sodium aluminosilicate glass to Na3ZrzSi2PO12 pow- 
der is effective for fabricating a densified fast sodium 
ionic conductor and in decreasing the sintering tem- 
perature [14]. Densified sodium ionic conductors are 
preferable for fabricating all solid-state gas sensors 
based on a galvanic cell. 

This paper presents the results of a study of several 
sodium ionic conductors for a solid-state electro- 
chemical CO 2 gas sensor. The effect of water vapour 
on the sensing characteristics was also examined. 

2. Exper imenta l  p r o c e d u r e  
Na3Zr2Si2PO~2 crystalline powder was made from 
reagent-grade NazCO3, NHgH2POr ZrO2 and SiO2 
using conventional ceramic techniques. The raw ma- 

terials were ball-milled with ethanol, dried at 100 ~ 
calcined in air for 4 h at 900 ~ and then ground. 
Pellets were pressed at 1000 kg cm -1 and sintered in 
air for 15 h at 1250~ The powder prepared by 
milling was compressed again and sintered at 1000 ~ 
(NA-1000). 

NazO-AI203-4SiO 2 was made from reagent-grade 
NazCO 3, A120 3 and SiO 2 by heating at between 1200 
and 1350~ Powder was obtained by milling, A 
mixture of Na3ZrzSizPO12 crystalline powder and 
40 wt % NazO-AI203-4SiO 2 glass was sintered at 
1000 ~ for 24 h (NA-40). 

A crystalline powder of NasYSi~O12 was prepared 
by sintering a mixture of Na2CO3, Y203, and SiO 2 at 
1000~ for 24h in air, followed by milling. 
N a 2 0  Y203-SiO 2 glass (6.69:1.00:9.95 in mole ratio) 
was prepared by melting the compressed powder and 
then quickly pouring the molten liquid on to a room- 
temperature copper plate. Powder was obtained by 
milling. A mixture of NasYSi4012 and 2 0 w t %  
Na20-Y203-SiO 2 glass was then sintered at 1000 ~ 
for 24 h (NAYSI). 

Zircon-based ceramic (ZPNA-20) was a mixture of 
ZrSiOr NazHPO r and H3PO 4 (100:0.30:0.37 in 
weight), dried at 400 ~ and sintered at 1000 ~ in air 
for 24h. Na3Zr2SizPO12 pellets were donated by 
N G K  Co. Ltd (NA-NGK). Pellets were 10 mm in 
diameter and 0.5 mm thick. 

Platinum paste, 4 m m •  was applied to 
opposing faces of the pellets by painting and then 
heating at 800 ~ The electrical properties were meas- 
ured using an LCZ meter (100Hz-100kHz). The 
sensor elements were galvanic-type cells of the 
following form: 

Pt]O2, Na20 I] Na ionic conductor 

]1 Na2CO31CO2, OzlPt (1) 
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A pellet with platinum electrodes was fixed on the top 
of an alumina tube (10 mm in diameter) with an 
inorganic adhesive containing sodium. The electrode 
seated inside the tube acted as a reference electrode. 
The platinum sensing electrode was seated on the 
outside face of the disc, covered with NazCO3, 
Na HC O 3 and N a O H  and then dried at 80 ~ Stan- 
dard gases, air (CO < l p.p.m., COs <2p .p .m. ,  
HC1 < 1 p.p.m, and H 2 0  < 10 p.p.m.) or COs at 10, 
100 and 1000 p.p.m, or 1 and 10% CO s diluted with 
air, were introduced to the working (sensing) electrode 
side. Air was introduced to the reference electrode 
side. The e.m.f, of the sensor was measured with a 
digital electrometer. The crystalline phases were iden- 
tified at room temperature by the standard X-ray 
diffraction technique (XRD). The microstructures 
were examined using a scanning electron microscope 
(SEM). The deformations of electrolytes on exposure 
to humid air, with and without COs, were also 
examined by thermal gravimetry. 

3 ,  Results and,discussion 
3.1. Identif ication by XRD and SEM 
The prepared disc-shaped electrolytes were examined 
by XRD; results are shown in Fig. 1. For  NA-N G K  
and NA-1000, all the observed peaks between 
10 ~ < 2 0  < 40 ~ were assigned to Na3ZrsSisPOlz 
(monoclinic). Most of the diffraction peaks assigned to 
Na3ZrzSisPOls were confirmed for NA-40 with a 
small signal at 2 0  = 26.7 ~ (s-quartz) that is also 
observed for NazO-A1203-SiO 2 glass alone. It seems 
that the Na3ZrsSi2POzs crystals were not deformed 
by addition of the glass. The existence of 
Na3ZrsSisPO~s crystals and ZrSiO 4 was observed for 
ZPNA-20, the content of the former being consider- 
ably less than that of the latter. NAYSI was a mixture 
of NasYSi4Ols, Na3YSisO 7, SiO 2 etc. and the main 
product was NasYSi4Oas. 

Fig. 2 shows some of the microstructures of electro- 
lytes and the Pt electrode. NA-1000 sintered at 
1000~ was very porous. For  NA-NGK, the den- 
sification degree was higher than that for NA-1000. 
ZPNA-20 showed much more developed sintering 
than NA-1000 and NA-NGK, but many micropores 
(1 gm or less in diameter) were observed. The morpho- 
logy of NAYSI was considerably different from the 
three above-mentioned electrolytes, each particle be- 
ing nearly spherical. Sintering was well advanced. The 
surface structure of NA-40 was clearly different from 
the others, i.e. the morphology of the particles was 
unclear as were the neck and grain boundaries. Micro- 
pores with diameters of 2-3 gm were occasionally 
detected and the surface density of the pores was much 
lower. Also, the depth of the pores was less than 
2 gin. The Pt electrode was very porous while the 
interconnections were well developed. 

3.2. Electrical p rope r t i e s  of  e l ec t ro ly t e s  
Complex-plane impedance analysis of electrolytes 
with Pt electrodes was used to figure out their electri- 
cal characteristics. In the frequency region between 
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Figure 1 XRD results for electrolytes: (a) NA-40, (b) NA-NGK, 
(c) ZPNA-20, (d) NAYSI, (e) NA-1000; (0) Na3Zr2Si2PO~2, 
(A) ~-SiO 2, (A) ZrSiO4, (Z]) NasYSi4012, (111) Na3YSi2Ov. 

100 Hz and 100 kHz, only quasi-straight lines were 
observed at 100~ or higher. From these observed 
results the conductivity component at each temper- 
ature was derived from an extrapolation to zero re- 
actance (Z") of the impedance plot. The conductivity 
data were characterized by the Arrhenius equation 

o T  = C~oexp(-E/kT)  (2) 

where o is the conductivity, cy 0 is the pre-exponential 
factor, E the activation energy, k the Boltzmann 
constant and T the absolute temperature. 

For  some electrolytes, the activation energy for the 
ionic conductivity changes at a critical temperature 
(To). For  NA-40, the relation between o T  and 1/T is 
expressed by an equation with a constant activation 
energy, as already reported [14]. The results obtained 
are summarized in Table I. The resistivity of the solid 
electrolytes was enhanced by exposure to CO 2 and/or 
H20.  The resistivity at 100~ observed in air with 
H / O  vapour  was about three-fold higher than that 
observed in air for NAYSI. The coexistence of 10% 
COz induced a further enhancement of the resistivity. 
Similar effects of H / O  vapour and CO2 gas on the 
resistivity were also observed for NA-40, i.e. the re- 
sistivities at 100 ~ observed in air with HsO vapour 
or with HsO and CO 2 were about 2 to 2.5 times higher 
than that in dry air. For  both samples, the resistivity 



Figure 2 SEM photographs of electrolytes and Pt electrode formed on the electrolyte: (a) NA-40, (b) NA-NGK, (c) ZPNA-20, (d) NAYSI, 
(e) NA-1000 (f) Pt electrode. 

was almost completely recovered in air when the 
sample was heated to 300 ~ or higher. 

The formation of NaOH, NaHCO3 and Na2CO3, 
on exposure to humid air containing CO2, is probably 
responsible for the enhancements in resistivity. It is 
known that the conductivity of a sodium ionic con- 
ductor such as J3-alumina decreases when the sample 
i's exposed to moisture in the presence of carbon 
dioxide [15]. A hydrated surface region is formed and 
sodium ions react with the water layer to form a 
hydrated sodium hydroxide. The sodium hydroxide 
formed reacts with CO 2 and produces Na2CO3, 
NaHCO 3 etc. For  J3-alumina, the evolution of water 
and carbon dioxide continues during the heating pro- 

cess up to 200 ~ and up to 600 ~ respectively. As 
mentioned, the conductivity of NA-40 and NAYSI 
exposed to moisture containing carbon dioxide can be 
recovered by heat treatment at 300~ or higher. It 
seems that most of the carbonate decomposes to 
sodium oxides in dry air without carbon dioxide. 

3.3. Thermogravimetric analysis of electrolytes 
Thermogravimetrical behaviour was also affected by 
the electrolyte's history. Thermodynamically, the 
formation of NaOH, NaHCO 3 and Na2CO3 is pos- 
sible when the solid electrolyte is exposed to water 

/ 

vapour aM/or  CO 2. It is well known that NaOH is a 
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T A B LE I Electrical characteristics of electrolytes 

Sample E H E L c~ at 573 K T c 
(eV) (eV) (Scm 1) (K) 

NA-40 0.390 9.2 x i0 -4  - 
ZPNA-20 0.223 0.286 1.4 x 10- 2 463 
NA-1000 0.271 0.298 1.3 x 10 -2 523 
NAYSI 0.212 0.258 1.2 x 10-1 473 

E 

(a) 

. . . . . . . . . . . . . . . . . . . .  (b) 
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Figure 3 Weight loss curves of (---) ZPNA-20 and (--) NAYSI 
powders in dry air: (a) after heating at 650 ~ in dry air, (b) after 
exchanging the ambient  atmosphere from dry air to humid  air with 
10% CO2 at 650 ~ (c) after the measurement  of (b). 

strong CO2 getter and results in NaHCO 3. The 
formation of Na2CO 3 follows the thermal decomposi- 
tion of NaHCO 3, when NaHCO 3 is held at 270 ~ or 
more. It is well known that the decomposition temper- 
ature of Na2CO 3 is 850 ~ Fig. 3 shows the weight 
loss curves for the powdered electrolytes. As a pre- 
treatment, the freshly prepared NAYSI powder was 
heated in dry air up to 650 ~ After cooling to room 
temperature in dry air, the first run was done in dry 
air. In this measurement, no distinct weight losses 
were observed (curve (a) in Fig. 3). The second run was 
done in dry air, after exchanging the ambient atmo- 
sphere from air to humid air with 10% CO 2 at 650 ~ 
and after exchanging to dry air at room temperature. 
A steep weight loss was observed at around 100~ 
and a gradual decrease in weight continued up to 
400 ~ (curve (b)). 

It seems that the weight loss observed at around 
100 ~ is caused by desorption of the adsorbed water. 
The decreases observed in a higher temperature range 
may be caused by the decomposition of NaHCO  3 but 
also Na2CO 3, since the weight loss continued up to 
500 ~ or higher. For  the samples heated at 650 ~ in 
dry air, no weight losses were observed (curve (c) in 
Fig. 3). The formation of sodium compounds may be 
limited to the surfaces of the particles. For  the pow- 
dered ZPNA-20 pretreated at 650~ in dry air, no 
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distinct weight losses were recorded for the electrolyte 
exposed to humid air or humid air with 10% CO z. A 
similar result was also confirmed for NA-1000. It 
seems that ZPNA-20, NA-40 and NA-1000 are more 
stable than NAYSI, i.e. the formation of N a O H  or 
NaHCO 3 by exposure to H 2 0  vapour is depressed for 
NASICON-based ceramics rather than for NAYSI. 

3.4. The rmodynamica l l y  interpreted sens ing 
character is t ics 

A cell fabricated with electrolytes will respond to the 
difference in chemical potentials of sodium at the 
electrodes. The electrochemical potential is the sum of 
the chemical and electric potentials: 

g'Na + F@' = p"Na + Fqb" (3) 

where g and qb denote the chemical and electrical 
potential, respectively, F is the Faraday Constant and 
single and double primes denote anode and cathode, 
respectively. The open-circuit e.m.f. E is the difference 

g'Na - ~t"Na - q)" -qb '  
F 

RT a' 
- I n  - -  ( 4 )  

F a" 

where a denotes the sodium activity. For  the cell, 
expressed as 

0 2, Pt ]l electrolyte II Pt, Na2CO 3, CO 2, 02  

it is assumed that the chemical potential at the anode 
is controlled by the reaction 

NazCO 3 ~ 2 N a  + + CO 2 + �89 0 2 + 2e- (5) 

and that at the cathode by the equation 

2Na + + �89 0 2 + 2e- ~ N a2 0  (6) 

The overall reaction is predicted to be 

Na2CO 3 ~ N a2 0  + CO2 (7) 

The e.m.f, of the cell is then expected to be 

E = -  [AG(Na20)+AG(CO2)~AG(Na2C03! 1 2 F  

RT 
- - -  In [a(Na20)P(C02)] (8) 2F 

where AG(i) is the standard free energy of formation 
and P(i) the concentration of species i. If the activity of 
N a 2 0  is constant, the e.m.f, gives the concentration of 
CO/. The theoretical sensitivity (AEx in mV per de- 
cade) for CO2, estimated from the assumed two- 
electron electrochemical reaction, is noted in Table II. 

Thermodynamically, the formation of NaOH, 
NaHCO3 and NazCO3 is considered for a solid elec- 
trolyte exposed to water vapour and/or CO2. The 
possible reactions are as follows: 

N a 2 0  + H 2 0  ~ 2NaOH 

Na202 + CO2 + H 2 0  ~ NaHCO3 + N aOH 

N aO H  + ~CO 2 ~ �89 N a 2 C O  3 + �89 H 2 0  

in electrical potentials at the electrodes: 

E - 



T A B L E  II  Sensing characteristics of sensors with NazCO 3 layer 

Temperature AE T NA-40 NA-NGK ZPNA-20 
(oc) 

AE A (mV) AE (mV) AE A (mV) AE (mV) AE A (mV) AE (mV) 

NA-1000 NAYSI 

AE A (mV) AE (mV) AE A (mV) AE (mY) 

370 64 131 45 - - 105 49 0 0 - - 
400 67 145 51 . . . . .  
420 69 155 60 - - 128 66 . . . .  
430 70 - - 122 70 . . . . .  
470 74 168 70 114 74 127 72 0 0 131 71 
500 77 156 75 113 77 . . . . . .  
520 79 . . . .  121 7 5  - - - 

AEv = expected value from a two-electron reaction where AE a = E,~r-  El00 p.p.=.; AE = El00 p.p.m.- Ea000 p.p.m., Reference = dry air 
( < 2 p.p.m. CO2). 

N a O H  + CO2 --* NaHCO3 

N a H C O  3 + �89 N a 2 0  --+ N a 2 C O  3 + �89 H 2 0  

N a H C O 3  + 1 N a 2 0  2 ___, N a / C O 3  + �89 H 2 0  + 1 0 2  

2NaHCO3 ~ Na2CO 3 + H 2 0  + CO 2 

N a O H  can be easily removed as a result of reactions 
with CO2. The formation of NazCO 3 from N a H C O  3 
occurs at 270~ or more (self-decomposition). If 
N a H C O  3 alone was formed on the working electrode, 
the cell structure is expressed as 

Pt[O2, N a 2 0  I[ Na  ionic conductor [[ NaHCO3[ 

CO2, Oz, HzO[Pt (9) 

and the cell reactions are expressed as 

2NaHCO3 --* 2Na + + 2COz + �89 O2 

+ H / O  + 2e-  (10) 

2Na + + � 8 9  2 + 2e-  --~ N a 2 0  (11) 

so the e.m.f, expressed as 

E = 

A G ( N a / O )  + A G ( C O z )  - A G ( H 2 0  ) - 2AG(NaHCO3) 1 
2F 

R T  
- - -  In [a(Na20) p2(CO2) P(H20)] (12) 

2F 

The activity of N a 2 0  could be estimated from the 
result observed in dry test gas for the sensor coated 
with NazCO 3. The e.m.f, can be estimated for the 
sensor coated with NaHCO3 or N a O H  as a function 
of the water concentration. The results are shown in 
Fig. 4. For  both cases the estimated e.m.f, is con- 
siderably higher than for the sensor coated with 
NazCO 3 alone, and it decreases with an increase in 
water concentration. The results indicate that the 
e.m.f, of the sensor coated with NazCO 3 is increased 
by the formation of N a H C O  3 or NaOH.  

3.5. C02 sensing characteristics of the sensor 
wi th Na2C03 layer 

The CO z sensing characteristics for a freshly fabri- 
cated N A - N G K  sensor are shown in Fig. 5a in which 
the measurement proceeds with an increasing working 
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Figure 4 Humidity dependence of the expected e.m.f, at 100 and 
1000 p.p.m. CO 2 for the senso) with NazCO3, NaHCO3, or NaOH 
at 250~ (a) element with Na2CO 3 for 100p.p.m. CO2, 
(b) element with Na2CO 3 for 1000 p.p.m. CO z, (c) element with 
NaHCO3 for 100p.p.m. CO2, (d)element with NaHCO3 for 
1000 p.p.m. CO2, (e) element with NaOH for 100 and 1000 p.p.m. 
CO2. 

temperature. The e.m.f, decreased in the initial stage 
with the holding time at a constant temperature, and 
the sensitivity to CO 2 was very low in the temperature 
range below 300 ~ When the temperature was raised 
to 350 ~ or more, the e.m.f, and sensitivity gradually 
increased with time. Reversible changes of the e.m.f. 
with CO/  concentration were observed in a shorter 
holding time when the temperature increased. Meas- 
urement proceeded again after cooling to room tem- 
perature in dry air (Fig. 5b). In this case the e.m.f, was 
higher than that observed below 400 ~ in the first 
measurement. The sensing characteristics observed at 
450 ~ or more were fairly consistent with the result 
from the first measurement. A similar characteristic to 
that of the freshly prepared sensor was observed for a 
sensor stored in the laboratory atmosphere for more 
than 5 days. Similar sensing characteristics were also 
observed in the other sensors, except NA-1000. No 
reversible sensing characteristic was observed for NA- 
1000 due to the very porous electrolyte body, as 
already mentioned, and gas separation between the 
sensing and reference electrodes could not be achieved. 
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Figure 5 Thermally programmed e.m.f, changes of sensor with NA- 
NGK during exposure to different concentrations of CO 2 (100 and 
10000 p.p.m.) in dry air: (a) freshly prepared element, (b) element 
after heating at 500 ~ 

The following discussion and description apply to 
the results observed after stable sensing characteristics 
were confirmed for a set temperature. 

Fig. 6 shows the sensing characteristic at 470 ~ for 
the NA-40 sensor�9 In this case, air (50 ml rain-1) was 
passed through the reference electrode side. On swit- 
ching from 1000 p.p.m. CO2-air flow to just air flow, 
the e.m.f, increased quickly. A steady state value was 
not observed within the measuring period (20 rain). 
Except in the case of switching from the air with CO2 
gas to air alone, the rise and recovery times were very 
fast; the 90% response time was less than 2 rain and 
the rise and recovery times became faster with an 
increase in the working temperature as shown in Fig. 
7. Similar sensing characteristics were also observed 
for NA-NGK, ZPNA-20 and NAYSI while for NA- 
1000 no reproducible characteristics were detected. 

The two defined characteristics, i,e. the difference in 
e.m.f, in air and lOOp.p.m. CO2 (AE A = E a i r -  

Eloo p.p.m.) and the sensitivity (AE in mV per decade) 
are summarized in Table II. It should be noted that 
Etoo p.p.m, was the value observed in the steady state 
and Eai, was the value 20 min after switching from 
1000 p.p.m. CO 2 to air and was not the value in the 
equilibrium state. The sensitivity depends on the tem- 
perature and increases with the working temperature, 
based on the Nernst equation. For  all the samples, the 
observed sensitivity was smaller than the theoretical 
value and these differences were dependent on the 
electrolyte species and the working temperature. The 
number of electrons for the cell reaction was higher 
than 2, especially at the lower temperature, and ap- 
proached 2 with an increase in temperature. 

In this system the most thermodynamically stable 
compound is N a 2 C O 3 ,  but N a 2 0  and N a 2 0 2  may 
possibly be formed especially when the concentration 
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Figure 6 E.m.f. changes of NA-40 during exposure to different 
concentrations of CO 2 in dry air at 470 ~ the CO2 concentration 
in p.p.m, is denoted in the figure�9 
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Figure 7 Sensing characteristic of NA-40 at a working temperature 
of (a) 400 ~ (b) 420~ (c) 470~ The CO 2 concentration in 
p.p.m, is denoted in the figure. 

of oxygen is high, because of their higher kinetic 
preference. The possible reactions are as follows: 

2Na + 02 --* NazO2 

2Na + �89 02 --* N a 2 0  

N a2 0  + CO2 --* Na2COa 

NazOz + COz ~ N a z C O 3  + �89 02  

If Na20,  Na202 and Na2CO3 are formed simultan- 
eously by the cell reactions, the sensitivity may be 
lower than the theoretical value denoted in Table II, 
and the galvanic cell will show characteristics of the 

5 7 8 8  



mixed potentials given by the relative contributions of 
the Gibbs energies of formation of the sodium carbon- 
ate and the oxides. The decomposition of N a / O  2 to 
Na 20  proceeds with an increase in working temper- 
ature, and then the sodium oxides react with CO 2, 
resulting in Na2CO3. During the formation of 
Na2CO3 from sodium oxides, the e.m.f, value espe- 
cially increases with time as observed for freshly pre- 
pared sensors in the temperature region 350-450 ~ 
(Fig. 5a). The e.m.f, observed at 400 ~ or lower for the 
sensor pre-heated at 500~ is considerably higher 
than that for freshly prepared sensors or sensors 
stored for a long period in a normal atmosphere. The 
sensing characteristics observed at 450 ~ and above 
was barely influenced by the history of the sensor. 

As shown in Fig. 5a, a decrease in e.m.f, was ob- 
served for an initial period after setting the temper- 
ature, especially at 350 ~ This is interpreted in terms 
of the decomposition on N a O H  or NaHCO 3 to 
NazCO3, as mentioned. As denoted in Table II, the 
AEA values for NA-40 were larger by a factor of two 
than the AE values. For  the other elements, these 
values were considerably less. From the e.m.f, in air 
and the sensitivity estimated in the range between 100 
and 10000 p.p.m., the e.m.f, observed in air corres- 
ponded to 3.2 p.p.m, for NA-NGK, 2.0p.p.m. for 
NAYSI, 1.8 p.p.m, for ZPNA-20 and 0.37 p.p.m, for 
NA-40, all operated at 470 ~ The CO2 content of the 
air was less than 2 p.p.m., indicating that lower con- 
centrations of CO/,  in the p.p.m, range can be detected 
by using NA-40. This desirable characteristic may be 
correlated with the microstructure of the NA-40 body. 
The response time (especially to air) was not so fast, 
which may be caused by the decomposition of 
NazCO 3 formed on the sensing electrode (formation 
of sodium oxides from Na2CO3). As described above, 
NA-40 is composed of both crystalline and glass 
phases and densification is well advanced (the pore 
size and surface density of pores are extremely small). 
Since the two sides of the electrode are completely 
separated by the densified electrolyte and the electro- 
chemical reaction [5] is limited to the surface of the 
working electrode side, it is expected that replacement 
of the test gas is rapidly established by using a den- 
sifted electrolyte. 

3.6. CO2 sens ing character is t ics of  sensor w i t h  
NaHCO3  or NaOH layer 

To confirm the effects of the existence of an NaHCO3 
or N a O H  layer, sensing characteristics for the element 
with an NaHCO 3 or N a O H  layer were examined. For  
a freshly prepared element coated with NaHCO 3 and 
then dried at 80 ~ the e.m.f, value rose abruptly when the 
temperature increased from 150 to 250 ~ while the 
sensitivity for C O / w a s  very small as shown in Fig. 8. 
At 250~ the e.m.f, gradually increased and then 
decreased with the appearance of higher sensitivity. It 
was clear that the e.m.f, at 250 ~ was considerably 
higher than for the element with Na/CO3 (Fig. 9). 
When the temperature was raised to 350 ~ a revers- 
ible sensing characteristic could be observed, while a 
gradual shift (increase) in the e.m.f, was detected in the 
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Figure 9 Thermally programmed e.m.f, changes of ZPNA-20 with 
NazCO3 during exposures to different concentrations of CO2 (100 
and 10000p.p.m.) in dry air: (a)freshly prepared element, 
(b) element after heating to 500 ~ 

earlier period after setting the temperature. A similar 
behaviour was also observed when the temperature 
was raised to 450 ~ The observed shift (increase) may 
be caused by the reaction Na202- -*Na20  
(NaHCO3) ~ Na2CO 3, as already mentioned. 

In the next measurement, after holding at 450 ~ 
and then cooling to room temperature, a steep rise of 
e.m.f, was not detected when the temperature was 
raised from 150 to 250 ~ and a stable and reversible 
sensing characteristic was observed even at 250~ 
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Figure IO Thermally programmed e.m.f, changes of ZPNA-20 with 
NaOH during exposure to different concentrations of CO2 (100 and 
10000 p.p.m.) in dry air: (a) freshly prepared element, (b) element 
after heating to 500 ~ 

The e.m.f, in 100 and 10000 p.p.m. CO2 was 198 and 
296 mV, respectively, at 350 ~ for a freshly prepared 
element and was comparable to that for the element 
pre-heated at 450~ (202mV in 100p.p.m. and 
303 mV in 10000 p.p.m.). Furthermore, no distinct 
differences in e.m.f, were observed at 450 ~ 

The sensing characteristics determined at 350 ~ or 
higher for the element with N a H C O  3 were also com- 
parable to these for the element with Na2CO 3. Fur- 
thermore, similar results were obtained for the element 
coated with N a O H  instead of Na2CO3 . The e.m.f. 
value abruptly increased when the temperature in- 
creased from 150 to 250~ and then decreased as 
shown in Fig. 10. The sensing characteristics observed 
at 350 ~ or more were also in fair agreement with 
these for the element coated with NaHCO3 or 
Na2CO3. As previously mentioned, N a O H  is a strong 
getter for CO2 and reacts with CO 2 forming 
N a H C O  3. NaHCO3 decomposes at 270 ~ or more to 
Na2CO3. It seems that the changes in the sensing 
characteristics caused by the coexistence of NaHCO3 
or N a O H  in the NazCO 3 layer can be removed or 
recovered when the working temperature is set at 
300 ~ or more. It  is expected that the formation of 
N a O H  or N a H C O  3 in the Na2CO 3 layer induces the 
enhancement of e.m.f. 

3 7 .  Humid i t y  effects on sensing 
character ist ics 

Except for special cases, the gases to be evaluated 
contained water vapour. Sodium oxides are active 
toward water molecules and Na2CO3 is deliquescent. 
The characteristic of the NA-40 sensor was barely 
influenced by the coexistence of the water vapour  
(15~ in dew point) at 500~ (Fig. 11). When the 
working temperature increased and the water concen- 
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Figure 12 E.m.f. changes of Na-40 at 430 ~ (a) in dry air, (b) in 
wet air (27 ~ in dew point)�9 The CO 2 concentration in p.p.m, is 
denoted in the figure�9 

tration increased to 27 ~ in dew point or more, the 
response time became slower as shown in Figs 12 and 
13 for NA-40. The response characteristics are divided 
into two parts, i.e. the initial first and the following 
second process. The initial process was hardly influ- 
enced by the introduction of water vapour, while the 
second process was prolonged by the coexistence of 
water vapour  with an increase in temperature. The 
observation of the second process convinced us of the 
existence of additional reactions. 

The sensitivity and response behaviour changes 
caused by the humidification were almost completely 
recovered for NA-40, N A - N G K  and ZPNA-20 after 
switching from humid air to dry air. The e.m.f, values 
are summarized in Table III. The difference in the 
e.m.f, values observed in dry and wet air with CO 2 is 
commonly increased with a decrease in the CO2 con- 
centration. It is clear that the degree of e.m.f, shift on 
the introduction of water vapour  for Na3Zr2Si2PO12- 
based electrolytes is smaller than for the NAYSI 
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having N aO H  or N aH CO  3 is higher than that for the 
sensor coated with Na2CO 3 as mentioned�9 Prolong- 
ation of the response time and a decrease in the e.m.f. 
due to the coexistence of water vapour are at least 
qualitatively realized by the following reactions and 
not by the formation of surface N aO H  or NaHCO3: 

N a 2 C O  3 q- H 2 0  -+ 2Na + + CO 3 (dissociation) 

2Na + + XO2 ~ Na2Ox (e.m.f. decrease) 

N a 2 0  x + C O  2 --~ N a z C O  3 (e.m.f. recovery) 

When the sensor is heated to 270 ~ or more, it seems 
that the e.m.f, drift caused by the formation of Na20  x 
can be stopped by cutting off the water vapour supply, 
since Na2Ox reacts with CO 2 forming NaHCO3 
which decomposes to NazCO 3 and H20.  If the forma- 
tion of sodium oxides is limited on the surface of the 
electrolyte, recovery proceeds easily and quickly. 
Actually, the recovery of sensitivity observed after 
cutting off the water vapour was very fast. 

Figure 13 E.m.f. changes of Na-40 at 500 ~ (a) in dry air, (b) in 
wet air (27 ~ in dew point). The CO2 concentration in p.p.m, is 
denoted in the figure. 

T A B L E  I I I  E.m.f. values for 100 and 1000 p.p.m. CO 2 with and 
without water vapour 

Sample Temperature Dew point E.m.f. (mV) a 
(oc) (oc) 

100 p.p.m. 1000 p.p.m. 

NA-40 470 < - 6 0  416 
15 4 1 6 ( 0 )  
27 412( -4 )  

500 < - 60 448 
15 449(+1) 
27 446(-2)  

ZPNA-20 460 < - 60 341 
27 340( -  1) 

490 < - 60 381 
27 377(-4)  

N A - N G K  470 < - 6 0  451 
27 444( -7)  

500 < - 60 482 
474( - 8) 

NYSI 470 < - 60 280 
15 259(-21)  

346 
346(0) 
344( -  2) 

376 
375( -  1) 
3 7 5 ( -  1) 

275 
278(+ 3) 

311 
310( -  1) 

378 
373(-5)  

409 
403( -6)  

2O8 
189(-  1s 

a( ) = Difference from the result observed in dry test gas. 

electrolytes. For  the NAYSI sensors, the e.m.f, de- 
creased with the introduction of water vapour (15 ~ 
in dew point) and the sensitivity decreased from 72 to 
70 mV per decade. The shifts in the e.m.f, were com- 
pletely recovered after cutting off the water vapour. 
The introduction of more water (27 ~ in dew point) 
induced a gradual decrease in the sensitivity. 

As summarized in Table III, the extent of the decre- 
ment in e.m.f, increased with the humidity and with a 
decrease in COz concentration. If surface N aO H  or 
NaHCO3 is formed, the e.m.f, may be higher than that 
observed in dry air, since the e.m.f, value for the sensor 

4. Conclusions 
Based on these results, the following clarifications 
have been made: 

1. For  the Na3Zr2Si2PO12-based electrolyte, no 
distinct increase in weight on exposure to humid air, 
with or without CO 2 species, was observed. The re- 
sistivity at 300 ~ or more was hardly influenced by 
the ambient conditions. 

2. The electron number of the reaction was higher 
than 2 and approached 2 with an increase in the 
working temperature for electrochemical CO 2 gas 
sensors. 

3. The sensitivity and the response behaviour were 
satisfactory when the densified sensor was operated at 
470 ~ The e.m.f, decreased slightly and the response 
times were prolonged when water vapour (27 ~ in 
dew point) was introduced. The characteristics re- 
covered almost completely after the cutting off of 
water vapour. The e.m.f, lowering by water sorption 
was depressed by using a densified NaaZr2SizPO12. 
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