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Research was undertaken to develop a fast responding, low power carbon 

dioxide gas sensor. A review of current technologies was undertaken and the 

Severinghaus design was selected. The technologies used in the Severinghaus 

design where analysed and researched section by section so as to be improved 

upon. This involved looking at the pH-sensing electrode the reference electrode 

and the electrolyte as well as overall design/shape of the sensor. 

Various metal - metal oxides were looked at for the pH sensing including 

palladium and iridium and thin film polyaniline was also tested. Tests included 

linearity, lifetime and speed. Different ways of synthesising the metal oxide 

electrodes were also investigated, including thermal and electrochemical 

oxidation. The shape and form of the original metal was also modified from 

wire, foil, and thin film from sputtering and electroplating. Several electrolytes 

were tested including amorphous polyethylene oxide (APEO) and a silicone- 

based polymer. The polymers were tested when made up into the carbon dioxide 

sensor and exposed to differing relative humidities. 

Iridium/iridium oxide and polyaniline were found to be the most stable and 

reliable pH sensing material for this purpose. When combined with an Ag/AgCI 

reference electrode and the silicone polymer in a thin film design layout the best 

performing sensor was obtained with a T90 time of less than 60 seconds. The 

best sensor lifetime obtained was 7 days before the polymer electrolyte was 

poisoned. If the electrolyte was replaced then the sensors sensitivity was 

restored. 
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Definitions 

The following are definitions and constants which are used unless otherwise 

stated. 

AG f Standard Gibbs Function of formation. The standard Gibbs function of 

formation is the standard reaction Gibbs function for the formation of a 

compound from its elements in their reference states. ' 

F Faraday Constant = 9.6485 x 104 Cmol'' 1 

R Gas Constant = 8.31451 JK''mol'' 1 

SHE Standard Hydrogen Electrode 
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Introduction 

The aini of this work 

The sponsors of the project, City Technology Ltd., had identified a commercial 

demand for compact CO2 sensors with a low power requirement and a fast 

response. Applications included: - exhaled breath analysis for medical 

applications and monitoring fermentation in the brewing industry. It was 

proposed that a simply constructed electrochemical device could fulfil the sensor 

requirements provided that suitable solid-state electrochemical materials could 
be developed. The following account will describe the background to the work, 

the choice of device design and materials and the strategy to be used in the 
development. 

Carbon Dioxide 

Carbon Dioxide is a colourless, odourless, and slightly acid-tasting gas, 

sometimes called carbonic acid gas, the molecule of which consists of one atom 

of carbon joined to two atoms of oxygen (CO2). It was called "fixed air" by the 

Scottish chemist Joseph Black, who obtained it through the decomposition of 

chalk and limestone and recognized that it entered into the chemical composition 

of these substances. The French chemist Antoine Lavoisier proved that it is an 

oxide of carbon by showing that the gas obtained by the combustion of charcoal 
is identical in its properties with the "fixed air" obtained by Black. Carbon 

dioxide is about 1.5 times as dense as air. It is soluble in water, 0.9 volumes of 
the gas dissolving in 1 volume of water at 20° C at a partial pressure of one 

atmosphere. 

Carbon dioxide is produced in a variety of ways: by combustion, or oxidation, of 

materials containing carbon, such as coal, wood, oil, or foods; by fermentation of 

sugars; and by decomposition of carbonates under the influence of heat or acids. 
Commercially, carbon dioxide is recovered from furnace or kiln gases; from 

fermentation processes; from reaction of carbonates with acids; and from 

reaction of steam with natural gas, a step in the commercial production of 

ammonia. The carbon dioxide is purified by dissolving it in a concentrated 
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solution of alkali carbonate and then heating the solution with steam. The gas is 

evolved and is compressed into steel cylinders. 
The atmosphere contains carbon dioxide in variable amounts, usually 3 to 4 parts 

per 10,000, and has been increasing by 0.4 per cent a year. It is used by green 

plants in the process known as photosynthesis, by which carbohydrates are 

manufactured-part of a larger Carbon Cycle. 

Carbon dioxide is used in the manufacture of sodium carbonate, Na2CO3. IOH20 

(washing soda), and sodium hydrogencarbonate, NaHCO3 (baking soda). 
Dissolved under a pressure of two to five atmospheres, carbon dioxide causes the 

effervescence in carbonated beverages. Carbon dioxide does not burn and does 

not support ordinary combustion, and because of these properties it is used for 

extinguishing fires. The CO2 extinguisher is a steel cylinder filled with liquid 

carbon dioxide, which, when released, expands suddenly and causes so great a 
lowering of temperature that it solidifies into powdery "snow". This snow 

volatilises on contact with the burning substance, producing a blanket of gas that 

cools and smothers the flame. Solid carbon dioxide, known as dry ice, is widely 

used as a refrigerant. Its cooling effect is almost twice that of water ice; its 

special advantages are that it does not melt as a liquid but turns into gas, and that 

it produces an inert atmosphere that reduces bacterial growth. 
The presence of carbon dioxide in the blood stimulates breathing. For this 

reason, carbon dioxide is added to oxygen or ordinary air in artificial respiration 

and to the gases used in anaesthesia. 

Types of CO2 sensor 
There are many different ways of detecting carbon dioxide gas. 

Spectroscopic 

V Weldon et ate report on the use of a tuneable diode laser to measure CO2 and 
CH4 by light absorption due to these gases. They claimed that in their system the 

optimum sensitivity would be obtained using the 3G3 band at 1.434µm; this is 

gave a detection limit of - 0.1 % C02. 
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Saito et a13 had an acoustic-optic (AO) element made of As2Se3 glass which was 

used for spectroscopic gas sensing. With the AO element, absorption due to 

desired wavelengths in the infrared was monitored by simply switching the 

oscillation frequency of the ultrasonic transducer. The concentration of the C02 

gas was measured by using the absorption band at 4.3µm wavelength. 

Opto-chemical 

McMurray4 describes a sensor based on the use of colourmetric acid-base 
indicator dyes such as the sulphonephthaleins. These dyes were immobilised in 

a polymer matrix and solvent cast onto a rigid transparent substrate to give a 

colour filter sensitive to carbon dioxide. The principle of operation can be 

explained according to Equation 1. 

CO2 +B+ H2O " Equilibrium ý- IICO; + BH 

Where B and BH+ represent the base and acid forms of the indicator 

Equation 1 

The visible absorption spectrum of the filter was reported to be very sensitive 

and reversible to external carbon dioxide partial pressure. It was also recyclable 
indefinitely provided it was not exposed to strongly acidic gases such as SO3 and 
NO, r which bind irreversibly to the immobilised base. 

Kawabat et a! 5 used a fluorescein pH indicator in a buffered 

poly(ethyleneglycol) matrix coated onto an optical fibre. Changes in the partial 

pressure of carbon dioxide modulates the free fluorescein concentration which is 

excited by a xenon lamp. Fluorescent light is trapped within the optical fibre and 
is remotely measured by a suitable optical sensor. 

Mills and Chang6 have reviewed the theory of colourmetric and 
fluorimetric sensors for carbon dioxide and described the design rationale for 

optimising the performance of such devices. 

Acoustic 

Nieuwenhuizen and Nederlof7 looked at the use of surface acoustic wave 
devices for CO2. They used a poly(ethyleneimine) coated oscillator referenced 
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to a second uncoated oscillator. The coated oscillator responded to mass 

increases due to absorption of gas. This device was very sensitive to water 

vapour pressure but not sufficiently sensitive to CO2 gas largely due to the lack 

of good selective coatings for CO2. 

Electrochemical 

Below is a short summary describing some but not all of the electrochemical 

methods available for CO2 gas detection. 

Amperometric Sensors 

The use of transition metal indicators has been done by Pletcher et al8'9 to detect 

CO2 gas. Using the following sequence, reaction (3) can be followed 

amperometrically and be quantitatively related to the partial pressure of carbon 

dioxide gas. 

(1) CO2 + H2O a HC03 + H+ 

(2) CuL22+ + 4H+ Cu2+ + 2LH2+ 

(3) Cu2+ + 20- +e CuC12 

[ Cu(I) + 02 Cu(II) I 

The current generated is proportional to the reaction rate, which is controlled by 

the rate of arrival of CO2 in proportion to its concentration in the analyte gas. 

Capacitive Sensors 

Carbon dioxide has no permanent dipole moment and therefore can induce 

capacitance changes only via asymmetric chemical interactions with the host 

matrix. These effects are generally weaker than the changes associated with 

molecules, which have a permanent dipole moment, and so chemical sensor 

outputs are smaller. 
Some commonly used materials are ceramics, for example BaTiO3 - PbO1°, and 

these devices are operated at high temperatures -500 - 600K. Problems with 

such devices is that there are not particularly selective and will probably absorb 

polar molecules as easily as CO2. If these absorbed molecules have a greater 

polarisibility than C02, or permanent dipole moments, it is likely that will 

produce a greater response per molecule than CO2. 
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Conductimetric Sensors 

These sensors are based on changes in conductance of materials when exposed to 

C02. 

Two types of conductimetric devices are those based upon either semiconducting 

oxides 11,12 or metal carbonates 13,14,15 These devices have been operated under 

DC or AC and the design is usually based upon a simple chemoresistor structure. 

Mizuno et a112 describes a tubular chemoresistor based on doped Sn02 operated 

at 673K. The best results were obtained with La203 doped Sn02 giving a RCO2 / 

Rair -2 for 2% CO2 in air but the sensor's characteristic was non linear. 

The additional use of carbonates was looked at by Sugai et alts who used a four- 

component mixture of oxides and carbonates at 770K and measuring the 

impedance at a frequency of 50Hz. The characteristic was also non-linear and 

the maximum measured value of R C02 / Rair was 2.2. 

Shimizu et a113"14 investigated potassium carbonate / glycol mixture supported on 

porous ceramics. At ambient temperatures response times were very slow, 

typically greater then 25 minutes also the responses were very variable even 

changing sign. 

Potentiometric Sensors 

Two variations of the potentiometric sensor are considered here the first of which 
is the "classic" device the so-called Severinghaus sensor. The second is a 
Japanese activity, on the development of "direct" solid-state potentiometric 

sensors based on the carbon dioxide / oxide/ carbonate cells. 

Severinghaus Sensors'6''7 8 

The basic Severinghaus sensor typically comprises of an outer tube filled with a 

chloride / bicarbonate buffer solution behind a rubber gas permeable membrane. 
A glass pH electrode and Ag / AgCI reference electrode are inserted into the 

buffer solution which is then sealed off. Any changes in the external partial 

pressure of carbon dioxide causes a shift in the pH of filling solution which is 

recorded by the inner glass electrode. This why the Severinghaus sensor is 

regarded as an "indirect" sensor as it actually detects the effect of carbon dioxide 

via shifts in pH rather than CO2 itself. The response is Nernstian that is to say 
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that the potential varies by 59 mV per decade change in external CO2 

concentration at 25°C. 

Ion Conducting Ceramics 1920,21,22,23,24.25,26,27.28 29 30,31,32 

These devices make use of ion conductors such as NASICON (Sodium Super 

Ionic Conductor), in galvanic cells of the form: 

(Sensing) Au, C02,02 / Na2CO3 // NASICON (Na20) / 02, Pt (Reference) 

2Na+ + CO2 +2 02+2e- E -> Na2CO3 Sensing Electrode 

2Na+ +2 02+2e- E--> Na20(Nasicon) Reference Electrode 

Na2CO3 4> Na20 + CO2 

For which we can write the following: 
(AGO Na20 C02 + AGO - AGN ) 

E a2C03 
2F 

Overall Reaction 

RT 
P 

2Flna co ) Nato " p. 
2 

or at one atmosphere pressure (P' = 1) and unit activities of Na20 and Na2CO3: 

E=k- RT 
Where k is a constant. 2F1nPco0 

This indicates that the sensors have a Nernstian response which at a typical 

operating temperature of 550°C, corresponds to a slope of 81mV / decade - 

where decade is change in PCO2 by a factor of 10. Many variations have been 

described including the use of binary carbonate mixtures 20,21,22 
, or the use of 

eutectic ternary carbonate mixtures designed to reduce operating temperatures 23 

and the use of alternative conductors such as lanthanum fluoride 24. 

Commercial Sensors 

There are many commercial carbon dioxide sensors in production at the moment. 
Nearly all of these sensors are spectroscopic, primarily infrared detection based. 

Below is a summary of a few examples of sensors that are available: - 
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Green Air Products 

The Green Air Model 6000 is a non-dispersive infrared 

analyzer for measuring environmental C02 concentration in 

indoor living and growing spaces. Its measurement range of 

0- 5000 PPM (parts per million; 1000 PPM = 0.1 %) covers 

the typical range required for hydroponic environmental 

control. 

The Model 6000 connects directly to the Green Air Products 

family of controllers: no separate power supply is required. 

The unit is facton'-calibrated for ease of use and 

compatibilih' to the CDMC-6 system. 

A simple one point calibration procedure and built-in 

calibration port make the Model 6000 simple to maintain. 

Specifications 

Operating principle Non-dispersive infrared (NDIR) 

Gas sampling method Diffusion 

Measurement range 0- 5000 PPM CO 2 

Typical drift (per year) ± 75 PPM (@ 1200ppm) 

Accuracy ±5% of reading or ±75 PPM, 

whichever is greater 

Repeatability ±20 PPM 

Response time Less than 1 minute 
Operating temperature range 32 to 122 °F (0 to 50 °C) 
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Operating humidity range 0- 90% RH (non-condensing) 

Storage temperature -22 to 140 OF (-30 to + 60 °C) 

Power requirements 18 - 30 VDC 

Power consumption Less than 2W@ 24 VA C 

Calibration adjustments Span only (offset electronically 

nulled) 

Calibration verification time 10 minutes hpical 

Dimensions 6.75"x 4"x 1.75" 

Voltage output (linear) 0-5 volts DC (1 mV = Ippm) 

Warm-up time 3 minutes 

Weight 9 Oz. (0.25 Kg) 

Operating life expectancy 10 years hpical 

Illinois Instruments' 

Model 3750 Process Oxygen/Carbon Dioxide Analyzer is 

designed for the simultaneous measurement of oxygen and 

carbon dioxide in a single gas stream. The instrument 

incorporates separate, high quality sensors to perform these 

measurements. The instrument can be calibrated to ambient air 

or standard calibration samples, and is capable of providing 

accurate analysis in almost all industrial gases and 

atmospheres. 

The Model 3750 is simple to use and requires virtually no 

maintenance. A sample gas flow of approximately 150cc/min is 

all that is required for accurate oxygen and carbon dioxide 

measurements. If a pressurized source is not available to 

provide flow through the unit, an optional sample pump can be 

provided. 

.... 

b. 

am t. 

* "' t 

Ica 
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Features: 

Maintenance free, disposable oxygen sensor 

Maintenance free, C02 detector with virtually unlimited life 

Calibrate to air 
No special skills required 
Specific to oxygen/ C02 

Analog outputs available 
Sturdy, reliable constructions 
Applications: 

Fruit storage vessel monitoring 
Gas mixing 
Controlled environment monitoring 
Fermentation monitoring 
Food and Beverage packaging 

AFC International, Inc 

Series 2810 Carbon Dioxide Analyzer 

The Series 2810 is a compact and lightweight carbon dioxide 

analyzer that provides fast and accurate ambient carbon 
dioxide measurement. The 2810 uses a maintenance free dual 

wavelength pressure and temperature compensated sensor. It 

features built in datalogging for recording test data that can be 

used for trend analysis and record keeping. It is the ideal 

instrument for IAQ surveys, ventilation verification, food 

processing/packaging, mushroom farms, fermentation and 

carbonation process, leak detection for bulk and high pressure 

carbon dioxide systems. 
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Features: 

Continuous or snapshot datalogging with a push of the button 

Charge and run capability 
Stores up to 850 carbon dioxide readings 

Compact & lightweight 

Rapid detection of changing carbon dioxide levels 

Maintenance free dual wavelength infrared carbon dioxide 

sensor 

8 to 10 hours use on a full charge 
Quick, intelligent charge in less than 2 hours 

Two way IrDA communication link 

Easy to read digital display 

Pressure & temperature compensated sensor 

Specifications 

Range 0-10,000 ppm C02 

0-1% C02 

Resolution 10 ppm 

Response Time T90<30 seconds 

Accuracy +/- 5% of reading or +/- 100 ppm whichever is 

greater 

Case Seal NEMA 12 (IP65) 

Power Source Nickel-metal hydride batter' providing up to 10 

hours of continuous use 
17 



Operating Temperature 32 IF to 104 OF 

Relative Humidity 0 to 99% 

Dimensions 5.5"L x 2.6"JVx 0.8"H 

Weight 7 ounces 

Construction High impact ABS Case 

Warranty Instrument: 1 year 

IR Cell: 3 years 

It can be seen that are many variations on the infrared-based sensor even a 

portable hand held device, although it has a short battery life. All the sensors 

suffer from the following drawbacks: - 

" Frequent calibration required (usually with a special premixed gas) 

" Limited sensitivity range 

" Long Tgo times (up to'/2 minute) 

" High Power requirement (to power IR Laser) 

" High Cost 

Which type of sensor to Research? 

Compared with the spectroscopic sensors described above the Severinghaus 

sensor has the following advantages: - 
" Low Power consumption 

" Relatively cheap to produce 

" Simple Construction 

Therefore the Severinghaus sensor was made the subject of this study. 
Areas to improve are: - 

" Long response times 

" Short lifetime 

" Easily poisoned 

" Large size. 

" Contains liquids 
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The aim of the research was to discover and use materials for electrodes and 

electrolytes in the Severinghaus sensor. Solid materials particularly give the 

sensor the advantages of 

" Small size 

" Durability 

" Low manufacturing cost. 

19 



Theory of the pH-based sensor and a review of electrode 

materials for pH measurement. 
The design concept, schematic diagram of a planar cell containing 

" Polymer electrolyte which changes pH on absorption of CO2 

" Suitable reference electrode 

CO2 interaction with water with Na+ present 
A theoretical investigation has been made into the partition of carbon dioxide 

between the major species present in aqueous solution and how the resulting pH 
depends on the carbon dioxide pressure. Calculations were made to show the 

effect of added sodium hydroxide, which promotes the formation of carbonate 

and bicarbonate ions at the expense of carbonic acid, on the pH / pCO2 function 

as well as its influence on the amount of CO2 required to achieve equilibrium 

after a change in pressure. The results give clear indications for the projected 

performance of the device in terms of the sensitivity and response time. 

From Dalton's law of partial pressures we can relate the concentration of CO2 in 

ppm to the dimensionless partial pressure pCO2/atm (P(C02)/atm = ppm/106). 
Thereafter the pH changes can be derived as follows. The dissolution of CO2 in 

water is represented as the formation of three species, CO2 (aq) (including 

carbonic acid), HC03 and C03 2- in proportions which varied according to the 

pressure of CO2 and the amount, if any, of sodium hydroxide added. The 

following equations are given under the approximation of unit activity 

coefficients, so that activities are replaced by dimensionless concentrations 

referred to the standard state of 1 molar, i. e. a; - [i] = c; /1 Molar or pressure 

referred to 1 atmosphere, i. e. aco2 - Pco2 /1 atmosphere. 

Equation 2 

I 

KS _ 
[COZ(ag)] 

= 0.03416 33 
Pco, I atm 
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Equation 3 

Klo = 
[Hag) l. [HC03ýag) l= 

Kl 4.48x10-' 34 
[Co; cp9)l "[120(1)] 

Equation 4 

o [H(pg)]. [CO, 
pg)] =" 34 

3(aq) 
] 5.6x10 KZ 

[HCO- 

Equation 5 

K_ 
[H(ag)1 

"[OH g)] =1x10-, a 34 
W [H2O(j) ] 

Equation 6 

[Na+]+[H+] =[HO-]+[HCO3 ]+2[CO3-] 

The condition of electrical neutrality 

Equation 2 to Equation 6 can be rearranged to the following: - 

Equation 7 

[H+] =10-PH 

Equation 8 

[OH-1 = 10(pH-14) 

Equation 9 

[CO3-] _ 
Ki ([Na+]+[H' ]-[OH-]) 

2K2 +[H+] 

Equation 10 

[HC03 [H+ ]+ [C O3 ] 
K2 

Equation 11 

[CO2] _ 
[H+]+[HCO3 ] 

Kj 
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Equation 12 

[cot1 Pao: - Ko s 

Equation 7 to Equation 12 can then be calculated and plotted out with a given pH 

value and [Na +]. Thus showing at a given partial pressure of CO2 and a given 
[Na+] concentration the pH of the solution can be calculated. These are plotted 
in Figure 1 to Figure 4. 
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Figure 1 Graph showing how dissolved carbon dioxide, bicarbonate, carbonate, proton and 
hydroxide concentrations vary in water, with partial pressure of CO2. 
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Figure 2 Graph showing how dissolved carbon dioxide, bicarbonate, carbonate, proton and 

hydroxide concentrations vary in a 10 uMolar solution of NaOH with partial pressure of 

COZ. 

24 



0 

-1 

-2 

-3 

-4 

C 

w -5 
C7 
L 
r 
C 

c 0 U 
D0 -7 0 

-8 

-9 

-10 

-11 

-12 
0 

log [Dissolved C021 

log [Bicarbonate] 

- log [Carbonate) 

log [ H+I 

log [OH-I 

Figure 3 Graph showing how dissolved carbon dioxide, bicarbonate, carbonate, proton and 

hydroxide concentrations vary in a1 mMolar solution of NaOH with partial pressure of 

COZ. 
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Figure 4 Graph showing how dissolved carbon dioxide, bicarbonate, carbonate, proton and 

hydroxide concentrations vary in a 100 mMolar solution of NaOH with partial pressure of 

C02- 

The case for the dissolution of CO2 in pure water, illustrates the main features of 

the concentrations of dissolved species as follows. The concentration of the 

neutral species varies linearly with pressure, as expected from Henry's Law, 

Equation 2. This species is dominant at high pressure. The bicarbonate 
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concentration varies with the square root of pressure in the high-pressure region, 

where the relevant equilibrium is Equation 3 above which the proton 

concentration is balancing with the bicarbonate. At bicarbonate concentrations 

below 10"7 Molar, however, the proton concentration remains at 10"' because of 

water dissociation and [OH"] becomes the major anionic species. Therefore, 

according to Equation 3, the bicarbonate becomes directly proportional to neutral 

CO2. Equation 4 shows that the carbonate concentration will equal K2 in the 

region where the bicarbonate and proton concentrations are equal, whereas the 

product of Equation 3 and Equation 4 shows that the carbonate concentration 

decreases linearly with neutral CO2 when the proton concentration is constant. 

Figure 1 to Figure 3 show the effect of adding NaOH. A plateau appears in the 

bicarbonate curve at the concentration of sodium ion produced by the addition. 

As the pressure decreases the proton concentration decreases and Na± becomes 

the dominant cation. According to Equation 3 the plateau in bicarbonate 

concentration implies proportionality between the proton concentration and the 

neutral CO2 concentration. At high concentrations of sodium ion, a plateau also 

appears in the carbonate concentration for the region in which sodium and 

carbonate are the dominant cation and anion, respectively. 
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Figure 5 Graph of how pH and total carbon dioxide varies with partial pressure of CO2 

above in water. 
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Figure 6 Graph of how pH and total carbon dioxide varies with partial pressure of CO2 

above in 10 pMolar NaOH. 

29 



12 

11 

10 

9 

Zg 

7 

6 

5 

0.04 

0.035 

0.03 

E 
0.025 

F: 
E 

0.02 
O 

0.015 

0.01 

0.005 

0 
0 -1 -2 -3 -4 -5 -6 -7 -8 -9 -10 -11 -12 

Log PCO2 

Total C021 / mol dm-3 pH 

Figure 7 Graph of how pH and total carbon dioxide varies with partial pressure of CO2 

above in 1 mMolar NaOH. 
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Figure 8 Graph of how pH and total carbon dioxide varies with partial pressure of CO: 

above in 100 mMolar NaOH. 

Figure 5 to Figure 8 show the effects of these concentration changes on the 

dependence of the solution pH, which determines the device's output voltage, 

and the overall dissolved CO2 concentration, on the CO2 pressure. 

The addition of sodium hydroxide has the effect of extending the response range 

beyond the 1 ppm limit observed in pure water. It is interesting to note that the 

figures show that the lower limit can be extended almost indefinitely by 

increasing the sodium concentration. The examples here show a theoretical limit 

of 104 ppm with a 100mM NaOH solution, above which concentration 

insolubility of the carbonate may give problems. (However, it must be 

remembered that the calculations relate only to the thermodynamics, and that a 
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consideration of the kinetics would show that the time taken to equilibrate with a 

10-4 ppm solution might be impractically long. ) 

Also shown is the change in total dissolved CO2 with CO2 pressure. This 

indicates the amount of CO2 consumed or evolved by a sensor cell during 

operation. It should be noted that a large amount of CO2 is consumed or evolved 

in the region of high gradient between the areas of predominantly bicarbonate 

and carbonate, respectively. So in this region for a small change in PCO2 - which 

gives only a small diffusion gradient a large amount of CO2 has to be consumed 

or evolved. Therefore in this region, the sensor response is expected to be slow 

because of the time required for CO2 to be absorbed at the gas/electrolyte 
interface and diffuse through the electrolyte as the PCO2 moves from about 10-4 

atmospheres for the 100 mMolar sensor to 10-6 atmospheres. For the 1 mMolar 

sensor and is absent from sensors containing lower concentrations of the counter 

ion. 

The analysis shows that a variety of sensor types could be designed according to 

the range and response rates specified. 

pH sensing with metal / metal oxides 

A review of the literature on various pH sensitive metal/metal oxides was 

undertaken. The principal metals looked at were palladium63' 
61,62,64,35,36,37,38,39,40,41,42,43,44,45,46,47 

iridium 
36,37,38,48,49,50,51,52,53,54,55,56,57,58, 

antimony 
36,59 

and ruthenium oxide 
60'66'67. The main advantages of these materials are that 

they lend themselves well to solid-state structures and they have substantially 
lower resistivity than the usual glass ionic conductors used in the pH electrode. 

A summary of the various methods of making theses metal-metal oxide 

electrodes is given below. 

pH sensing and the Nernst Equation 

Using the Nernst equation with a metal - metal oxide redox reaction shown 
below. It can be seen how the pH sensing of metal - metal oxides occurs. 

PdO+2H+ +2e- ( )Pd +H2O 
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Equation 13 Typical Metal - Metal oxide reaction for Palladium 

E=Eo+R7'InaoT 
nF ared 

Equation 14 The Nernst equation where n= number of electrons involved in the reaction 

pH = -1og[H+ 

Equation 15 Definition of pII 

Now using Equation 13 to Equation 15 it can be shown how the pH affects the 

potential of the redox couple. 

E=E0+RTlniPd4 H+ 
2F [Pd IH20] 

Here the values of n and ao,, and aced are substituted into the Nernst equation. The 

[H+] term is squared as the there are 2 H+ involved in the above reaction. 

E=Eo+2F"21n[H+] 

The PdO, Pd, and H2O terms are set to 1 as they have unit activities and the 

squared term for H+ is taken outside the In term. 

E= E° + 
2.3 RT log[H+] 

F 

Here the two 2s are cancelled and the log is converted from natural to base 10. 

E= E° _ 
2.3RT 

pH F 

The definition of pH is substituted into the equation. 

At room temperature and pressure the 2.3RT/F term equates to 59mV. Hence 

the commonly expected 59mV change in potential for every unit change in pH. 

Palladium 

WT Grub and HL King61 describe the use Pd - PdO as a pH sensing electrode 
by the following equilibrium: - 

Pd+H2O=PdO+2H++2e 

Where: - 

E=E°-(2.3 F )pH 
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H2O f PdO 

2F 

The equilibrium only exists while Pd, PdO and water are all 

present. The same therefore applies to the potential generation, 

and the sensor action. 

They describe the synthesis by dipping a palladium wire into a 50% solution of 

either KOH or NaOH then heating the wire to a high temperature between 350°C 

and 800°C in air or oxygen. Above 900°C they found that the PdO layer 

decomposed. The heating resulted in a black layer of PdO on the wire with a 

uniform thickness of --6µm. The pH sensing was shown to be 59mV / pH or 
less. The potential between electrodes at a given pH varied with a standard 
deviation of 17mV. T98 response times were the order of I minute. No 

degradation of electrode responses was seen over a period of months if the 

electrodes were stored in distilled water. In redox solutions e. g. 0.05M fern - 
ferrocyanide in a phosphate buffer at pH 6 the electrodes lost all pH response and 

assumed the potential of the ferro - ferricyanide couple. This can be explained 

by loss of PdO by reaction with Fe2+ and the mixed potential effect. 

CC Liu et a162 described making a Pd - PdO electrode by electrolysing a molten 

salt mixture of 98% NaNO3 and 2% LiCI by weight heated to 583K. The 

palladium was made positive between 5.9 - 6.2 V with a 20mA /mm2 for 90s. A 

platinum wire was used as the cathode. The electrode was the stored in distilled 

water for 24 hrs before use. The electrode had a "velvet black" appearance. Out 

of a sample of 10 electrodes they gave a mean response of 71 mV /pH with a T90 

response time of -i 0.5s. The sensors show no deterioration after 10days. 

V. A. Karagounis et a163 used RF reactive sputtering to where the substrate, target 

voltages along with oxygen pressure were varied. The palladium target was held 

negative to ground between -800 and -2000V with the differing substrate types 

(alumina, silicon, and sapphire) placed on the counter electrode and held at 

potentials between -50 and -250V. The gap and temperature were kept constant 

at 7.8cm and 50°C respectively. PdO films layers were made with thickness 
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varying between 500Ä and 4µm. When the pH response was measured they 

produced films that had a response of 54mv / pH over the pH range of 3-9. 

When they varied the temperature between 25° and 45°C they found a coefficient 

of 2mV / °C. 

E Kinoshita et aIM made a palladium oxide (Pd02) electrode by cyclic 

voltammetry in aqueous solutions. The solution composition varied from being 

0.5M H2SO4 to 0.2M NaOH. They showed that if Pd is oxidised at high 

potentials in NaOH (2.5V vs. SHE) then the pH response is high for the first 

hour after formation (-60mV / pH) but then declines to -5mV / pH after 3 days. 

If lower potentials were used to form the oxidised palladium then pH response 

would disappear completely after a few hours. 

They proposed that the following equilibriums may be involved giving the two 

different responses to changes in pH. 

PdO2+2H++2e =PdO+H2O withE°=1.263VvsSHE 

PdO2 + 4H+ + 4e = Pd 2+ + 2H20 with E° =1.194V vs SHE 

They concluded that the method failed to make lasting pH sensing electrodes by 

electrochemically anodization. However they also noted that 

" Thermal preparation of palladium oxide produced good pH sensing 

electrodes and 

" Palladium dioxide was involved in the pH sensing mechanism 

Iridium 

S. Ardizzone et a154 describe a method of creating iridium oxide electrodes by 

thermal oxidation. They prepared a solution of IrC13 dissolved in either water or 

isopropanol and the solution was then "painted" onto a Ti substrate. The layer 

was then dried at 60-70°C and fired in an air oven for 10 minutes. The final 

layer they heated for 3 hours. They prepared electrodes at varying temperatures 

between 300-550°C. They looked at the pH dependence and gave a slope of 

0.059V per unit pH and an intercept of 0.95V vs NHE which they said 

corresponds to the following equilibria. 
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21r2O + 2H' + 2e =1r2O3 + H2O 

Robert M. lanniello et a165 used the same the method as described above to create 

an iridium dioxide electrode. This iridium-based electrode was tested for pH 

sensitivity before being made into a urea sensor. The pH testing results gave the 

following result. 

E(mV) = -(66.2 ± 0.8)pH + (830.1 ± 0.5) mVwithr = 0.999 

They took potentials readings as steady state, which took 1-2 minutes to achieve. 

M. J Tarlov et a149 made the iridium oxide electrodes by using D. C. magnetron 

reactive sputtering from a 99.99%, 5cm iridium target in 50 : 50 argon : oxygen 

atmosphere at a total pressure of 0.25Pa. They deposited at approximately 15nm 

min' which required a power density of 3 Wcm 2 (600V target bias). They 

created films between 150nm and 750nm thick. When measuring the potential- 

pH response of freshly prepared films they obtained slopes between -55 and -60 

mV/pH with an average E° value of +0.995±0.035V vs. NHE. They found that if 

the electrodes were left in buffer solutions of pH 2,7 or 12 then the potential of 

the electrode drifted by as much as 230mV over a period of 20 hours. A 

hysteresis effect could then be also observed when measuring the potential-pH 

response. The E° and Nernst slope could be restored to the electrode if removed 

from the buffer solution and left in the laboratory ambient. 

L. Burke et a15 ' describe an electrochemical method of prepared iridium oxide 
films. Iridium wire was sealed into glass and the oxide layers were produced by 

cycling the potential of the iridium electrode in 1.0 mol dm-3 H2SO4 (T=25°C) 

using a potentiostat and triangular wave generator. The limits used were 0 and 

1.50V vs. RHE at a frequency of 2 Hz (6.0 Vs") for 2000 to 7000 cycles. 

W. Olthius et a150 also describe an electrochemical method of creating an iridium 

oxide electrode; the method they use is as follows: - 
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Ir wire (99.9%) with a diameter of 0.15mm was used. The wire was dipped into 

0.5 M H2SO4 they electrochemically oxidised the iridium by pulsing the potential 

between -0.25 and +1.25 V vs. SCE at 0.5 Hz. Between 25 and 500 pulses were 

used to create the oxidised film. 

When plotting out the potential-pH response of the iridium oxide electrode a 

slope of -69 mV/pH was obtained. They managed to measure a response time of 

0.35s for the AIROF (Anodic Iridium Oxide Film) for a change in pH via a fast 

flowing buffer solution and switch valve. 

Ruthenium 

Ruthenium 60'66'67.38 dioxide has also been investigated for its pH sensitivity 
below is a summary of investigations. 

K Pasztor et a160 electrochemically deposited Ru02 onto gold wire from and 

aqueous solution of 5mM K2RuO4 and 1M NaOH by cycling the potential 
between -0.2 and -9.8V vs. SCE. The potential - pH slope of the ruthenium 

oxide layer was found to be -63.9mV/pH which decreased to -50.3mV/pH after 
10days. The intercept at pH=O was found to increase from 430 ±6 mV to 521 f 

3.5 mV if the electrode was stored in pH =0 buffer. 

HN McMurray et a167 produced thick film ruthenium dioxide - glass composites 
by grinding calcined Ru02. xH2O with lead borosilicate glass powder and 2% 

solution of ethyl cellulose in terpineol to produce an ink. The ink was then 

painted onto a Pyrex glass rod which was heated for 1 hour at 150°C to evaporate 
the terpineol then fired at 900°C for 30 minutes before cooling in air, giving 
black composite. The potential-pH response was found to vary between -58 mV 
/ pH and -68 mV / pH with an intercept between 977mV and 1020mV vs. NHE. 

The equilibrium involved in the ruthenium dioxides pH sensing could be 

represented by Pourbaix's38 equation as follows: - 

RuO2.2H20 + I- +e- = H2O + Ru(OH)3 

This has an electrode potential of E=0.937 - 0.0591 pH vs. NHE 
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Polyaniline 

Polyaniline is a conductive polymer which has various electrochemical 

properties. Here are two methods used to create polyaniline from a solution of 

aniline as described in the literature. 

D Chinn et a168 made polyaniline by chemical oxidation (PANiC). They 

oxidised a 0.44 M aniline in 1M HCl with 0.1 M (NH4)2S208 as the oxidiser. 

The reaction was carried out a 5°C for 1 hour. The precipitate was filtered and 

washed with 1M HCl before drying in a vacuum for 3 days. The polyaniline 

was then converted into its base form (dark green to blue) by stirring 0.7g of the 

polyaniline powder into 1 litre of 0.1 M NH4OH for 12 hours before filtering and 

washing with water and drying at 60°C for 1 hour. The resulting dark blue salt 

was dissolved into formic acid giving a green solution. The highest 

concentration that they could obtain was 3% in a 98% formic acid. This solution 

was then used to spin cast layers of polyaniline. 

E Sabatani et a169 used electrochemical oxidation to create polyaniline films. 

PANI films were electrodeposited form a 0.1 mol dm-3 aniline solution in a1 

mol dm-3 HC1O4 solution. The electrodes used were bare Au which had been 

pre-treated for 1 minute with 1W cm2 oxygen plasma to remove possible 

contaminations. The electrodes were then held in the solution for 30 minutes 
2 under argon pressure before applying the anodic current of 5µA cm . 

Polyaniline has 3 common states of oxidation each having different properties, 
these are summarised in Table 1. 
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Name Leuco Emeraldine Emeraldine Pernigraniline 

Colour Yellow Green Blue 

Oxidation State Fully Reduced Partially Fully Oxidised 

Oxidised 

Electrical Properties Insulating Conducting Insulating 

Structure Figure 9 Figure 10 Figure 11 

Table I Table describing the various properties of the differing oxidation states of 

polyaniline 

The structures of these oxidation states are shown in Figure 9 to Figure 11 

HH 

N/ N+n 

HH 

Figure 9 Structure of Leuco Emeraldine (Fully Reduced Polyaniline) 

H 

1::: 

N 

LN'Jn 

I 
H 

Figure 10 Structure of Emeraldine (Partially Oxidised Polyaniline) 

*N N+n 

Figure 11 Structure of Pernigraniline (Fully Oxidised Polyaniline) 

Polyaniline can also be protonated and it is the protonated emeraldine form that 

is electrically conducting and is of most interest as a pH sensing material. 
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The two protonated structures are show in Figure 12 and Figure 13 

H, ,H H4 
+, 
H 

\N\/N\ 2X- I 

N"n 
HH 

Figure 12 The protonated form of Leucoemeraldine with pKa ca 0 

H H+ 

2X" 

NN 7n 

HH 

Figure 13 The protonated form of Emeraldine with pKa ca 3-4 

The equilibria, which are established between the structures shown in figures 9 

through 13, enforce a wide pH/potential response dependent on the species 
present within the film. If the leucoemeraldine/emeraldine system is considered, 
below pH 1a 2H+/2e (see figures 12 and 13) system imposes a 59 mV/pH 

response. Above pH 1 this system is pH independent (see figures 9 and 13). If 

the emeraldine/pernigraniline system is considered (as employed in the pH 

sensing experiments shown later in this thesis), below pH 3-4 a 4H+/2e system 
imposes a 120 mV/pH response (see figures 11 and 13). However, above pH 3- 
4, the emeraldine state is deprotonated and a 2H+/2e response imposing a 59 

mV/pH regime is expected (see figures 10 and 11). 

From the review the two most promising metal / metal oxides were palladium 

and iridium, as they were claimed to gave a good pH response in the range 

required (pH 5-10), long term stability, reliability and minimal signal from 

interfering species. From these two metals palladium was studied first. 

Potential - pH diagrams (Pourbaix diagrams) 

This is a convenient graphical method of showing how the potential of a 
metal / metal oxide system varies with pH. M. Pourbaix38 first did this back in 
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the 1950's. Figure 14 and Figure 15 below were constructed from 

thermodynamic data given in Table 2, Table 3 and Table 4. The system involved 

in constructing, this diagram is that of pure palladium or iridium in pure water 

i. e. free from any agents that can complex with palladium or iridium. Thus, this 

will not be true if a SCE is used to measure the potential in varying pH solutions 

as Cl' ions are present which can complex with palladium. This can easily be 

remedied by applying the appropriate formulae to the potential - pH diagram. 

The area between the dotted lines represents the region in which water is stable 

at 25°C under 1 atmosphere pressure with evolution of hydrogen or oxygen gas. 

It should be noted that the diagram only represents thermodynamic information 

and gives no information on the kinetics of the sensing. 
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Figure 14 Potential pHI diagram for palladium in pure water at 25°C under 1 atmosphere 

pressure. The dotted lines show the redox potentials associated with water (see Table 4). 
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Figure 15 Potential pH diagram for iridium in pure water at 25°C under 1 atmosphere 

pressure. The dotted lines show the redox potentials associated with water (see Table 4). 
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rim 
1 

PdH2 

I' Species3l 

Pd + 2H' + 2e- 

111S 

E= 48mV - 59.1mV x pH 

Pd + H2O PdO + 2H+ + 2e E= 897mV - 59. lmV x pH 

PdO + H2O PdO2 + 2H+ + 2e E= 128OmV - 59.1mV x pH 

Pd02 + H2O PdO3 + 2H+ + 2e E= 203OmV - 59.1mV x pH 

Pd '+ + H2O PdO + 2H` Log [Pd2+] = -2.35 -2x pH 

Pd Pd`' + 2e- E= 987mV - 29.5mV x log (Pd +) 

Pd 2+ + 2H20 Pd02 + 4H+ +2e E= 1194mV - 118.2mV x pH - 29.5mV x 

Log [Pdz+] 

Table 2 

Equilibrating Species3a 11 Equation3l 

Ir + 2H20 IrO, + 4H *+E_ +926 mV - 59.1 mV x pH 

4e 

IrO2 + 2H20 IrO4 "+ 4H+ +E_ +2057mV -118.2mV x pH +29.5mV x 

2e log[IrO42 1 

Table 3 

Table 4 
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Experimental 

The production of the carbon dioxide sensor required a sensing electrode and a 

reference electrode along with an electrolyte. 
Various sensing electrodes were synthesised i. e. iridium oxide, palladium oxide 

and polyaniline. In selecting these materials the principal requirement was that it 

was pH sensitive. After synthesis these electrodes were then tested to fully 

characterise their pH sensitivity, response and lifetime. 

Silver wire 0.125mm diameter was anodised to silver chloride to make the 

reference electrode that was used in the final carbon dioxide gas sensor. 

However it was more convenient to use as saturated calomel electrode (SCE) for 

the pH testing experiments. 

The main polymer electrolyte used was amorphous polyethylene oxide with the 

addition of various salts e. g. Lithium Chloride. The electrolyte was used in 

conjunction with the pH sensing electrode and silver chloride reference electrode 

to make the carbon dioxide sensor. 

The performances of the carbon dioxide sensors were measured using a 

computer-controlled experiment. Particular attention was paid to T90 response 

time, sensitivity to carbon dioxide, sensitivity to water and lifetime. 

Synthesis of Electrodes 

Iridium Oxide 

Three main techniques were used to produce the iridium oxide electrode. These 

were thermal oxidation, electrochemical oxidation of iridium foil and 

electroplating iridium onto gold. The iridium foil was 99.99% pure and 0.25mm 

thick. The other dimensions of the foil were lengths 10mm x 3mm. 

The first stage of preparation of the iridium oxide foil electrodes is a6 step 

cleaning process and is as follows: - 

" Washing in acetone to remove any grease present on the surface. 

" Rinsing in distilled water. 

" Soaking in 5 Molar nitric acid for 10 minutes to remove further surface 

contaminates. 
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" Rinsing in distilled water. 

" Washing again in acetone then in isopropyl alcohol. 

" Final rinsing in distilled water. 

" The iridium foil is stored under distilled water until required. 

Thermal Oxidation 

The following procedure was used to oxidise the iridium thermally to make an 

iridium oxide electrode. 
The cleaned iridium metal foil was dipped into a 50% solution of sodium 
hydroxide and is then dried in a stream of N2 gas (CO2 free) to achieve a white 

coating of sodium hydroxide on the metal surface. The coated foils are then 

placed in alumina crucible and heated up to 800°C for 30 minutes in electrically 
heated air furnace. The foil is then removed and allowed to cool in air. When at 

room temperature the foil is then stored under distilled water for at least 24 hours 

before use to ensure that any remaining traces of sodium hydroxide are removed. 

Electrochemical Oxidation 

A three electrode cell was used to electrochemically oxidise the iridium foil to 

iridium oxide. Two identical pieces of cleaned iridium foil (10mm x 3mm) were 

used for the working and counter electrodes. A saturated calomel electrode was 

used as the reference electrode and 1 Molar sulphuric acid was used as the 

electrolyte. The potentiostat used was built in house. The potential between the 

reference and the working electrode was then cycled between -250mV and 

+1250mV at a scan rate of 500mV s"1 for 2 hours. The finishing potential was 

+1250mV. The electrodes were then washed with distilled water and were then 

stored in distilled water until required. 

Electroplating 

Electroplating was used to try and create a thin layer of iridium metal, which 

could then be subsequently further oxidised to give iridium oxide. The 

advantages of doing this would that extremely small pH electrodes could be 

created thus enabling small C02 sensors with fast response time to be made. 

" Three different substrates were used for electroplating these were: - 
" Gold wires 0.1mm diameter. 
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" Thin film of evaporated gold, 20mm x 3mm x 150rim, on Shapel M Soft 

ceramic. 

" Thin film of evaporated gold, 20mm x 3mm x 150r1m, on a thin film of 

chromium metal, 20mm x 3mm x 10rim, on Shapel M Soft ceramic. 

The electroplating bath solution was made up of 0.5274g of (NH4)2(IrC16) 

dissolved into 100cm 3 of 0.2Molar HC1. The solution formed was dark 

orange/brown in colour. Electroplating was done using the above gold substrates 

as the working electrode with a cleaned piece of iridium foil with a geometric 

surface area of 4em 2 as the counter electrode. Then a constant current density 

between 1 to l OmA cm'2 (cathodic) was used to deposit iridium in a temperature 

range 298K to 368K for 30 minutes to 5 hours. 

Some of the electroplated electrodes were then oxidised by thermal treatment as 

described above. 

Sputtering 

Sputtered iridium metal was prepared by CRL. The iridium was sputtered onto 

ceramic substrates. Various different geometric surface areas were used all of 

which were 800nm thick. The thin iridium metal layer was then oxidised by 

thermal treatment with sodium hydroxide as described above. A second method 

was also used. Here the potential was cycled between -250 and +1250mV Vs 

SCE at 500mV s'' for 1 hour in 1. OM H2SO4. Then the electrodes were then 

placed in a tube furnace and heated to 700°C for 20 minutes. 

Screen Printing 

Screen-printing was used an alternative method to create thin layer iridium metal 

electrodes. Screen-printing has the potential of being a quicker and cheaper 

method than sputtering. 
Peter Dargie from the Southampton University screen print unit performed the 

actual screen-printing process. The template design for the iridium electrodes is 

shown in Figure 16. The work Peter Dargie did is described as follows: - 
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Figure 16 Template design for iridium metal screen-printing on ceramic tiles. Once printed 

the tile was then broken up along the dotted lines. 

On receipt of iridium resinate, prints were made onto 96% 

alumina substrates. These samples were then fired at 1150°C 

in a box furnace under air. 

Firing of single printed layers resulted in a light grey, barely 

visible deposit. Repeated print/dry/fire cycles were required to 

deposit anything like a continuous layer. Adhesion of the layer 

to the alumina was very poor. Samples were also fired at 

temperatures down to 850°C. As temperatures decreased the 

colour of the fired deposit deepened to a darker shade of grey. 
Adhesion to the substrate did not improve and a continuous, 

conductive film was not produced. Firings in a belt furnace 
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(air atmosphere) over the peak temperature range 850-950°C 

gave similar results. 
The paste suppliers (Gwent Electronic Materials) were 

contacted and they suggested firing either under an inert 

atmosphere or adding platinum resinate to the iridium to aid 

bonding. 

Deposits resulting from firing in a box furnace under air was 

similar to those achieved with the base iridium resinate. 
Further firings were also made over a range of temperatures 

onto pre-printed, fired platinum resinate layers. Again the 

fired deposit was poorly bound and non-conductive ranging in 

colour from dark to light grey as the peak firing temperature 

was increased. 

All samples were printed into Coors Ceramics alumina type 

ADS96R (96% alumina). Screen for iridium and platinum 

resinate was 325-mesh stainless steel, 13 mm emulsion 

thickness to yield "wet " deposit of around 40mm. 

As no conducting layers were formed during the normal firing as described 

above the following was performed. 

To see if oxygen was playing an important part in the thermal decomposition of 

the iridium ink, the following 3 samples were prepared: - 
" Single layer or iridium resinate 

" Double printing of iridium resinates 

" Single layer of platinum resinate with single iridium layer over the top 

These were then heated in a tube furnace for 2 hours at 600°C with steady stream 

of Argon gas flowing at approximately 50cm3 min-'. The samples were then 

allowed to cool down back to room temperature before being re-exposed back to 

air. For the single printed iridium this gave a uniform, light grey coating, which 

was non-conducting. For the double printed iridium and iridium/platinum print, 

a dark grey uniform deposit was formed which was conducting. These dark grey 

coatings were pH tested with a SCE reference electrode for pH between 4 and 
10. Neither of the films was found pH sensitive. 
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No metallic looking films of iridium were produced in either air or argon. 

Further heating of layers produced under argon, in an air furnace at 600°C gave 

layers which were dark grey, conducting and insensitive to changes in pH. 
Due to no successful layers being produced no further experiments on screen- 

printed iridium were pursued and no carbon dioxide sensors were made using the 

iridium layers. 

Palladium Oxide 

All palladium oxide sensing electrodes were made from palladium wire 

0.125mm in diameter and having length of approximately 30mm. The palladium 

wires were first cleaned using the following procedure: - 

" Washing in acetone to remove any grease present on the surface. 

" Rinsing in distilled water. 

" Soaking in 5 Molar nitric acid for 10 minutes to remove further surface 

contaminates. 

" Rinsing in distilled water. 

" Washing again in acetone then in isopropyl alcohol. 

" Final rinsing in distilled water. 
There were two main methods used to synthesising the palladium oxide electrode 
from palladium. These were a thermal oxidation and an electrochemical 

oxidation. 

Thermal Oxidation 

Thermal oxidation was of the palladium wire was done by the following 

procedure. Cleaned palladium wire was dipped into a 50% solution of sodium 
hydroxide and then dried in a stream of N2 gas (CO2 free) to achieve a white 

coating of sodium hydroxide on the metal surface. Then the wire was put into a 

alumina crucible and heated at 800°C for 30 minutes in electrically heated air 
furnace to form the oxide coating. The wire was then removed and allowed to 

cool in air to room temperature. When at room temperature the wire was then 

stored under distilled water for at least 24 hours before use to ensure that any 

remaining traces of sodium hydroxide are removed. 
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Electrochemical Oxidation 

A three-electrode cell was used to electrochemically oxidise palladium to 

palladium oxide. Two pieces of palladium wire were used as working and 

counter electrodes. A saturated calomel electrode was used as the reference 

electrode and the electrolyte used was 1 Molar sodium hydroxide. The 

potentiostat used was built in house. 

Two different potential cycling regimes were used to form two different oxide 
species. The first was cycling the between the limit of -800mV and +500mV at a 

scan rate of +50mV s'1 for 1 hour minutes with the final potential being 

+500mV. The second regime had a lower limit of -100mV and an upper limit of 
2000mV at scan rate of 50mV s1 for 30 minutes. The end potential was 
+2000mV. The electrodes were then stored in distilled water until required. 

Polyaniline 

The following process was used to make the planar polyaniline electrodes: - 
"A ceramic tile, 25mm x 6mm, was cleaned with detergent and solvents in 

an ultrasonic bath to ensure that no grease was present. 

" The tile then had a thin layer of gold, 20mm x 2mm x 200rlm, evaporated 

upon it. 

" An electrolyte solution was made containing 2cm-3 aniline dissolved in 

20ern-3 1 Molar HCI. 

" The gold layer was then dipped 2/3rds of the way into a polyaniline 

synthesis solution and was made the anode of an electrochemical cell. A 

gold wire was used as the counter electrode and was placed in directly 1 

cm away in front. 

"A constant current of 50µA em'2 was applied across the cell for 12 

minutes. A saturated calomel electrode was used to monitor the 

potential. 

" The ceramic tile and electrode was then washed and rinsed with acetone 

and distilled water. 

9 The electrode was stored under water until required. 
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Reference Electrodes 

The saturated calomel electrodes used were made in house. They were tested 

regularly against a commercial SCE and were in agreement to within 2mV. See 

Figure 17 for schematic diagram of in house made SCE reference electrode. The 

reaction for the calomel electrode is as follows :- 

HgCI(s) = Hg+(aq) + Cl"(aq) 

Hg+(aq) +e= Hg(s) 

This gives the overall reaction: - 

HgCI(s) +e= Hg(s) + C1-(aq) 

Pt Foil Contact 
Saturated KC'1 solution 

Glass tube 

External metal contact 
--7 2, -- 

Glass wool plug 
Hg & Calomel Sintered glass plug 

Figure 17 Schematic diagram of in house made SCE reference electrode. 

The silver/silver chloride electrodes were made by oxidising silver wire, 

0.125mm x 30mm, in saturated KCl solution. A constant current of I mA cm-2 

was flowed through the cell for 2 minutes. A silver wire was also used as a 

counter electrode. The silver/silver chloride electrode was then stored under 

distilled water for at least 24 hours before use. 

51 



Electron Microscope 

In order to characterise the iridium oxide electrode in more detail the electron 

microscope was used to analyse the microstructure of the thermally oxidised 
iridium. As the iridium oxide is electrically conducting no evaporated coating of 

gold was required. The sample was then left to air dry and the mounted onto a 
holder by conducting carbon-based cement. Photographs of the iridium oxide 

were recorded at magnifications of +500 to +10,000. The electrodes were also 

analysed by Energy Dispersive Spectroscopy (EDS) in order to gain information 

about what elements were present in the sample. 

Testing pH response 
The pH sensitivity of the iridium oxide, palladium oxide and polyaniline 

electrodes where measured by the following procedure. Buffer solutions were 

made up in the pH range of 5 to 10 from Buffer HydrionTM packets obtained 
from Aldrich. The composition of the buffers is shown in Table 5. The sensing 

electrodes were dipped into stirred solution of the buffer along with a saturated 

calomel electrode (SCE). The sensing and reference electrodes were connected 

to a unity gain buffer amplifier. 
For more details on the buffer amplifier, see section on carbon dioxide testing. 

After 1 minute of equilibration time, the potential was measured by digital 

voltmeter via the buffer amplifier. Afterwards the electrodes were rinsed in 

distilled water before testing in another buffer solution or being taken back for 

storage. 
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pH 

4.0 

Buffer Salt 

Potassium Bithalate 

5.0 Sodium Phosphate Dibasic / Potassium Phosphate Monobasic 

6.0 Sodium Phosphate Dibasic / Potassium Phosphate Monobasic 

6.4 Sodium Phosphate Dibasic / Potassium Phosphate Monobasic 

7.0 Sodium Phosphate Dibasic / Potassium Phosphate Monobasic 

7.4 Sodium Phosphate Dibasic / Potassium Phosphate Monobasic 

8.0 Sodium Phosphate Dibasic / Potassium Phosphate Monobasic 

9.0 Sodium Phosphate Dibasic / Potassium Phosphate Monobasic 

10.0 Sodium Bicarbonate / Sodium Carbonate 

Table 5A list of the buffers used in pH testing and their composition. 

Polymer Electrolytes 

APEO 

One of the polymer electrolytes used was based on amorphous polyethylene 

oxide (APED) obtained from Dr C. Booth at Manchester University. The sample 

had the formula HO{(CH2CH2O)m(CH2O)}� H with m-8 and n-40. The APEO 

polymer was dissolved in distilled water along with varying amounts of LiCI and 

KHCO3 then cast into films by pouring onto the sensor and left to dry in the 

fume cupboard. 

SensometrixTM 

A second polymer electrolyte was used because of the very poor performance of 

the amorphous polyethylene oxide (APEO) polymer. This polymer is a silicone- 

based mixture called (full details of how to get) obtained from City Technology. 

This silicone polymer is made up of the following components: - 

" Silicone polymer 

" Tetraoctylammoniumcarbonate/hydroxide 

9 Polyethyleneglycol 

" Optical pH indicator (Methyl Blue) 

This composition was optimised for work on an optical based sensor. For an 
electrochemical-based sensor the dye is not required. In the case of the current 
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carbon dioxide sensor the addition of chloride ions was required in order for the 

reference electrode to function properly. The chloride ions are added by 

including the Tetraoctylammoniumchoride in the mixture: - 

The dye is left in at present so as to give a visual indication of the CO2 gas 
sensing. The dye turns from blue in the absence of CO2 to blue/green then green 
then green/yellow in high concentrations of CO2 If the sensor becomes exposed 
to acidic gases then it turns to a permanent yellow colour (it becomes poisoned). 

The following steps were taken to make up the polymer electrolyte: - 
The silicone polymer was dissolved in dichloromethane 1: 10 ratio by weight. 
The tetraoctylammoniumchoride is made into 10mM solution in 
dichloromethane. 

Tetraoctylammoniumcarbonate + dye in DMV (pre-mixed at CTL) 
The electrolyte mix is made up by volume: - 
25 Silicone 

5 Tetraoctylammoniumchoride solution 
2 Tetraoctylammoniumcarbonate + dye solution 
0.5 Polyethyleneglycol 

The above mix is then applied to the sensor electrodes by dropping 2-3 drops to 

the surface, then quickly spreading the mix over the electrodes giving an 

electrolyte layer no more than 100µm thick when dry (Thickness estimated using 

an optical microscope). 

Construction of Carbon Dioxide Sensor 

Palladium based Sensors 

The palladium oxide based carbon dioxide sensor was a simple construction with 
the working and reference electrode placed parallel with each other 2mm apart. 
The electrodes were fixed to a glass slide backing with epoxy resin. Great care 
was taken in ensuring that the electrodes were as flat as possible to the glass 
slide. External electrical contacts were made with silver wire, which was 
attached to the electrodes by silver cement from RS Components. A schematic 
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diagram of the sensor can be seen in Figure 18. To make the sensor complete the 

polymer electrolyte was applied between the two electrodes so as to fill the 2mm 

gap and cover the two electrodes. 

Palladium Oxide f-Iectro 

1. rýlx% Rein 
Glas!, SItkr 

Iý 

ýR 
ý- R, 4 

FIrrtroIvii Polymer ýý F: xtrrnal FkYtrtcal 

: fig Ag(I Rct. F. Icctrmic 
Contact Points 

Figure 18 Schematic diagram of the palladium oxide based carbon dioxide gas sensor with 

a wire silver chloride reference electrode. 

Iridium Based Sensors 

The iridium oxide based carbon dioxide sensor was a simple construction with 

the working and reference electrode placed parallel with each other 2mm apart. 
The electrodes were fixed to a glass slide backing with epoxy resin. Great care 

was taken in ensuring that the electrodes were as flat as possible to the glass 

slide. External electrical contacts were made with silver wire, which was 

attached to the electrodes by silver cement from RS Components. A schematic 
diagram of the sensor can be seen in Figure 19. To make the sensor complete the 

polymer electrolyte was applied between the two electrodes so as to fill the 2mm 

gap and cover the two electrodes. 
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Figure 19 Schematic diagram of the iridium oxide based carbon dioxide gas sensor with a 

wire silver chloride reference electrode. 

Polyaniline Based Sensors 

When the gold layer was evaporated onto the ceramic tile a thin silver layer, 

20mm x 2mm x 500r1m, was also evaporated onto the ceramic. This layer was 

placed parallel to the gold layer at a distance of 2mm. The polyaniline was then 

electrochemically grown on to the gold layer as described previously. After 

washing the silver layer was anodised in KCl solution, as described previously. 
Some problems were encountered with the silver chloride reference electrode as 

all the silver could be easily converted to silver chloride and thus becoming 

highly resistive. This was overcome by having a thin film of gold evaporated 

onto the ceramic underneath the silver layer. This gold layer had the same 

dimensions as the silver layer but was only 50-qm thick. As the gold is 

unaffected by the anodising of the silver it remains conducting and the high 

resistance is overcome. 

External electrical contacts were made with silver wire, which was attached to 

the electrodes by silver cement from RS Components. A schematic diagram of 

the sensor can be seen in Figure 20. To make the sensor complete the polymer 

electrolyte was applied between the two electrodes so as to fill the 2mm gap and 

cover the two electrodes 
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Figure 20 Schematic diagram of the polyaniline based carbon dioxide gas sensor with a thin 

film silver chloride reference electrode. 

Testing Carbon Dioxide Gas Response 

The important factors in determining carbon dioxide response are listed below: - 
Response Time. This is usually measured by the time taken for the sensor to 

reach 90% of it's finally value for a step change in carbon dioxide partial 

pressure, this commonly referred to as the T90 response time. 

Signal stability i. e. does the signal drift overtime with a constant partial pressure 

of carbon dioxide. 

What range of sensitivity to carbon dioxide can the sensor detect e. g. 1% to 50% 

or 0.01% to 3% 

Lifetime i. e. does the sensor work for a day, week, month or years. 

Interference effects i. e. other gases and relative humidity. 

The gas rig is computer controlled to allow experiments to be performed 

unattended, more accurately and reproducible. The computer has an analogue to 

digital and digital to analogue converter card installed. With a special written 

program (see Appendix A) the 2 analogue outputs of the card are used to control 

the mass flow controllers. These outputs go via an in house built power supply 

box, as the controllers need ±15Volts D. C. in order to operate. The analogue 

output is between 0 and 5 volts and is directly proportional to the output flow 

rate. I. e. Ovolts will give no flow, 2.5volts will give a flow of 100cm3 min-' and 5 
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volts will give a flow of 200cm3 min 1. The flow rate was kept constant for all 

experiments at 200cm3 min". Therefore when changing the partial pressure of 

carbon dioxide in the gas stream the flow change from the CO2 mass controller 

was matched by a change from the other mass flow controller to keep the flow at 

200 cm3 min". The gas flow is then directed over the test sensor and the output 

from the sensor then goes via an in house built buffer amplifier into an analogue 
input of the computer card. The computer then logs the potential reading, time 

and percentage carbon dioxide mix of the gas flow. The gas rig from the two 

mass flow controllers to the sensor had a dead volume of 100cm3 that translates 

at the used flow rate into a response delay of 30s. This lag time has to be 

deducted from any response time measurements. More details on the individual 

components of the gas rig are given below. 
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Figure 21 Schematic Diagram of Gas Rig Design. 

4ý- 

I- '. J 

r 
r_ 

T 

L 

ý !. 
'-- 
:ý 

U; 

L 

Q+ 
r 
r_ 

L 

4) 

M 

59 



Mass Flow Controllers and Power Supply 

Two mass flow controllers were used to regulate the gas flow. The first was 

used to control the flow of the diluting gas. The second was used to control one 

of 2 bottles depending on the range of carbon dioxide partial pressure of was 

required. The two bottles were 100% CO2 and I% CO2 in air. All gases were 

obtained form BOC Special Gases. The mass flow controllers required a power 

supply of ±15volts D. C. this was provided by an in house built power supply. 
The mass flow controllers used were Model No. UFC-1100A from UNIT 

instruments Ltd a summary of specifications is given below in Table 6. 

Accuracy 

0 Is I 

±1.0°0 (full scale) 

Repeatability 0.15% (full scale) 

Linearity 0.5% (full scale) 

Flow Rate 0 to 200sccm 

Control Range 2-100% 

Settling time to within 2% of setpoint 4 to 6 seconds 

Table 6 Description of some of the features of the UFC-1100A Mass Flow Controller. 

Relative Humidity Control 

Having the mixed gas stream pass thorough a glass sinter into a saturated salt 

solution i. e. a bubbler set the humidity of the gas flow. Table 7 gives the details 

of the saturated salt solutions used. If the gas flow was straight form the 

cylinders i. e. no bubbler then the water content was approximately 5ppm 

60 



Saturated Solution 

LiC1. H2O 

Humidity 

15 

CaC12.6H20 32 

KNO2 45 

NaBr. 2H20 58 

KBr 84 

ZnSO4.7H20 90 

Pure Water 100 

Table 7 List of Saturated Salt solutions and the % Relative Humidity that they generate. 

Information obtained from the Handbook of Chemistry and Physics 70'h Ed 1989-1990 

CRC Press 

Computer and A/D card 

The computer used was PC 386 machine running DOS 6.22. The control 

computer program was written in QuickBasic version 4.0, see Appendix A. The 

A/D card was a CIO-DAS08-AOL from Talisman Electronics. A description of 

key features of the card is given in Table 8. 

Summary of Features 

Analogue Outputs 

Description 

2 

Analogue Inputs 8 

Digital Outputs 8 

Digital Inputs 8 

Resolution 12 Bit, 4095 divisions 

Accuracy 0.01 % reading ±1 bit 

Speed 25. tSec 

Ranges Programmable (see text for those used) 

Input Current I OOnA max at 25°C 

Input Impedance I OMS2 

Table 8 Description of some of the features of the CIO-DAS08-AOL Analogue/Digital card. 

The analogue input range used on the card was ±625mV this gives accuracy 

reading of 0.3mV. The two analogue outputs had a range of 0-5Volts giving an 
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accuracy of 1.2 mV; this equivalent to 0.02% accuracy of set point which far 

below than the 1% given by the mass flow controllers. The computer program 

takes an average of 2000 reading for each data point that is logged. This is used 

to reduce signal to noise ratio and improve accuracy of reading. 

Buffer Amplifier 

A unity gain buffer amplifier was used between the working electrode and any 

reading device i. e. digital voltmeter or computer. This was because the buffer 

amplifier has a very high input impedance of - 1OGfI, compared with a typical 

digital voltmeter which has input impedance of l MI. A circuit diagram of the 

buffer amplifier is given in Figure 22. The purpose of the circuit is to reduce the 

amount of current drawn (ideally zero) from the sensor in order to take a 

measurement of the potential across the sensor. 

470kfl 

I 

Figure 22 Circuit diagram of buffer amplifier giving unity or x. 5.7 gain. 

ut 
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Results of synthesis of pH electrodes 

Palladium 

Electrochemical Oxidation 

Figure 23 shows a typical cyclic voltammogram of palladium metal with the 

oxidation of palladium metal occurring at potentials greater than -200mV and the 

reduction of Pd° oxide at -400mV. Note all potentials are vs. SCE unless 

otherwise stated. Hydrogen evolution occurred on the extreme left of the cyclic 

voltammogram whilst oxygen evolution occurred on the far right. The electrode 

did not change colour when the oxide was present and looked no different from 

the bare metal. 

X: 

Figure 23 Cyclic voltammogram of palladium metal electrode in Ili NaOH vs. SCE at a 

scan rate of 5OmV s 1. Potential limits were -830mV and +530mV as shown. 

If the upper potential limit was increased from +20mV to +700mV whilst 
keeping the lower potential limit fixed at -900mV, the peak associated with the 

reduction of Pd" oxide was found to grow and shift to more negative potentials. 
The increasing current seen on the cathodic side -700mV and below is probably 
due to oxygen reduction at the electrode surface. Increasing the upper potential 
further up to +1200mV the peak remained unchanged from when the upper 

potential was +700mV. 
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Figure 24 shows a series of voltammograms where the cathodic limit was fixed 

while the anodic limit was increased, when the upper potential limit is increased 

well up into the oxygen evolution range i. e. +600mV and above in 1 Molar 

NaOH, the formation of three new peaks is seen. Two of these give cathodic 

current whilst the third gives anodic current. The first negative current peak is 

broad and shallow and is at +50mV. The second is narrow and large and occurs 

at -900mV. The third peak, which gives a positive current, is at -520mV. 

WE 

Figure 24 Cyclic voltammogram of palladium metal electrode in 1 Molar NaOII vs. SCE at 

a scan rate of 50mV s''. Here the upper potential limit is varied between +1200mV and 
+2400mV. 

It has been reported70 that these peaks correspond to the following: - 
The cathodic peak at +50mV and the anodic peak at +35OmV are due to fast 

reversible reaction between Pd4+/Pd2+ the proposed reaction is: - 

l(xPd 4+ / yPd 2+ )OH - )4x+2y 
" nH2O 

j+ 2OH- <_> 
[((x 

+ 1)Pd 4+ /(y -1)Pd 2+ )x(0H" )4x+2y+2 
- n'H201+ 2H+ +2e- 

The cathodic peak at -600mv is due to the reduction of palladium oxide: - 
PdO2 +H20+2e->Pd(O)+20H- 

Pd(O)+H2O+e- >Pd(OH) +OH- 

Pd (OH) + e- > Pd + OH- 
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The final cathodic peak at -800mv is due to hydrogen adsorption 

The final anodic peak at -500mv was assigned to hydrogen desorption 

When the palladium electrode was cycled between -500 and +2000mV it 

resulted in a dark black layer forming similar in appearance to that of the 

thermally prepared electrodes. Under further observation, using an optical 

microscope it was seen that the outer black oxide was peeling off and unlike the 

thermally prepared electrodes was not attached well to the metal wire. 

Thermal Oxidation 

The cleaned palladium wire was dull grey in colour and was quite springy and 

very hard to straighten. After thermal oxidation the wire had a black coating, 

which leaves a trace when dragged across the surface of paper. The wire could 

be easily straightened by pulling on both ends. A cyclic voltammogram of the 

thermally prepared electrodes showed that only Pd" oxide was present (the only 

cathodic peak was at -700mV similar to Figure 23. 

Iridium 

Thermal Oxidation 

Once oxidised the foil has a black colour and has a rough appearance. When 

viewed under an optical microscope, Figure 25 and Figure 26, the oxide layer 

this rough appearance can be seen, along with the uniformity of the oxide layer 

across the complete surface of the foil. 
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Figure 25 Optical microscope picture of thermally oxidised iridium foil, the edge has had 

Figure 26 Another optical microscope picture of an oxidised iridium foil. The 

magnification is not as great but shows a better indication of the black colour of the iridium 

oxide. 
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the oxide removed by scraping to expose the iridium metal underneath. 



When viewed under higher magnification by a scanning electron microscope the 

rough surface is composed of small hexagonal shaped crystals which are -I pm 

across. This is shown in Figure ? 7. 
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Figure 27 Scanning Electron Microscope image of oxide on iridium foil. 
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Figure 28 An electron energy emission scan of one the crystals show above in the electron 

microscope, by the electron microscope. The scan shows the presence of Iridium and 

oxygen indicating the presence of Iridium oxide. Note also the presence of sodium - this 

comes from the sodium hydroxide that is during the synthesis process. 
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A cyclic voltammogram of the thermally prepared iridium oxide looked was 

similar in shape to cyclic voltammogram of the electrochemically prepared 
iridium oxide as shown in Figure 29. 

Electrochemically oxidation 

The output of the preparative cyclic voltammogram is shown below in Figure 29 

vs SCE 

Figure 29 Sample cyclic voltammograms of iridium foil in 1Molar IIZS04 at a scan rate of 
500mV s" over a period of 2 hours, the potential limits were -250mV and +1250mV vs. 
SCE. 

As time progressed the area under the curve (charge passed) increased as 
indicated this was attributed to the oxide layer on the iridium metal getting 
thicker. It was noted that when the potential was above +800mV the iridium foil 

electrode turned dark blue. This changing of colour of the iridium oxide is 
known as the electrochromic effect. The final electrochemically oxidised 
electrode was blue in colour and therefore oxide differed form the thermally 

prepared oxide. 

Electroplating 

The electroplating of iridium metal was first attempted on gold wire, for 30 

minutes with a current density of 1OmA cm"Z; this gave a dark black coating on 
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the surface of the gold. This coating was extremely fragile and could be easily 

removed when gently stroked across a tissue paper. Further observation under 

an optical microscope revealed that the black layer that had formed was compact 

and smooth. The black layer also had very poor adhesion to the gold metal 

surface. If the gold wire was bent slightly, 30° or more, then the black layer 

broke up into tiles on the surface - 100µm across. These tiles very quickly fall 

away from the surface leaving the bare metal of the gold wire. 
Cyclic voltammograms were made with the black-coated gold wire as the 

working electrode and a Saturated Calomel Electrode (SCE) as a reference 

electrode. 
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Figure 30 Cyclic voltammogram of "iridium" coated gold wire in 1 Molar 112SO4 at a scan 

rate of 500mV s''. 

Comparing the cyclic voltammogram in Figure 30 with the cyclic voltammogram 

of electrochemically cycled iridium metal, Figure 29, in 1 Molar sulphuric acid 

at a scan rate of 500mV s"1 there are similar features. The first is that the 

oxidation peak at 750mV and corresponding reduction peak are at higher 

potentials than in the cycled iridium foil, which has the two peaks, centred about 
+600mV. The other sets of peaks centred on +1000mV and +400mV are at the 

same positions as in the iridium metal foil cyclic voltammogram. The current 
densities are lower throughout the cyclic voltammogram by 0.5mA cm 2 
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compared with iridium metal foil. Most importantly, in the case of iridium the 

voltammogram was stable, indicating no changes on cycling. 

Electroplating was also attempted onto a thin layer of evaporated gold. The gold 

electrodes used were identical into those used for the polyaniline synthesis see 

Figure 20 for layout. When using identical conditions as used for the wire very 

little of the black layer was formed on the gold electrode. The problem was that 

at the surface of the solution where the electrode entered the gold electrode 

became eroded. This resulted in a gap in the gold electrode and therefore loss of 

electrical conductance to the rest of the electrode in the solution. During the 

reduction of iridium at the electrode hydrogen gas is also evolved. It appeared 

that this gas evolution physically breaks up the gold on the ceramic and thus 

destroying the electrode; see Figure 31 for schematic diagram. 

Ceramic Substrate 
Gold Electrode 

Ir(-'L. ) HCI Solution 

Beaker 

Solution - Air Gold lntertii 
and oap 

Figure 31 Schematic diagram of electroplating of iridium on an evaporated gold electrode 

showing where the gold electrode is destroyed. 

Various methods were used to try and overcome these problems and are as 

follows: - 

The gold layer was evaporated onto a layer of previously evaporated chromium. 
This was done because gold has a good adhesion to chromium and the chromium 

has a better adhesion to the ceramic. It also gives a thicker metal layer, which 

should be more resistant to physical break up and allow better distribution of 

current density along the length of the electrode due to reduced electrical 

resistance in the electrode. 
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The current density during the electroplating was varied between IOmA (as used 
during the gold wire electroplating) to 1mA. This was used with both the gold 

electrode and the gold on chromium electrode. 

All of the above modifications were tried but without success, in each case the 

electrode was eroded away at the surface of the solution resulting in no deposit 
being formed. 

The following procedure was used to oxidise wire electrodes where a black 

deposit was formed. 

The wire was carefully removed from the electrochemical cell and rinsed with 
distilled water several times. The coated gold wire was then dipped into a 50% 

solution of sodium hydroxide and is then dried in a stream of N2 gas (CO2 free) 

to achieve a white coating of sodium hydroxide on the surface. The wire was 
then placed in alumina crucible and heated up to 800°C for 30 minutes in 

electrically heated air furnace. The wire was then removed and allowed to cool 
in air. When at room temperature the foil is then stored under distilled water for 

at least 24 hours before use to ensure that any remaining traces of sodium 
hydroxide are removed. 

After the thermal treatment the deposit layer is remained black. Half of the gold 

wires that were thermally treated completely lost their deposit layer during 
heating, as the deposit fell away and was left at the bottom of the crucible. 

The oxidised wire was then tested for pH response by the standard method 
described in the experimental section. 
Figure 32 shows the results of the potential-pH tests, where it can be seen that 

oxidised coating shows no pH response. This could be because there is extremely 
poor electrical contact between the oxidised layer and the gold wire. This can be 

justified by the previously observed poor adhesion of the deposit layer both 

before and after the thermal oxidation. The other alternative is that the layer is 

not pH responsive. 
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Further experiments on electroplating were not pursued and no carbon dioxide 

sensors were made using the thermally treated deposit layers. 
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Figure 32 A graph showing the potential-ph response of a thermally oxidised iridium 

electroplated gold wire with trend line. 

Sputtered Iridium 

Sputtered iridium films on a ceramic substrate were observed by AFM. Nick 

Gray, University of Southampton, made the recordings with the following 

experimental set-up: - 

AFM Pictures of Ir film sputtered onto ceramic substrate. 

Two scanners were used for these pictures: 130um and 2.5um 

(XY dimension). Pictures recorded in contact mode with a 
Topometrix Explorer, in deionised water. 

Images show that the film is flat with respect to the substrate - 
the appearance and true area/geometric area ratio is 1.5 in 

both cases. At the sub micron scale there are 'droplets' of 
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around 85 ± 10nm diameter, caused by the sputtering of the 

film. 

Note that this is not due to a 'wetting' problem - the height of 

these droplets is only 10nm or so. Small (1 um) features with 

sharper edges may be crystallites (unconfirmed). Need to scan 

uncoated substrate to 2.5um to be sure of this. Not possible 

with sample as given. 
File format = IR or CE (iridium or bare ceramic), followed by 

XY dimensions in microns (approximate - check scale). 
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Figure 33 AFM scan of uncoated ceramic substrate 50µm by 50µm. 
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15µm 
2344 nm 

0 nm 7.5µm 

0 µm 
7.5µm 15 µm 0Am 

Figure 34 AFM image showing sputtered iridium metal on ceramic 15µm by 1511m. Note 

the interlocking plate pattern of the iridium crystals with a size 2-7µm across. 

5.01 µm 
1600 nm 

0 nm 2.51 um 

0 µm 
0 Am 2.51 µm 5.01 µm 

Figure 35 AFM image showing sputtered iridium metal on ceramic. Note this is a closer 

view of the above iridium crystal plates, showing an intersection between three. 
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Polyaniline 

The polyaniline electrodes were formed on evaporated gold electrodes by 

passing a constant current in a hydrochloric acid and aniline solution. The 

current and potential profiles for the formation of the polyaniline layer are shown 

in Figure 36. This resulted in a green layer of polyaniline being formed on the 

surface of the gold. The polyaniline layer was found to be physically durable 

and could be washed easily without any apparent harm. 
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Figure 36 Graph showing how the potential varies with fixed current density of 100µA CM -2 

when electrodepositing polyaniline on gold layer, in a solution containing 2cni ` of aniline 

dissolved in 20cm-' 1.0 Molar HCI. 
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Results of pH response measurements 

Palladium 

The palladium oxide electrodes that were formed by electrochemical and thermal 

oxidation were tested for their response to changes in pH. The palladium oxide 

electrodes were stored in distilled water between tests. Table 9 and Figure 37 

give a summary of response of typical electrodes in each of the three categories. 
It was found that all the electrodes gave an electrochemical response to changes 

of pH of the test solution. The intercepts were calculated by simple extrapolation 

of the best fit line back to a point to give an expected value of what the 

palladium oxide electrode would give if the test solution pH was zero. For the 

electrochemically prepared electrodes this value was higher for electrodes that 

were prepared with an end point + 2000mV vs. SCE than those with an end point 

of + 600mV vs. SCE. The thermally prepared electrode gave an intercept value 

slightly lower than that of the electrochemically prepared electrode with an end 

point of + 600mV vs. SCE. After a week the electrochemically prepared 

electrodes failed to give any electrochemical response to changes of pH in the 

test solution. The thermally prepared electrode still gave a response after a week 

although with a reduced sensitivity. 

The different gradients of the E vs pH plots in Figure 37 could be due to 

impurities that may be present in palladium before oxidation, or contamination of 

the electrodes during synthesis. 
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Figure 37 Potential pH diagrams of a thermally prepared palladium oxide electrode and 

electrochemically prepared palladium electrode at +600 mV vs. SCE. 
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24 Hour 1 electrodes old e lectrodes 

Electrode Intercept Intercept/ Gradient/ 
1 11 

Electrochem. prep. No No 
Pd/Pd Oxide at +2 V 1140±10 -68 ±5 

Response Response 
vs. SCE 

Electrochem. prep. No No 
Pd/Pd Oxide at +600 620 ± 20 -45 ±3 

Response Response 
mV vs. SCE 

Thermally prepared 

Pd/Pd Oxide at 570 ± 15 -67 ±3 560 ± 10 -55 ±3 

800°C 

Table 9 Typical values of the potential pH responses of various palladium electrodes. 

Iridium 

Thermal Oxidation 

During thermal oxidation process in the furnace the temperature was measured 

using a Pt wire thermocouple and mV reading were measured using a digital 

voltmeter. All pH response and CO2 response measurements were performed at 

room temperature, which was measured using a mecury/glass thermometer and 

was found always to be 22 ±2 °C. 

With the thermally prepared electrodes, the intercept on the potential pH graph 

(i. e. pH equals zero) was found to vary over the range 750 to 850 mV vs. SCE. 

This can be explained by a variation in the ratio of the two oxides, Ii-02 and 

Ir203. To investigate this phenomenon, electrochemical modification of the 

thermally prepared oxide electrode was undertaken. This also has undesirable 

consequences in terms of making a sensor, as each sensor would then have to be 

individually calibrated. The modifications were done as follows. The electrode 

was placed into 1.0 Molar sulphuric acid and holding its potential at +600mV vs. 

SCE 30 minutes. The results from this modification are shown Table 10, for 3 

sensors T,, T2 and T3, where the intercept potentials are come closer together and 

approach the +600mV that was applied. 
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It was noted that if the electrodes were modified at potentials greater than 

+800mV or less than +500mV vs. SCE in I Molar H2SO4 then reproducible 

potential pH diagrams became impossible to obtain. This was because there was 

a large amount of drift during the experiment and stable potentials could not be 

obtained. If the modification was above +800mV then there was a drift 

downwards of a few mV per minute of the potential. For modifications set at 

below +500 mV then the drift was upwards. The drift rate was not constant and 

slowed down as the potential reached a value between +600mV and +700mV at 

pH 0. 

It was also noted that the potential vs. pH gradient also increased slightly to an 

average value of -54 ± 0.5 mV / pH from 51 ±2 mV / pH. A typical potential vs. 

pH diagram is shown in Figure 39 
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Figure 38 Potential pH diagrams of a thermally prepared iridium oxide electrode and an 

electrochemically prepared iridium oxide electrode in 1M H2SO4- 
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Ir / Ir oxide wire potential pH diagram at 26"C 
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Figure 39 Potential pH diagram of a thermally prepared Iridium oxide electrode, 

electrochemically modified at +600 mV vs. SCE for 30mins in IM H2SO4- 

24 Hour o ld electrodes 
old el ectrodes 

Intercept Gradient Intercept Gradient 
Electrode 

1 

Electrochem. prep. 

Ir/Ir Oxide by 610 ±8 -56 ±2 605 ±7 -53 ±2 

potential cycling 

Thermally prepared 
780 ±5 -51 ±2 750 ±4 -51 ±2 

Ir/Ir Oxide at 8000C* 

Table 11 Typical values of the potential pH responses of various iridium electrodes. *This 

is for a freshly prepared electrode and not one that has been electrochemically modified 

(see text). 

Electrochemical Oxidation 

The indium oxide electrodes gave responses which were close to the 

theoretical Nernstian value of -59 mV / pH at 25°C. The electrochemically 
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prepared electrodes have an intercept at +610 mV vs. SCE, which coincides with 

potential of the peaks in the cyclic voltammogram in Figure 29. 

Sputtered Iridium 

When the sputtered iridium electrodes were thermally oxidised by the method 

described above, the iridium oxidised to form a black layer. When the oxidised 

layer was tested for pH response, no reliable pH response was obtained. This is 

most likely due to that nearly all or all of the iridium was oxidised during the 

thermal treatment and no good electrical contact could be made. 

Polyaniline 

A typical response to changes in pH for thin film planar polyaniline electrodes is 

shown in Figure 40. Over a period of 4 weeks the electrodes show very little 

change in sensitivity and the intercept value increased by 5 mV. 
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Figure 40 A graph showing the potential pH response of galvonstatically grown polyaniline 

over a period of 4 weeks. The dashed line is a best fit line. 
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A typical response to changes in pH for polyaniline grown on a gold wire 0.2mm 

thick is show in Figure 41. Over a period of 2 weeks the electrodes show very 

little change in sensitivity and the intercept value increased by 30 mV. Over a 

period of 134 days the intercept rose by 125mV whilst the gradient (sensitivity) 

remains fairly unchanged in the -65 to-69 mV/pH region. The wire based 

polyaniline sensor during this period was stored in dry in air - leading to a 

possible reason for the gain down to contamination of the polyaniline layer with 

acidic gases. 
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Figure 41 A graph showing the potential pH response of galvonstatically grown polyaniline 
on a gold wire over a period of 4 months. The dashed line is a best fit. 
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Results of CO2 responses of Cells 

Response to Carbon dioxide 

APEO Electrolyte with Iridium oxide and Palladium oxide electrodes 

Cycles of between 0.05% and 0.5% CO2 were performed on three iridium oxide 

sensors at relative humidities of 100%, 58% and 15%. The solutions that were 

used at 20°C for the bubbler were as follows: - 

" 100 % RH pure water. 

" 58 % RH saturated solution of sodium bromide. 

" 15 % RH saturated solution of lithium chloride. 

The carbon dioxide concentration starts at 0.05 % for 30 minutes then is step 
increased to 0.5 % for 30 minutes before being stepped back down to 0.05 % for 

30 minutes. The cycle is then repeated the desired number of times. 
In Figure 42 the iridium oxide sensor has a T90 response of 15 minutes with a 40 

mV change for a decade increase in CO2 whilst the T90 recovery increases to 20 

minutes. The sensor appears to have very little drift, -2 mV/hour; this has been 

improved due to the better design of the humidifying bubbler. When the same 

sensor is looked at again 5 weeks later under the same conditions, the response 

appears to have decreased from 40 mV to 25 mV for a decade increase in C02- 

The T90 response and Tgo recovery times remain virtually unchanged at 16 

minutes and 21 minutes respectively. One of the sensors failed to respond and 

was subsequently found to be non-conducting and pH insensitive. 
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Figure 42 A graph showing how planar thermally oxidised sputtered iridium sensor No 

3b's potential varies with carbon dioxide concentration between 0.05 % and 0.5 % and 

relative humidity 100 %. 

When the sensor is exposed to a relative humidity of 58 % and exposed to cycles 

of variation in carbon dioxide partial pressure the sensor behaves differently as 

shown in Figure 43. The signal increases from the 70mV normally seen at 100% 

relative humidity and 0.05 % carbon dioxide to 180mV where the signal then 

remains unchanged for the rest of the experiment even though the carbon partial 

pressure increases to 1 %. This is showing that the sensor is very responsive to 

changes in water content and that this in turn affects the CO2 responsiveness. 
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Figure 43 A graph showing how planar thermally oxidised sputtered iridium sensor No 

3b's potential varies with carbon dioxide concentration between 0.05 % and 1.00 % at 

relative humidity 58 %. 

APEO Electrolyte and Polyaniline electrodes 

Cycles of between 0.05% and 0.5% CO2 were performed on three polyaniline 

sensors at relative humidities of 100%, 58% and 15%. The solutions that were 

used at 20°C for the bubbler are as follows: - 

" 100 % RH pure water. 

" 58 % RH saturated solution of sodium bromide. 

" 15 % RH saturated solution of lithium chloride. 

The carbon dioxide concentration starts at 0.05% for 20 minutes then is step 

increased to 0.5% for 20 minutes before being stepped back down to 0.05% for 

20 minutes. The cycle is then repeated for the desired number of times. 

In Figure 44 the results are for the planar polyaniline sensor No. 5. This shows 

that at 100% RH there is a signal response of I OmV for a decade change in 

carbon dioxide concentration, with a similar recovery. The response time can be 

characterised by a T90 value (this is the time taken for the sensor to reach 90% of 

its signal change). The T90 value for response is 270 s whilst for recovery it is 
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700 s. There appears to be very little drift in the sensor readings and the base 

value appears to be constant at around 36±1 mV. 

When the sensor is exposed to 60% RH, the signal rises very sharply by 35 mV 

before it starts to level off, it then starts to increase again when it exposed to 

0.5% CO2. When re-exposed to 0.05% CO2, the signal falls as very shallow 

curve, this is reversed when the sensor is re-exposed to 0.5% CO2 again. The 

magnitude of the signal change is 2 mV compared with the 10 mV at 100% RH, 

also the entire curve has been shifted up by 25mV. The curves are very shallow 

and do not appear to reach an equilibrium value, i. e. become flat, so that a 

measurement of the Tx, is inappropriate. The polymer electrolyte now appears to 

be a viscous liquid with no flow, compared with a very fluid like polymer at 

100% RH. 
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Figure 44 A graph showing how planar polyaniline sensor No5's potential varies with 

carbon dioxide concentration between 0.05 and 0.5% and relative humidity 100% and 

58%. 

In Figure 45 the results are for planar polyaniline sensor number 7a. What is 

shown here is that there is a similar response pattern as seen in sensor 5, except 

that the response magnitude is twice as large at 20 mV with the base line shifted 

down to 12 mV. Possible explanations for the difference are as follows: - 
Polyaniline is in a different (lower) oxidation state, thus lowering the base line. 
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" Variations in chloride ion activity in the electrolyte making reference 

electrode potential different. 

" Variations in the potassium bicarbonate concentration, which alters the 

pH of the electrolyte. 

When exposed to 15% RH again the potential difference rises sharply until 100 

mV. Here the sensor signal stays constant although the concentration of carbon 

dioxide is varying between 0.05% and 0.5%. This compliments the results seen 

in the previous figure where the signal response dropped upon lowering the 

relative humidity. Here on an even lower relative humidity value there is no 

signal response at all. 
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Figure 45 A graph showing how planar polyaniline sensor NO potential varies with carbon 

dioxide concentration between 0.05 and 0.5% and relative humidity 100% and 15%. 

Long term stability of the polyaniline sensor is shown below in Figure 46. 
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Figure 46 A graph to show long term stability of polyaniline. These two results were taken a 

month apart and show that the sensor gives near identical performance. 

Silicone Based Electrolyte with Polyaniline 

All results shown below are performed at RH -0, since the blended gases were 

not humidified by a bubbler before being sent to the sensor housing. 
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Figure 47 Planar Polvaniline Sensor No9b day 3. Cycles between 0.5% CO2 and 1.0% CO2 

in Air. The T90 response times are shown next to curve. Note base line is at -57 mV 

vsAg/AgCl 
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The result above in Figure 47 shows a very good T90 response times with the Air 

to 0.5% CO2 T90=48 seconds. Even T90 the recovery time is fast, at 2minutes. 

The sensor gives a very clean response with high reproducibility on cycling i. e. 

returns to the same value. The signal change to a change in CO2 partial pressure 

is a lot smaller than you would expect the change for 0.5% CO2 to 1.0% CO2 is 

only 3mV when a value of 17mV is expected if a 59mV Nernstian is assumed. 

The result shown below in Figure 48 is of the same sensor the following day, 

here all the results have drifted up by lmV and the response times have become 

longer by a few seconds, but still under the 1 minute target. Figure 49 shows that 

the sensor is sensitive to higher concentrations of carbon dioxide namely 10% 

and 100%. 
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Figure 48 Planar Polyaniline Sensor No9b day 4. Cycles between 0.5% CO2 and 1.0% CO2 

in Air. The T% response times are shown next to curve. Note base line has increased to -56 

mV vsAg/AgCI 
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Figure 49 Planar Polyaniline Sensor No9b day 0. Cycles between 10% CO2 and 100% CO2 

in Air. The T% response times are shown next to curve. Note base line has a start value of - 
63 mV vsAg/AgCI 
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Figure 50 A diagram to show the potential vs Loglo CO2 partial pressure for sensor 9b. 

Values shown are for 0.5% CO2.1.0% CO2.10% CO2 and 100% CO2. The line produced 

is linear an has a high R2 value 

Figure 50 is a collection of data points to show how the sensitive the sensor is to 

changes to carbon dioxide partial pressure. This log plot show that the sensor is 

has a sensitivity of 15mV per decade change in CO2. 

Figure 51 shows that when a thicker layer of electrolyte is used a smoother graph 

was obtained with bigger changes in potential for a given step change in carbon 

dioxide concentration. With this thicker layer of electrolyte came a long T90 

response time, instead of a response in the order of 10's of seconds the response 

was in the order of minutes. The base line has also shifted by over 200mV the 

reason for this could be down to possible contaminates that have affected the 

polymer electrolyte. Figure 52 shows what can happen when there appears to be 

either a disruption to the gas flow or a bad electrical contact in the sensor. 
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Figure 51 A graph showing potential response to step changes in carbon dioxide with 

respect to time. This is using the silicone-based polymer as the electrolyte. The electrolyte is 

1mm thick. The T90 times are in the order of 1 to 3 minutes on a step increase in CO2 

concentration and -5 minutes on a step decrease. 
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Figure 52 This shows the same sensor and set-up as in Figure 51 but after 50 minutes there 

appears to be either a disruption to the gas flow or a bad electrical contact. 
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The sensor's base line was observed to drift slowly over time and a plot of this 

baseline potential vs. time is shown in Figure 53. During this time electrolyte's 

colour was observed to change from dark blue to having patches green then 

patched of yellow on day 5. Note that the polyaniline layer has not changed 

colour only the electrolyte. After day 6 the sensor was left out overnight in the 

fume cupboard and in the morning had turned completely yellow throughout and 

gave a fixed potential reading of -IOmV and was unresponsive to changes in 

CO2 partial pressure. 

Base Line Drift Potential 
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Figure 53 A graph showing how the baseline potential varies with time for sensor 9b. Base 

line is the potential read when the sensor is exposed to air (0.003% C02). 

Silicone Based Electrolyte with Iridium Oxide 

Figure 54 shows a typical profile of a gas sensor that has been exposed to 0.0%, 

0.5% and 1.0% CO2 at a relative humidity of 2-5ppm. The graph shows that the 

signal from the sensor has a very high signal to noise ratio. 
Figure 54 Response of Sensor Nol against time at different levels of carbon 
dioxide gas concentration as ambient temperature and a relative humidity of 2- 

5ppm. 
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The T90 response times for a jump in carbon dioxide concentration from 0 to 

0.5% with no humidifier are shown below in Table 12. 

1 100 

2 50 

5* 95 

6* 75 

Table 12 The table shows the T% response time in seconds for a various sensors when the 

carbon dioxide partial pressure is changed from 0 to 0.5%. *Response time is for a step 

change in CO2 from 0 to 5% COZ. 

The T90 response times of the sensors are all about 1 minute, which is fast 

enough for most purposes. The response times were seen to increase when a 

bubbler, to control humidity, was included in the gas rig. This was because the 

bubbler contains a water reservoir that had to also equilibrate with the carbon 

dioxide. Therefore accurate T90 response times for a humidified gas stream 

could not be obtained with the gas rig set-up. 

Loglo %C02 Concentration vs Sensor Signal for Sensors 1 and 2 
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Figure 55 A graph showing carbon dioxide gas sensors 1 and 2 equilibrium value at 

different carbon dioxide concentrations plotted against the Loglo of the carbon dioxide 

concentration. 
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To study the drift response a sensor was exposed to 5.0% carbon dioxide gas 

concentration for 5 hours after first been exposed to air. The results of this are 

shown in Figure 56. The graph shows that over this 5-hour period the signal 

drops by 8 mV giving a drift rate of 1.5mV per hour. But this value of 8mV for 

the drift is only 5% of the total signal change. Although not shown the final 

equilibrium value of the sensor when exposed to air is within 5mV of the starting 

value of the experiment. 

Sensor No5 
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Figure 56 Response of Sensor No5 against time for a prolonged exposure to 5.0% carbon 

dioxide gas concentration at ambient temperature and relative humidity of 2-5ppm. 

The lifetime of the sensors was measured by obtaining plots of the equilibrium 

values of the sensor and plotting it against the Logio of the % carbon dioxide 

concentration and then repeated at a later date. A typical result of this 

experiment is shown for Sensor 2 in Figure 57. It can be seen that over the 4- 

week period the sensitivity of the sensor has decreased from 45mV/decade 

change in carbon dioxide concentration to 23 mV/decade. It also seen that all the 

potential readings have increased in value, with the biggest increase being in the 

baseline potential which has risen by 60mV. 
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Log10 %CO2 Concentration vs Sensor No2 Signal 4 weeks apart 
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Figure 57 A graph showing the change in sensitivity of sensor number 2 over a period of 4 

weeks. 

The effect of water, via relative humidity, on the carbon dioxide gas sensors was 

measured. This is important because the sensing mechanism relies on carbon 

dioxide to interact with water releasing protons for the iridium oxide to detect. 

Figure 58 shows two sensors, numbers 3 and 4, which were stored at 2-5ppm 

water being tested at 100% RH at varying carbon dioxide gas concentrations. 

The main feature to note is that sensitivity, gradient, of both the sensors is higher 

than for sensors number 1 and 2. Sensors 1 and 2 were stored under identical 

conditions; in jars, but were tested at 2-5ppm H2O. The gradients have increased 

from a value of 22 and 24 mV/decade to 47 and 68 mV/decade. 
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Figure 58 A graph showing carbon dioxide gas sensors 3 and 4 equilibrium value at 

different carbon dioxide concentrations plotted against the Loglo of the carbon dioxide 

concentration with a constant relative humidity of 100%. 

To see what the effect of storing the sensors at 100% RH sensors 11 and 12 were 

stored in a jar, which contained water, see earlier for details. Figure 59 shows 

the results from sensor 11 which was stored at 100% RH and then tested at both 

2-5ppm water and 100% RH. It can be seen that the sensitivity of the sensor is 

again increased to a value of 40-50 mV/decade. 
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Sensitivity of Sensor 11 stored at 100%RH 
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Figure 59 A graph showing how carbon dioxide gas sensor 11 equilibrium value at different 

carbon dioxide concentrations plotted against the Logo of the carbon dioxide concentration 

at differing relative RH values. 

Temperature 

No results were obtained on the temperature dependence of the gas sensors but 

all sensors were all tested at 22±2 °C. 
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Conclusions 

Thin Film Sensors 

Screen Printed Iridium 

All attempts so far have been unable to give a metallic iridium layer as desired. 

The best films obtained so far are from the printed electrodes that were heated at 

600°C in an argon atmosphere. This gave a conducting black layer, probably a 

combination of decomposed organic constituent and metallic iridium, which was 
found to pH insensitive. Further work may look at electrochemical or chemical 

treatment of the printed organic iridium layers to produce a metal or oxide 
deposit. Screen-printed iridium electrodes for use in carbon dioxide sensors does 

not work at present 

Thermally treated Sputtered Iridium Film & Polyaniline Electrodes 

The layer of sputtered iridium on the ceramic is too thin for partial oxidation to 

give a mix of iridium metal oxide and iridium metal. The result was an oxide 
film no different from those produced by the normal thermal preparation method. 
The results demonstrate that both the thermally oxidised iridium film and the 

polyaniline electrodes give excellent pH response with the expected value of -59 

mV/pH. This sensitivity is maintained for the polyaniline but decreases for the 

iridium oxide film over a period of 2 months, with one iridium oxide sensor 

becoming pH insensitive and non-conducting. 

Reproducibility from one sensor to the next has not been achieved. The 

technique used to align the potentials for the foil based iridium electrodes 
(holding at a fixed potential for a set period of time in 1M HZSO4), only 

rendered the thin film iridium oxide electrodes insensitive to pH. This was also 

the case for the polyaniline electrodes. Further work will be required to modify 

the technique for it to work on these thin film electrodes if individual calibration 

of electrodes/sensors is undesirable. 
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Ease of manufacture of both electrodes involves a four-step process as described 

below: - 

" Clean ceramic substrate. 

" Evaporate film of gold metal or sputter iridium metal. 

" Electrodeposit polyaniline on gold or coat iridium with conc. NaOH (aq) 

and heat treat. 

" Soak electrodes in distilled water for 24 hours. 
The mechanical stability of the two electrodes is very different. The iridium 

oxide thin film is black in appearance and appears to be made up of tiny particles 

-1 µm. These particles are poorly attached to the ceramic substrate and any light 

abrasions, for example pulling a damp filter paper across the surface, removes 

the oxide exposing the ceramic underneath. If enough of the oxide is removed 

then the layer becomes non-conducting and ceases to function as a pH electrode. 

Care also has to be taken when washing the electrode in water, soaking with a 

very gentle rinsing is the preferred washing method. 

The polyaniline layer on gold is a smooth compact green layer that is very 

mechanically very stable and can withstand rubbing with a damp cloth or filter 

paper with no adverse effects. Washing, along with normal lab handling, does 

not harm the electrode and no extra special care needs to be taken. 
On performance for CO2 detection, the two sensor electrodes are different with 

the polyaniline having the faster response time, but with a slightly lower signal 

change for a decade change in CO2 concentration 
In summary the differences between the two sensors is shown in Table 13. 
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pH sensitivity -60±3 nmV pH -59 to -40 mV /pH 

T90 response time <5 seconds <5 seconds 

for pH 

Life time to pH No loss over 2 months Declines over 2 months 

sensitivity 

Lab Preparation 4 steps 4 steps 

Appearance Translucent smooth green Opaque black granular solid. 

solid. 

Mechanical Very good, can be rubbed Poor, gentle press drying 

Stability and washed vigorously removes oxide from surface. 

with a cloth. 

Relative Cost Low High 

Table 13 Summary of various properties of polyaniline and planar iridium electrode gas 

sensors. 

The above results show that the most suitable pH indicator electrode is the 

polyaniline-based system, because of the longer lifetime, better response time 

and easy of handling. The oxidised thin film iridium oxide electrode's drawback 

is its lifetime of only 2 months. 

Polymer Electrolytes 

APED 

There are several problems with the APEO polymer and these are summarised 

below: - 
At high relative humidities (>60%) the polymer becomes very liquid and will run 

off the sensor. Thus sensor designs are required to deal with liquid electrolytes. 

This invariable leads to relatively large amounts of polymer required which 

increases the equilibration time between CO2 gas and CO2 dissolved in the 

Which in turn leads to a longer sensor response time. 
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At middle to low humidities the sensor becomes insensitive to carbon dioxide, 

with the results showing that the sensor is a better water sensor than a carbon 
dioxide. 

Using a different polymer electrolyte with more suitable properties to control the 

amount of water present solved this problem. 

SensometrixT"l 

The polymer used was silicone based which contained a phase transfer agent, 

which retained water at low humidities but did not saturate at high humidities, 

thus not affecting the carbon dioxide sensing. The phase transfer agent has the 

ability to, in this case, get water into a substance that would normally repel water 
i. e. silicone. Also that the polymer retained it mechanical stability over the 

complete humidity range used i. e. it did not turn into a liquid and flow off the 

sensor at relative humidities greater than 80%. 

Also this silicone polymer has a high diffusion rate for carbon dioxide and 
because it contains much less water it can equilibrate much faster. The effect of 
this is that the response time of the sensors was reduced. Previous to use of the 
SensometrixTM polymer the best T90 was -5 minutes for a large step change in 

CO2 concentration (10% to 100%). Now Tgo response times can easily be 

achieved of less than 1 minute for even small step changes i. e. air to 0.5% C02. 

While the silicone polymer solved a majority of problems it has introduced some 

new problems. The main problem with this polymer is that can be easily be 

poisoned by acidic gases, this is because the amount of the tetraoctylammonium 

hydroxide/carbonate in the electrolyte is small. Ways to solve this would be to 

either increase the amount of tetraoctylammonium hydroxide/carbonate in the 

electrolyte, which could increase the response time of the sensor, or "scrub" any 

gases that are to be tested from any acidic/alkali gases other than carbon dioxide. 

In Summary 

" It has been demonstrated that a thin film carbon dioxide sensor can be 

made on the Severin ghaus priciple i. e. indirectly via pH changes. 

" The response times of these thin film sensors are fast with a typical T90 

time in the order of 10's of seconds rather than minutes. 
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9 These sensors have been constructed from thin film polyaniline on gold 

or thermally oxidised sputtered iridium films with a silver/silver chloride 

reference with a silicone based poylmer as the electrolyte. 
2 Can be miniaturised i. e. less than 10mm2 instead of several cm. " 

" Mechanically robust materials i. e. compared with fragile glass 

"A much reduced electrical impedance i. e. conductivity of iridium/iridium 

oxide compared with glass. 

Future Work 

There are a number of questions that still remained to be answered that has either 

not been tested or needs to be solved and these are as follows: - 

" Temperature dependence as loss of water at elevated temperatures would 

require a more hygroscopic electrolyte. 

" Better design of the sensor to give faster response times. In principle 
further minaturisation of the individual components could be achieved. 

" The lifetime of the sensor needs to be established and improved if 

necessary. As the sensor can be easily poisoned by low level amounts of 

acidic/alkali gases. 
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Appendix A 

PROGRAM 

SCREEN 12 

CLS 

nc=2 
limit = 3200 

limitl = 15 

CARBON DIOXIDE DATA SAMPLING AND CONTROL 

v 2.2 11/2/1998 

MG Pilling 

No. of Channels 4-1800,3-2300,2-3200,1-5400 

DIM v(2, nc) 
DIM t(nc) 

DIM count(nc) 
DIM r(2 * nc, limit) 

DIM c(3, limitl) 

DIM d$(4, nc) 
GOSUB startup 

'Main Menu 

main: 

GOSUB refresh0 

DO 

'Data stored for run 

x$ = INKEY$ 

IF x$ = "1" THEN CLS GOSUB runt: GOSUB refresh0 
IF x$ = "2" THEN CLS : GOSUB input1: GOSUB refresh0 
IF x$ = "3" THEN CLS : GOTO exit1 
IF x$ = "x" THEN CLS : GOTO exit! 
LOOP 

'Main Menu Screen 

refresh0: 
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LOCATE 6,20 

COLOR 12: PRINT "Main Menu 1% C02 & AIR 2 Channels": COLOR 7 

LOCATE 10,30 

COLOR 12: PRINT "I. "; 

COLOR 7: PRINT "Start Run" 

LOCATE 12,30 

COLOR 12: PRINT "2. "; 

COLOR 7: PRINT "Input Experimental Parameters" 

LOCATE 14,30 

COLOR 12: PRINT "3. "; 

COLOR 7: PRINT "Exit" 

LOCATE 25,1 

RETURN 

'Edit Experimental Parameters 

input 1: 

GOSUB refresh! 
DO 

x$ = INKEY$ 

IF x$ = "e" THEN INPUT "Which run number"; z: GOSUB input Iai: GOSUB 

refreshI 
IF xS = "n" THEN GOSUB input2: x$ GOSUB refreshl 

IF x$ = "b" THEN CLS : RETURN 

LOOP 

END 

input 1 ai: 

GOSUB refreshI 
LOCATE 4+z, 12: PRINT" 

LOCATE 4+z, 12: INPUT y$ ýi 

IF y$ = ""THEN GOTO inputI aii 
a 

yä 
IF y$ = "q" THEN RETURN 

y= VAL(y$) 
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c(1, z)=y 

input l aii: 

GOSUB refreshl 

LOCATE 4+z, 24: PRINT" 

LOCATE 4+z, 24: INPUT y$ 
IF y$ = "" THEN GOTO input Iaiii 

IF y$ = "q" THEN RETURN 

y= VAL(yS) 

c(2, z) = y: GOSUB refresh1 

input1aiii: 

LOCATE 4+z, 38: PRINT" 

LOCATE 4+z, 38: INPUT y$ 
IF y$=""THEN RETURN 

IF y$ = "q" THEN RETURN 

y= VAL(y$) 

c(3, z) =y 
RETURN 

input2: 

GOSUB refresh2 
DO 

x$ = INKEY$ 

IF x$ _ "c" THEN GOSUB input2a: GOSUB refresh2 
IF x$ _ "s" THEN GOSUB input2b: GOSUB refresh2 
IF x$ = "p" THEN GOSUB input2c: GOSUB refresh2 
IF x$ = "f' THEN GOSUB input2d: GOSUB refresh2 
IF x$ ="I" THEN GOSUB input2e: GOSUB refresh2 
IF x$ = "n" THEN GOSUB input2f. GOSUB refresh2 
IF x$ = "1" THEN cn = 1: GOSUB refresh2 
IF x$ = "2" AND nc >1 THEN cn = 2: GOSUB refresh2 
IF x$ = "3" AND nc >2 THEN cn = 3: GOSUB refresh2 
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IF x$ = "b" THEN CLS : RETURN 

LOOP 

input2a: 

LOCATE 25,1 

INPUT "Channel No. "; x$ 
IF x$ =""THEN RETURN 

cn = VAL(x$) 

RETURN 

input2b: 

LOCATE 25,1 

INPUT "Sensor Name"; x$ 
IF x$ =""THEN RETURN 

d$(4, cn) = x$ 
RETURN 

input2c: 

LOCATE 25,1 

INPUT "Polymer"; x$ 

IF x$ = ""THEN RETURN 

d$(3, cn) = x$ 
RETURN 

input2d: 

LOCATE 25,1 

INPUT "File Name"; x$ 
IF x$ = "" THEN RETURN 

d$(2, cn) = x$ 
RETURN 

input2e: 

LOCATE 25,1 
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INPUT "Location"; x$ 
IF x$ = "" THEN RETURN 

d$(1, cn) = x$ 

RETURN 

input2f: 

LOCATE 25,1 

INPUT "No. of Runs"; xS 

IF xS _ "" THEN RETURN 

limit! = VAL(x$) 

RETURN 

'Input Screen 1 

refresh 1: 

CLS 

LOCATE 1,25 

COLOR 12: PRINT "Input Experimental Parameters" 

LOCATE 3,1 

PRINT "Run No. %C02 Setting No. Samples Max. Time (min)": COLOR 7 

FOR x=1 TO limitl 

LOCATE 4+x, 2: PRINT x 

LOCATE 4+x, 14: PRINT c(1, x) 

LOCATE 4+x, 26: PRINT c(2, x) 

LOCATE 4+x, 41: PRINT c(3, x) 

NEXT x 

LOCATE 22,28 

COLOR 12: PRINT "E";: COLOR 7: PRINT "dit "; 

COLOR 12: PRINT "N";: COLOR 7: PRINT "ext "; 

COLOR 12: PRINT "B"; : COLOR 7: PRINT "ack" 

RETURN 

'Input Screen 2 

refresh2: 
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CLS 

LOCATE 4,25 

COLOR 12: PRINT "Input Experimental Parameters": COLOR 7 

LOCATE 8,27 

COLOR 12: PRINT "C"; : COLOR 7: PRINT "hannel No. "; cn 

LOCATE 10,27 

COLOR 12: PRINT "S"; : COLOR 7: PRINT "ensor Name "; d$(4, cn) 

LOCATE 12,27 

COLOR 12: PRINT "P"; : COLOR 7: PRINT "olymer "; d$(3, cn) 

LOCATE 14,27 

COLOR 12: PRINT "F"; : COLOR 7: PRINT "ile Name "; d$(2, cn) 

LOCATE 16,27 

COLOR 12: PRINT "L"; : COLOR 7: PRINT "ocation "; d$(1, cn) 

LOCATE 18,27 

COLOR 12: PRINT "N"; : COLOR 7: PRINT "o of Runs (max 15) "; limitI 

LOCATE 20,36 

COLOR 12: PRINT "B"; : COLOR 7: PRINT "ack" 

RETURN 

'Run Screen 1 

refresh3: 

COLOR 12: LOCATE 20,32: PRINT "N"; 

COLOR 7: PRINT "ext Run "; 

COLOR 12: PRINT "Q"; 

COLOR 7: PRINT "uit" 

COLOR 12: LOCATE 2,30 

COLOR 12: PRINT "Programme Running" 

COLOR 12: LOCATE 5,12: PRINT " Date "; 

COLOR 7: PRINT ; DATE$ 

COLOR 12: LOCATE 6,12: PRINT " Time "; 

COLOR 7: PRINT ; TIME$ 

COLOR 12: LOCATE 7,12: PRINT "No. of Runs "; 

COLOR 7: PRINT ; limit1 
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COLOR 12: LOCATE 5,45: PRINT "Flow Rate "; 

COLOR 7: PRINT ; "200 sccm" 
COLOR 12: LOCATE 6,45: PRINT" Run No. "; 

COLOR 7: PRINT ;n 
COLOR 12: LOCATE 7,45: PRINT " %C02 "; 

COLOR 7: PRINT ; c(1, n) 

x= INT(((TIMER - time) / 60) * 100) / 100 

"; COLOR 12: LOCATE 10,5: PRINT" Time from Start 

COLOR 7: PRINT ; x; "min " 

x= INT((c(3, n) - (TIMER - time I) / 60) * 100) / 100 

COLOR 12: LOCATE 11,5: PRINT "Time to End of Run "; 

COLOR 7: PRINT ; x; "min " 

COLOR 12: LOCATE 14,5: PRINT " Channel 1 reading "; 

COLOR 7: PRINT ; v(1,1); "mV 

IF nc =1 THEN RETURN 

COLOR 12: LOCATE 15,5: PRINT " Channel 2 reading "; 

COLOR 7: PRINT ; v(1,2); "mV 

IF nc =2 THEN RETURN 

COLOR 12: LOCATE 15,5: PRINT " Channel 3 reading "; 

COLOR 7: PRINT ; v(1,3); "mV 

RETURN 

'Screen Graph Calculations + Grid Draw 

calcl: 

LOCATE 1,1: COLOR 2: PRINT "+250" 

LOCATE 16,3: COLOR 2: PRINT 0 

xl=0 
FOR x=1 TO limitl 

xI=xI+ c(3, x) 
NEXT x 

spp = (x 1* 60) / 605 'Seconds per pixel 
LINE (35,240)-(640,240), 2 

FOR xI=0 TO limit l 
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x2 = (xl / limitl) * 604 + 35 

LINE (x2,244)-(x2,236), 2 

LINE (x2,0)-(x2,480), 2,, 17476 

NEXT xl 
LINE (35,0)-(35,480), 2 

FOR x1=0 TO 500 STEP 50 

x2 = (x1 / 500) * 479 

LINE (35, x2)-(40, x2), 2 

LINE (35, x2)-(640, x2), 2, , 17476 

NEXT xl 
RETURN 

'Graph Data Output 

refresh4: 

x= ((TIMER - time) / spp) + 35 

y= (250 - v(1,1)) * 240 / 250 

PSET (x, y), 11 

IF nc =I THEN RETURN 

y= (250 - v(1,2)) * 240 / 250 

PSET (x, y), 12 

IF nc =2 THEN RETURN 

y=(250-v(1,3)) * 240/250 

PSET (x, y), 5 

IF nc =3 THEN RETURN 

RETURN 

'Start Run 

run 1: 

GOSUB calcl 

time = (TIMER) 

d= VAL(MID$(DATE$, 4,2)) 

FOR n=1 TO limitl 

'graph calcs 
'Start time of Exp 

'Start day of Exp 
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GOSUB flowl 

timet = (TIMER) 'Start time of Run 

DO 

GOSUB datal 

GOSUB refresh4 'Data Graph on Screen 

FOR z= 1 TO nc 

IF v(1, z) o v(2, z) THEN GOSUB data2 'Store Data 

NEXT z 

dl = VAL(MID$(DATE$, 4,2)) 

x= ((TIMER + ((dl - d) * 86400)) - timel) 'check for end of run + 

IF x> (c(3, n) * 60) THEN GOSUB data3: nl =1 'day correction 

IF m=1 THEN m=0: GOSUB data3: nl =1 'Check for memory run out 

x$ = INKEY$ 

IF x$ = "n" THEN x$ = GOSUB data3: nl =1 
IF x$ = "q" THEN x$ = GOSUB data3: CLS : GOSUB flow2: RETURN 

LOOP UNTIL nI =I 

nl =0 
NEXT n 
CLS 

GOSUB flow2 

RETURN 

'Data Aquire 

datal : 
FOR z= 1 TO nc 

y=o 
OUT &H302, z-1 'Channel Set to z 

FOR x=0 TO c(2, n) 
OUT &H301,0 'Start data conversion 

WHILE INP(&H302) > 127: WEND 'Wait for conversion finish 

y=y+ INP(&H301) * 16 + INP(&H300) / 16 'Aquire Reading 

NEXT x 
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v(1, z) = ((y / c(2, n)) - 2048) * range / 2048 'Convert to mV 

v(1, z) = INT(v(1, z) * 10) / 10 'Round to 1 d. p. 

v(1, z) = LOG(count(z) + 1) * 20 + RND *2 

t(z) = TIMER Time of reading 

NEXT z 

RETURN 

'Data Store 

data2: 

count(z) = count(z) +1 
dl = VAL(MID$(DATE$, 4,2)) 

x= ((t(z) + ((d 1- d) * 86400)) - time) / 60 'includes day change correction 

r((2 * z) - 1, count(z)) =x 

r((2 * z), count(z)) = v(1, z) 

v(2, z) = v(1, z) 
IF count(z) = limit THEN m=1 
RETURN 

'Data Save to Disk 

data3: 

FOR z= l TO nc 

x$ = STR$(n) 

x= LEN(x$) -1 
y$ = d$(1, z) + d$(2, z) + RIGHT$(x$, x) + ". dat" 

OPEN y$ FOR OUTPUT AS #1 

WRITE #1, "Sensor", d$(4, z) 
WRITE #1, "Polymer", d$(3, z) 
WRITE #1, DATE$, TIME$ 

WRITE #1, "%C02", c(1, n) 
WRITE A. "Time", "mV" 

FOR x=1 TO count(z) 
WRITE #1, r((z * 2) - 1, x), r(z * 2, x) 
NEXT x 
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CLOSE I 

count(z) =0 
NEXT z 

RETURN 

'Set Mass Flow Meters 

flowl: 

x= ((. 763 * (c(1, n)) / 1.002)) * 4096 

GOSUB convert 

OUT (&H308), b 'Set I% C02 in Air flow through C02 meter 

OUT (&H309), a 'Channel 1 

x= ((1 * (1 - c(1, n)) / 1.002)) * 4096 

GOSUB convert 
OUT (&H30A), b 

OUT (&H30B), a 
RETURN 

'Digital to Analogue 

convert: 

a=0: b=0 

'Set Air flow through N2 meter 
'Channel 2 

IF x> 2047 THEN a=a+8: x=x-2048 
IFx> 1023THENa=a+4: x=x- 1024 

IFx>511 THEN a=a+2: x=x-512 
IF x>255 THEN a= a+ 1: x=x-256 
IF x> 127 THENb=b+ 128: x=x- 128 

IFx>63THEN b=b+64: x=x-64 
IFx>31 THENb=b+32: x=x-32 
IFx> 15THENb=b+ 16: x=x- 16 

IFx>7THENb=b+8: x=x-8 
IFx>3THEN b=b+4: x=x-4 
IFx> 1 THEN b=b+2: x=x-2 
IFx>OTHENb=b+ I: x=x- 1 

RETURN 

120 



'Start Up 

startup: 

GOSUB flow2 

cn =1 'Set Initial channel No to 1 

FOR x=I TO limitI 

c(l, x) = . 05 

c(2, x) = 2000 

c(3, x) =1 
NEXT x 
FOR x=2 TO limitl -1 STEP 2 

c(l, x)=. 5 

c(2, x) = 2000 

c(3, x) =1 

NEXT x 
d$(1,1) = "c: \temp\" 

d$(2,1) = "test l" 

d$(3,1) = "polyl" 

d$(4,1) = "sensl" 

IF nc =1 THEN RETURN 

d$(1,2) = "c: \temp\" 

d$(2,2) = "test2" 

d$(3,2) = "poly2" 

d$(4,2) = "sens2" 

IF nc =2 THEN RETURN 

d$(1,3) = "c: \temp\" 

d$(2,3) = "test3" 

d$(3,3) = "poly3" 

d$(4,3) = "sens3" 

RETURN 

'Set Flow Meters to Zero 
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flow2: 

OUT &H308,0 

OUT &H309,0 

OUT &H30A, 0 

OUT &H30B, 0 

OUT &H302,0 

OUT &H303,6: range = 625 

'{ Set both } 

'{ mass flow } 

'{ controllers to } 

'{ to zero flow } 

'Channel Set to 0 

'set range +/- only 

OUT &H302.1 'Channel Set to 1 

OUT &H303,6: range = 625 

'1 =0- 10.0 V 0=+/- 5.0 V 

3=0- 5.0 V 2=+/- 2.5 V 

5=0- 2.5 V 4=+/- 1.25 V 

7=0- 1.25V 6=+/- 0.625 V 

1 8=+/-10.0 V 

RETURN 

'Exit 

exit1: 
CLS 

LOCATE 12,35 

PRINT "BYE BYE!! " 

'SOUND 200,5: SOUND 100,10 
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