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A solid-state carbon monoxide sensor was fabricated using a 9% yttria-stabilized 
zirconia (YSZ) disc sandwiched between two platinum thin-film electrodes. One of the 
electrodes was coated with a thin layer of 7 CuO*lO ZnO.3 Al,O, catalyst. The 
sensor showed limiting current behavior at an applied voltage between 0.5 and 1.2 K 
Linear response was observed with carbon monoxide in a nitrogen - oxygen mixture at 
high temperature and limiting current conditions. The linear carbon monoxide concen- 
tration range increased with increase in the operating temperature and its sensitivity 
increased from 2.437 mA - atm - ’ CO at 1,023 K to 10.771 at 1,093 K These charac- 
teristics were adequately described by the proposed mathematical model relating the 
response to the rate processes occum‘ng in the catalyst layer and in the electrochemical 
cell under limiting current conditions. The model showed that effective sensing and high 
sensitiuiq are best obtained using a catalyst with high catalytic activity toward the test 
solute and proper design and fabrication of the sensor to ensure its high difisivity in the 
catalyst. 

Introduction 
In recent years, the increasing global awareness that the 

world shares a common atmosphere has instilled substantial 
international concern and instigated increasing cooperative 
effort to control its pollution, in particular pollutants from 
the chemical, petrochemical, petroleum refining, metallurgi- 
cal and industrial combustion processes, and vehicular emis- 
sion. In situ measurement and monitoring of these gas pollu- 
tants are indispensable activities of these environmental con- 
trol programs. Since Kiukkola and Wagner (1957) first de- 
scribed the ionic transport property of solid electrolyte and 
Weissbart and Ruka (1961) reported their oxygen sensor us- 
ing yttria-stabilized zirconia (YSZ) solid electrolyte, solid 
electrolyte electrochemical gas sensors have been increas- 
ingly used for high-temperature gas monitoring (Tan and Tan, 
1992). Among these, the solid-state Pt/YSZ/Pt oxygen sen- 
sor is perhaps most successfully commercialized (Kimura et 
al., 1986; Maskell and Steele, 1986; Takeuchi and Igarashi, 
1988a; Logothetis, 1991; Mobius, 1991). In the potentiomet- 
ric mode, the platinum electrodes are exposed separately to a 
reference oxygen mixture and the test sample. The Faradaic 
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reactions described in Eqs. 1 and 2 induce in the cell an emf 
( E )  according to the Nernst equation given in Eq. 3. 

Cathode: 0, +4e- --* 20,- (1) 

Anode: 20’- --f 0, +4e- (2) 

(3) 

Since the induced emf depends on the logarithmic concentra- 
tion difference, the sensitivity of the potentiometric sensor is 
inherently low. This is further aggravated by operating tem- 
perature fluctuations, solid electrolyte aging with prolonged 
exposure to high temperature, and interferences from other 
gases in the mixture (Dietz, 1982; Makovos and Liu, 1991). In 
the amperometric mode, some of these problems can be ef- 
fectively resolved (Dietz, 1982; Logothetis and Hetrick, 1986; 
Saji, 1987; Takeuchi and Igarashi, 1988b; Usui et al., 1989; 
Liaw and Weppner, 1990; Ioannou and Maskell, 1992; Logo- 
thetis et al., 1992). In this case, a cell voltage is imposed and 
the oxygen is virtually transferred or “pumped” from the ca- 
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thodic to the anodic side via the Faradaic reactions described 
in Eqs. 1 and 2. The current varies quantitatively with oxygen 
concentration in the gas mixture. Apart from being affected 
by the applied cell voltage, cell resistance, and gas diffusivity, 
“oxygen pumping” efficiency and sensor sensitivity also de- 
pend significantly on the effectiveness of a diffusion barrier 
in restricting the diffusion of the gas from the bulk to the 
cathodic surface. Generally good sensing characteristics were 
obtained under limiting current conditions by imposing an 
external voltage sufficiently high to maintain a zero oxygen 
concentration at the cathodic surface. Under these condi- 
tions, the rate is controlled by the diffusion of oxygen to the 
cathodic surface. Good sensing characteristics were also ob- 
served by Makovos and Liu (1991) using a cyclic voltammetric 
technique with their three-electrode oxygen sensor. 

Solid-state YSZ oxygen sensor has been used extensively as 
a primary sensing element for the fabrication of gas sensors 
for sensing catalytically oxidizable gas solutes. Okamoto et al. 
(1980) reported good carbon monoxide sensing characteris- 
tics in the temperature range of 533-623 K by covering one 
of the electrodes of their potentiometric oxygen sensor with a 
layer of H,PtCl,/y-A120, mixture to catalyze the oxidation 
of carbon monoxide. The induced emf was directly calibrated 
against carbon monoxide concentration in the bulk mixture. 
A mathematical model by Li et al. (1993) described ade- 
quately the sensing characteristics of their potentiometric CO 
sensor using CuO/ZnO catalyst. Good hydrogen sensing 
characteristics and correlation according to their proposed 
mathematical model were also obtained by Tan and Tan 
(1994) with their potentiometric hydrogen sensor. Platinum, a 
commonly used electrode material in oxygen and other gas 
sensors, is known for its catalytic oxidation activity (Edge1 and 
Ertl, 1982) and the oxidation rate increases with increasing 
reactant concentration. Since the bare platinum electrode is 
exposed to higher reactant concentration, its oxidation rate 
will be higher than at the catalyst-covered electrode. This 
would reduce the oxygen concentration difference between 
the two platinum electrodes and correspondingly a smaller 
induced emf. Consequently, the higher the reactant concen- 
tration, the lower will be the sensor sensitivity. This would 
further diminish the inherently low sensitivity of a potentio- 
metric sensor. This article described the experimental study 
and mathematical modeling of a high-temperature ampero- 
metric carbon monoxide sensor. The sensor was fabricated by 
overlaying the platinum cathode of a 9 mol % yttria-stabi- 
lized zirconia oxygen sensor with a thin layer of 7 CuO-10 
Zn0 .3  Al,O, catalyst and used to measure CO concentra- 
tion in an oxygen-nitrogen mixture under limiting current 
conditions. The sensor was calibrated based on the differ- 
ence between the steady-state sensor currents before and af- 
ter the introduction of carbon monoxide into the carrier gas. 
The sensor difference response was correlated against CO 
concentration according to a proposed mathematical model 
relating the response to the Faradaic reactions of the primary 
solid-state limiting current oxygen sensor and the various rate 
phenomena occurring in the catalyst layer. 

Experimental 
Figure 1 shows the design of the carbon monoxide sensor. 

The platinum electrodes were printed on the opposite faces 

CERAMABOND~~ Porous Catalyst 
503 Coating Layer 

\/ Yttria 

Zirconia Wires 
Platinum Platinum 

Electrodes Stabilized 

I Electrolyte 

Figure 1. Structural configuration of the carbon monox- 
ide sensor. 

of a 9 mol % yttria-stabilized zirconia disc. One of the plat- 
inum electrodes was covered by a layer of catalyst while the 
other was left bare. All the chemicals used were analytical 
grade. 

Pt/YSZ/Pt cell fabrication 
The YSZ disc used in fabricating the carbon monoxide 

sensor was prepared by coprecipitation of the two oxides from 
a solution of their soluble salts. Subbarao and Maiti (1984) 
reported that 9 mol % yttria-stabilized zirconia sintered at 
1,623 K gave good ionic conductivity and durability. In this 
study, the 9 mol % YSZ powder was prepared from a solu- 
tion containing 83.48 mol % of zirconia oxychloride IZrOC1, * 

8H,O] and 16.52 mol % of yttrium nitrate [Y(N0,),.5H20] 
in deionized water. The mixed salt solution and a concen- 
trated ammonia hydroxide solution containing 10% by weight 
of ammonium carbonate [(NH4)2C03] were added slowly and 
simultaneously into deionized water, two-and-a-half times the 
volume of the mixed salt solution. The mixture was con- 
stantly stirred and maintained at 323 K. Ammonia solution 
was added at a rate to maintain the mixture at a pH around 
8.5-9. The resulting white spongy precipitate was left in the 
solution for about an hour without agitation. The solid was 
then filtered and washed with deionized water until the fil- 
trate showed no trace of chloride by the silver nitrate test. 
The precipitate was freeze-dried using liquid nitrogen and 
constant evacuation by a vacuum pump for 24 h. The freeze- 
dried solids were kept at 393 K for 5 h and then finely pulver- 
ized and calcined in a furnace at 973 K for 10 h. The calcined 
powder was repulverized and pressed into discs of 15 mm 
dia. and 0.5 mm thick under a pressure of 444 MPa in a Carver 
Model C metallurgical press. The discs were sintered at 1,623 
K for about 5 hours. A 10-mm-dia. circular platinum film of 
about 0.05 mm thick was printed on both faces of the YSZ 
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YSZ disc using Ferro 4082 platinum paste. They were left to 
dry in air for about 5 hours. A fine platinum wire was at- 
tached to each electrode with the same platinum paste. The 
assembly was heated at 1,323 K for 2 hours to remove the 
organic binder and leave behind a uniform platinum film. 

Catalyst pellet prepurution 
CuO/ZnO/Al,O, catalyst is commonly used for water-gas 

generation (Lloyd et al., 1989) and methanol synthesis 
(Bridger and Spencer, 1989). Cupric oxide shows better 
high-temperature adsorption for oxygen than for carbon 
monoxide and has no affinity for carbon dioxide (Golodets, 
1983). Zinc oxide has a stabilizing effect on the catalytic ac- 
tivity of cupric oxide and improves its resistance to sulfide 
poisoning (Spencer, 1989). Aluminium oxide enhances the 
mechanical strength and structural stability of the solid mix- 
ture. Preliminary studies showed that CuO/ZnO/A,O, in the 
molar ratio of 7:10:3 has good catalytic activity, mechanical 
strength, and stability. The catalyst powder was also prepared 
by coprecipitation of the oxides from their salts. Cupric ox- 
ide, zinc oxide, and aluminium sulfate in the molar ratio of 
7:10:3 were dissolved in 2N nitric acid. The salt solution and 
a concentrated sodium hydroxide solution were slowly and 
simultaneously added into deionized water, two-and-a-half 
times the volume of the salt solution. The mixture was con- 
stantly stirred and maintained at 333 K. Its pH was carefully 
controlled at about 7 by regulating the addition of the alkali. 
The resulting blue precipitate was left in the solution for 
about 5 hours without agitation. It was then filtered and 
washed with deionized water until the filtrate showed no trace 
of sulfate by the barium nitrate test. The solid was left to dry 
in air for 24 hours and then in an oven at 393 K for 5 h. The 
solid was finely pulverized and calcined at 973 K for about 10 
h. The calcined powder was repulverized and pressed into 
discs of 15 mm diameter and 0.59 mm thick under a pressure 
of 55 MPa in the Carver press. The discs were sintered at 
1,223 K for about 24 hours. The lower pressure of 55 MPa 
and longer sintering time of 24 hours were used to produce 
discs with more  uniform microstructure,  lower 
tendency to crack, and better structural stability. 

Sensor fabrication 
Figure 1 shows the design of the sensor. The exposed edges 

of the Y S Z  disc were carefully coated with a thin layer of 
high-temperature CERAMABOND 503 (Components and 
Products Ltd., Essex, England) ceramic adhesive. The cata- 
lyst disc was placed over the YSZ and firmly held together 
while the sides and edges around the composite disc were 
covered with a layer of the ceramic adhesive. The whole as- 
sembly was dried in air for about 4 hours and the ceramic 
adhesive seal was then thermally cured in a tubular furnace 
by heating the air-dried composite pellet to the highest tem- 
perature used in this study in three stages as recommended 
by the manufacturer of CERAMABOND. The three stages 
consisted of (1) heating at a rate of 5 K-h- '  to 367 K and 
kept at 367 K for 2 h; (2) heating at 20 K-h- '  to 644 K and 
kept at 644 K for 2 hours, and finally (3) heating at 50 K. h-' 
to the maximum temperature required. The CERAM- 
ABOND 503 ceramic adhesive was found effective to shield 
the YSZ from direct contact with the gas mixture except 

Gas Mixing Chamber CO Sensor Tubular Furnace Gas Outlet 

Figure 2. Experimental setup for sensor calibration. 

through the platinum electrodes because of its low porosity 
(less than 1% after curing). Besides, it has lower thermal ex- 
pansion and higher mechanical strength than the other com- 
ponents of the sensor. 

Experimental procedure 
The experimental setup is shown in Figure 2. The CO sen- 

sor was placed in the middle of the ceramic tube of an Eu- 
rotherm tubular furnace. The furnace was gradually heated 
to a prescribed constant temperature. Compressed purified 
nitrogen, oxygen, and CO flowed through the respective ro- 
tameters into a mixing chamber at ambient temperature (298 
K) and pressure. Their flow rates were controlled by an Ultra 
Mass Flow Controller System (Brooks Model 5850E). The to- 
tal gas flow rate was maintained at 8.33 mL-s-'  for all the 
experiments. A PINE AFRDE4 potentiostat supplied a con- 
stant voltage to the sensor. The sensor current was simulta- 
neously monitored on a chart recorder and a HP 34401A dig- 
ital multimeter. 

Two sets of experiments were carried out at atmospheric 
pressure. In the first set, the effects of applied cell voltage 
and oxygen concentration on the sensor current in an oxy- 
gen-nitrogen mixture were studied. The oxygen and nitrogen 
flow rates were varied to give an oxygen partial pressure of 
0.01-0.21 atm while maintaining the total flow rate at 8.33 
mL-s-'. The cell voltage was varied from 0.2 to 1.5 V. In the 
second set of experiments, the effect of CO concentration on 
the sensor response was examined at various constant tem- 
peratures and at a cell voltage selected from the earlier set of 
experiments that would effectively maintain the cell at limit- 
ing current conditions. In each experiment, the sensor was 
first exposed to an oxygen-nitrogen mixture of known com- 
position flowing at 8.33 mL a s - I .  The steady-state current was 
recorded as the baseline current, Z,. CO was then introduced 
into the carrier gas at a rate corresponding to a prescribed 
CO concentration in the mixture. The system was left to 
equilibrate. When the system reached steady-state, the cur- 
rent, I ,  was recorded. The sensor response for a given CO 
concentration was taken as the difference between the two 
steady-state currents; ( Ib  - I). The experiment was repeated 
for other CO concentrations from 0.004 to 0.04 atm at differ- 
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Figure 3. Rate processes occurring in the sensor. 

ent constant temperatures from 1,023 to 1,093 K. The oxygen 
concentration was maintained at 0.04 atm for the whole set 
of experiments. 

Theoretical Model 
The objective of this model is to relate quantitatively the 

sensor current with and without the presence of carbon 
monoxide in the gas mixture to the rate processes occurring 
in the catalyst layer and in the solid-state electrochemical cell 
as shown in Figure 3. The electrochemical cell is assumed to 
operate under limiting current conditions corresponding to a 
sufficiently high imposed cell voltage such that the oxygen 
concentration at the cathode is zero. 

Carbon monoxide is oxidized catalytically by the oxygen 
adsorbed on the catalyst surface (Golodets, 1983; Bielah and 
Haber, 1991) as shown in Eqs. 4-6: 

(5) 
k* 

fast 
O , . s + s - + 2 0 . s  

(6) 
kco co+o.s 4 co, + s, 

where s is an active site on the catalyst. The overall reaction 
is given by 

(7) 
1 kt 
-0, +co -+ co,. 
2 

Assuming homogeneous catalytic activity, the rate equations 
for the preceding reactions are 

dP0, 
ksespo, - ro2 = - -= 

dt 

d P C ,  
- rco = - dt = kcoBoP~o (9) 

where 0, is the fraction of the active sites that are vacant, B,, 
the fraction occupied by the adsorbed molecular oxygen, and 
Oo the fraction occupied by the adsorbed atomic oxygen; k ,  
is the rate constant of the adsorption of 0, on the catalyst 
surface; k* the rate constant for the dissociation of the ad- 
sorbed molecular oxygen to its atomic form; and k,, the rate 
constant for the single-site oxidation of carbon monoxide. The 
active site distribution is obtained by solving Eqs. 10-12 si- 
multaneously as shown below: 

Since the sensor is in the form of a thin disc and its edges are 
coated with a gas-impermeable film, mass transfer will pri- 
marily occur in the axial direction and the system is one-di- 
mensional. Assuming k* >> k ,  % k,,, the material balance 
equations for oxygen and carbon monoxide in the catalyst 
layer are given by 

d2Po, 1 
D o 2 - p  - p c O P c 0  = 0 (16) 

(17) 

where Do,, Po, and D,,, Pco are the diffusivities and par- 
tial pressures of oxygen and carbon monoxide in the catalyst 
layer, and x the distance from the gas-catalyst interface. Only 
oxygen ions but not molecular CO can enter and be trans- 
ported across the YSZ electrolyte to the anode. Under limit- 
ing current conditions when oxygen concentration at the cat- 
alyst-covered cathode is zero, the boundary conditions are at 
the gas-catalyst interface: 

x = 0: Po, = and Pco = PCO,b. (18) 

and at the catalyst-cathode interface: 

(19) 0. x = ~ :  pO,=O, and -= 
dPC0 
dx 
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Equations 20 and 21 which describe the partial pressure pro- 
files of carbon monoxide and oxygen in the catalyst layer, 
respectively, are derived by solving the material balance Eqs. 
16 and 17. 

(20) 

X 

Po, = 
1 - 3 - DcopcO,h { 1 - L 

2D02 

+ --cosh mL 1-- sech mL (21)  12. ( ( 2.N } 
where 

The limiting current I(mA) depends on the oxygen concen- 
tration gradient at the catalyst-cathode interface ( x  = L )  and 
is given by Eq. 23: 

4FADo2 X lo3 [2] 
I ( & )  = - (23) 

RT x =  L 

where A is the electrode area, F the Faraday constant, and 
R the gas constant. Combining with the oxygen concentration 
profile given in Eq. 21, Eq. 24 showing the effect of bulk 
composition of the gas mixture on the limiting current, I ,  can 
be derived: 

(1-sech mL) . 1 4 x 103FADo2 
I ( m A ) =  RTL 

(24) 

The baseline current, I,, at PCO,b  = 0 and Po,,b is then given 
by 

4 x 103FADo2 
I , (mA)= RTL (25) 

and the sensor response, ( I b  - Z) becomes 

PCO,b.  

(26) 
1 2 x 1O3FADc0(1 - sech mL) 

RTL 
A Z ( m A )  = Zb - I =  

The temperature effect on the diffuslvity of CO (Dco) and 
the surface reaction rate constant (kco) can be described by 
the Arrhenius equation: 

(27) 

kco = k;,exp [ - - “F)]. (28) 

These are incorporated into the sensor response equation to 
give Eq. 29, which can be used to correlate the experimental 
response data: 

2,000 FA 
AZ(mA) = - 

RTL 

P c 0 . b .  (29) x [ 1-sech( L E e x p  ED(CO)  2RT - E k ( C O )  

Results and Discussion 
Oxygen-sensing characteristics 

All the experiments were carried out at atmospheric pres- 
sure with a nitrogen-oxygen mixture of known compositions. 
Preliminary experiments showed that increasing the total flow 
rate from 3.33 to 5 mL-s-’ increased the current response 
by only about 1.7% and no further change was observed at 
above 5 mL - s-’. Hence to ensure negligible mass-transfer 
resistance in the bulk gas mixture, all the experiments were 
carried out at a total gas flow rate of 8.33 mL-s-’. Figure 4 
shows the effect of applied voltage and oxygen concentration 

Operating Temperature: 1073 K 

Total Gas Flow Rate: 8.33 ml/s 

0 0.3 0.6 0.9 1.2 1.5 1.8 
Applied Voltage (V) 

Figure 4. Effect of applied voltage on the sensor cur- 
rent at various constant oxygen concentra- 
tions. 
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Operating Temperature: 1073 K 
Total Gas Flow Rate: 8.33 ml/s 
Total Pressure: 1.0 atrn i Applied Voltage: 0.8 V 

I I I 1 I I I 

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 

Figure 5. Effect of oxygen concentration on the sensor 
current at 1,073 K and an applied voltage of 
0.8 V. 

Partial Pressure of O2 (atm) 

on the sensor response at 1,073 K. The sensor current in- 
creased with increasing oxygen concentration. At any con- 
stant oxygen concentration, the current increased sharply as 
an external voltage was imposed. It then settled fairly rapidly 
to a constant value as the voltage increased to above 0.5 V 
and remained constant until about 1.2 V. The rate of in- 
crease and the limiting current values were higher at oxygen 
concentration. These results showed that the sensor current 
depends significantly on the mass transfer of oxygen from the 
bulk to the cathode through the catalyst layer and the ca- 
thodic reduction of oxygen. Both these rate processes in- 
creased with increasing oxygen concentration and cell volt- 
age. Limiting current conditions indicate a zero oxygen con- 
centration at the cathode and a diffusion controlled system. 
Under these conditions, maximum sensor current and good 
stability were obtained. Figure 5 shows the effect of oxygen 
concentration on the sensor current under limiting current 
conditions at 0.8 V. The response increased linearly until an 
oxygen partial pressure of about 0.05 atm, and then more 
gradually with further concentration increase. The deviation 
from linearity at high oxygen concentrations could be due to 
a transition from the diffusion-controlled regime into a regime 
where the mass-transfer rates became comparable with the 
Faradaic reactions at the electrodes. 

Carbon monoxide sensing characteristics 
The results obtained earlier showed that a cell voltage of 

0.5-1.2 V is required to maintain limiting current conditions 
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Temperature: 1073 K 
Partial Pressure of CO: 0.036 atm 
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Figure 6. Typical sensor behavior at 0.8 V toward the 
presence of carbon monoxide in the gas mix- 
ture. 

in a bulk gas with an oxygen partial pressure as high as 0.21 
atm. All experiments with carbon monoxide were therefore 
carried out at an imposed cell voltage of 0.8 V using a nitro- 
gen-oxygen carrier gas containing 0.04 atm of oxygen and at 
a total flow rate of 8.33 mL.s-] at atmospheric pressure. 
Figure 6 shows the response of the sensor at 1,073 K when 
CO was introduced into the carrier gas to give a CO partial 
pressure of 0.036 atm. The current decreased instantaneously 
and reached a constant value 5 minutes after CO was admit- 
ted into the system. About 80% of the current drop occurred 
in the first 30 s. When the flow of CO was cut off, the current 
increased instantaneously and reached its original value in 
about 3 minutes. Sixty-five percent recovery occurred in the 
first 30 s. Measurement was repeated for other concentra- 
tions of CO and temperatures. The baseline current varied 
slightly between measurements, but the difference between 
two steady-state values, ( Ib  - I ) ,  remained substantially con- 
stant and reproducible. This is a salient advantage of using 
the difference response method since the prevailing condi- 
tions during any single measurement would equally affect 
both the steady-state sensor currents. Figure 7 shows the cali- 
bration plots for different CO concentrations and at different 
temperatures. The linear range increased with operating 
temperature, and the maximum CO concentration varied 
from 0.02 atm or 2 mol % at 1,023 K to 0.04 atm or 4 mol % 
at 1,093 K. 
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I Applied Voltage: 0.8 V 
Total Pressure: 1 atm 

Total Gas Flow Rate: 8.33 mlis 
Partial Pressure of 0,: 0.04 atm 

1093K A / - 

,'A 
& 

0 0.01 0.02 0.03 0.04 

Partial Pressure of CO (atm) 

Figure 7. Effect of concentration of carbon monoxide on 
the difference response of the sensor at vari- 
ous constant temperatures in an oxygen- 
nitrogen mixture containing 4 mol % oxygen. 
Symbols represent experimental valuch dnd solid lines are 
computed from correlation with the model 

Model verification and correlations of experimental data 
The 44 experimental data shown in Figure 7 were corre- 

lated together according to Eq. 29. The nonlinear regression 
involved the evaluation of the frequency factors and activa- 
tion energies for the diffusion and catalytic reaction of CO in 
the catalyst layer. The results are given by Eqs. 30-32. 

~D,,(m2s-') = 267.3exp - ~ [ 20:p1 (30) 

k,,(s-  I )  = 4.686 x lo5 exp [ - - 7 ~ 3  (31) 

8.367 X l O I 3  24,794 
Az(mA)= exp[- / ]  

x [ I  -sech{0.0247 e ~ p [ ~ ) ) ] f ' , , , ~ ,  (32) 

where Pco,b is the partial pressure (atm) of carbon monoxide 
in the bulk gas mixture. The results computed from Eq. 32 
for each of the operating temperatures are plotted as solid 
lines in Figure 7. Over the temperature range of 1,023 
K-1,093 K, the diffusivity of CO through the catalyst layer 
varied from 7 . 9 6 7 ~ 1 0 - ~  to 3.762X m2.s- '  with an ac- 
tivation energy of 206.1 kJ.mol-I. These are within the range 
of values given by Barrer (1951) for gas diffusion in porous 
materials. The reaction constant for the catalytic oxidation of 
C O  varied from 101.1 to 173.6 s - '  with an activation energy 
of 71.8 kJ-mol-' .  An activation energy of 38 kJ-mol- '  was 
reported for the catalytic oxidation of CO by CuO at 543 
K-728 K and ZnO at 693 K and that the values would be 
higher at higher temperature (Golodets, 1983). This is con- 
sistent with the higher values obtained in this study. Both the 
diffusivities of the gas reactants and the reaction constant of 
the catalytic oxidation in the catalyst also depend signifi- 
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0 0.1 0.2 0.3 0.4 

Figure 8. Experimental concentration of carbon monox- 
ide vs. those calculated from the correlation 
according to the proposed model. 

cantly on the characteristics of the porous catalyst disc such 
as porosity, pore size and pore-size distribution, surface area, 
and active site density. Equation 32 gives a mean ratio of 
AZ(cal)/AZ(exp) of 1.084 with a standard deviation of 0.17 
and a mean absolute fractional error of 0.113 with a standard 
deviation of 0.097. Figure 8 shows the plot of calculated sen- 
sor response against the experimental values for all the data 
shown in Figure 7. The sensor response characteristics are 
therefore well described by the model, particularly at high 
temperatures and for CO partial pressure less than 0.025 atm 
at low temperatures. 

The value of the "sech" term in Eq. 32 is negligibly small 
(10-'8-10-29) because of the vast difference in the values 
between the catalytic reaction rate constant and the diffusiv- 
ity of CO in the catalyst layer. The design equation for the 
sensor is therefore reduced to 

8.367 X 1013 24,794 
AZ(mA)= exp [ - 71 PCO,b. (33) 

This showed that the sensor response for CO is controlled 
effectively by the diffusion of the carbon monoxide in the 
catalyst layer. These results suggest that under limiting cur- 
rent conditions, sensing effectiveness and sensitivity of the 
sensor are best obtained with a catalyst showing high cat- 
alytic activity for the test solute and a proper sensor design 
and fabrication method to ensure high diffusivity of the so- 
lute in the catalyst layer. 

Conclusions 
A solid-state limiting current carbon monoxide sensor was 

fabricated by overlaying the platinum cathode of a 
Pt/YSZ/Pt electrochemical cell with a thin compact layer of 
7CuO * lOZnO * 3AL,O, catalyst. Both the 9% YSZ solid elec- 
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trolyte and the mixed oxide catalyst were prepared by copre- 
cipitation of the oxides from their soluble salts. Response sta- 
bility and sensitivity were best obtained under diffusion-con- 
trolled or limiting current conditions. Limiting current condi- 
tions were obtained under a cell voltage of 0.5-1.2 V for an 
oxygen partial pressure up to 0.21 atm. Operating at 0.8 V 
and at constant temperature between 1,023 and 1,093 K, the 
sensor was calibrated up to a maximum CO concentration of 
0.04 atm in an oxygen-nitrogen carrier gas containing 0.04 
atm of oxygen. The sensor response toward CO was taken as 
the difference between the two steady-state sensor currents 
with and without the carbon monoxide in the feed gas. Lin- 
ear response was observed and adequately described by a 
proposed mathematical model relating the response to the 
rate phenomena occurring in the catalyst layer and the elec- 
trochemical cell under limiting current conditions. The CO 
sensitivity increased from 2.437 mA-atm-’ CO at 1,023 K to 
10.771 at 1,093 K. The model showed that for the catalyst 
used, the reaction rate constant was significantly larger than 
the diffusivity of carbon monoxide in the catalyst layer and 
the response was effectively controlled by CO diffusion in the 
catalyst layer. This suggests that high efficacy and sensitivity 
gas sensors are best obtained using a catalyst with very high 
catalytic activity for the test solute and a design and fabrica- 
tion method that would ensure optimum diffusivity of the test 
solute in the catalyst layer. 
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Notation 
’ =diameter of the cathode, m 
=frequency factor, diffusivity of carbon monoxide, mz * s- 
=activation energy, diffusion of carbon monoxide, J * mo1-l 
=activation energy, carbon monoxide catalytic oxidation, 

A I  =steady-state difference response of the sensor, (Ib - I ) ,  mA 

k ,  =overall rate constant, s-l 
L =thickness of the catalyst layer, m 
m = reaction-diffusion parameter defined in Eq. 22, m-’ 

T =temperature, K 

Jamol-’ 

k:o =frequency factor, catalytic oxidation, s-’ 

Po,,b =partial pressure of oxygen in bulk gas mixture, atm 
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