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ABSTRACT

This report presents the results of the first phase of a program to
develop a carbon monoxide sensor for use in coal mines. The overall
objective of this phase was to examine the feasibility of combining the
principles demonstrated by the NCB ( Yorkshire ) CO detector with the

basic gas sensor technology developed by City Technology Limited for
oXygen sensors.

Achievement of this objective required the devotion of a considerable
proportion of the effort in the following areas:

- basic electrochemical measurements to gain a sound understanding
of the mode of operation of the NCB cell.

- development and assessment of electrode fabrication techniques.

- evaluation of alternative electrocatalytic materials and electrolyte
systems.

These studies established an acid electrolyte, platinum electrocatalyst
as the favoured system for further development, although there remains a
final choice of acid type and concentration and whether Pt or Pt/Au
electrocatalysts are employed. Alkaline electrolytes resulted in high
carbon monoxide signals from gold electrodes but suffered from interference
by carbon dioxide. Neutral salt electrolytes were free of carbon dioxide
interference but the electrocatalysts studied lacked sufficient activity
towards CO oxidation.

Experimental prototype sensors were made, using sulphuric acid
electrolytes, platinum or platinum/gold electrodes and plastic hardware.
These sensors embodied a number of novel features compared to convent-
ional CO sensor designs, including a "close sandwich", wicking electrolyte
arrangement and a gaseous diffusion barrier. Initial performance tests were
very encouraging. Sensor resolutions were better than 1 ppm with a stable
linear response ofoabout 0.1 /uA per ppm and low temperature coefficients
(0.2to 0.4 % per C). The design had very good attitude stability which
was virtually unaffected by gas bubbles in the electrolyte reservoir caused
by water evaporation.

Longer term testing has necessarily been restricted to periods of several
weeks. The all .platinum systems have demonstrated stable baselines and
signals over this time and one sensor had completed 3 months at the time of
reporting. Platinum/gold sensors were similarly very stable up to 5 weeks
but were beginning to show signs of deterioration at 6 weeks.

Future development work will need to be primarily devoted to producing
suitable acid resistant hardware for production prototype sensors and the
evolution of a production process for electrode manufacture.
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1. BACKGROUND.,

The overall objective of this project was to combine the
principles demonstrated by the NCB ( Yorkshire Laboratories )
carbon monoxide detector to the basic gas sensor technology
developed by City Technology Limited ( CTL ) for oxygen sensors.
It was also hoped that it might prove possible to shorten the
hardware development stage by making use of the CTL oxygen

sensor hardware.

The CTL oxygen sensor is of the self-powered, diffusion
limited, metal-air battery type. It embodies an aqueous electrolyte
and a lead anode coupled with an air cathode at which oxygen ingress
is restricted by a diffusion barrier. This barrier ensures that
all the oxygen is consumed as it reaches the cathode, where
its concentration approaches zero. The rate at which oxygen
diffuses through the barrier is then solely dependant on its
concentration in the atmosphere and therefore, a direct link

exists between oxygen concentration and the limiting current,

which is the signal from the sensor.

Other oxygen sensors of this general type have used very
thin plastic membranes for the diffusion barrier. Such membranes
not only suffer handling and stability problems, but also inevitably
result in high temperature and pressure coefficients. The
CTL sensor uses a gaseous diffusion barrier which can take
the form of a simple capillary hole. This not only provides an
extremely robust and stable barrier but entirely different diffusion
laws apply with the following important practical consequences:

(@) Temperature coefficients at least an order of magnitude
less than those of solid membranes. For many purposes temperature
compensation is unnecessary.

(b) Sensor measures oxygen concentration directly, compared

to solid membranes which depend on partial pressure.

The CTL oxygen sensor hardware makes full use of well-proven

nickel-cadmium battery component designs and production technology

with resulting benefits in robustness, integrity, reliability, cost

and suitability for volume production.



In principle the basis of the CTL oxygen sensor is

applicable to any gaseous substance which can be caused to
react electrochemically at an electrode. Car bon monoxide

undergoes anodic oxidation at suitably catalysed electrodes

as follows ( see Appendix 1. ):

CO + H,0 —> CO_ + 2H + Ze.
Thus a carbon monoxide analyser can be envisaged comprising
the essential elements of the CTL oxygen sensor except that
now the reactant gas is fed to an electroactive ANODE with the
cell being completed by a counter electrode which supports a
cathodic reaction. The cathode could consist of a standard

battery electrode material such as NiOOH, PbO,_,, MnQO, etc.

2 2
which maintains the sensing electrode at a sufficiently high anodic

potential to effect CO oxidation. Alternatively, a matched pair of
electrodes could be employed which are electroactive to both carbon
monoxide oxidation and oxygen reduction, as in the NCB detector.

In this case both electrodes are maintained at CO-oxidation potentials
by oxygen adsorbing onto their surfaces. The sensing electrode

is exposed to the atmosphere and oxidises completely any carbon monoxide
diffusing to its surface. Oxygen in the air fed to the sensing

anode, dissolves in the electrolyte and transports to the

counter electrode, situated inside the cell body. This electrode

does not"see" any carbon monoxide and therefore sets up a

slightly more anodic potential. The two electrodes are connected

via an external load which allows electrons generated at the anode

to cathodically reduce an equivalent amount of oxygen at the inner,

counter electrode.

The balanced reactions for the two types of cell are as

follows:

Lead dioxide cathode/sulphuric acid electrolyte.

+
Anode: CO + HZO = 002 + 2H + 2e
thode: + 2H S + = 2~
Cathode PbO2 ) O“_1 2e PbSO4 + SO4 + ZHZO



Overall Reaction: CO + PbO2 -+ HZSO4 = CO2 + PbSO‘:1 + HZO

Nickel hydroxide cathode/alkaline or neutral electrolyte.

Anode: CO + HZO = CO2 + 2H+ 4+ 2e
Cathode: NiOOH + 2H,0 +2e = 21\11(011)2 + 20H
Overall Reaction: 2NiOOH + CO + HZO = 2N1(OH)2 + 002

Matched pair oxygen electrodes. ( NCB SYSTEM )

Anode: Co + H,0 = CO, + 2HT + 2e

+
Cathode: %02 + 2H + 2 = HO

Overall Reaction: CO + %-02 = CO,

Clearly with the matched pair design there must be a sufficient
oxygen supply for the counter electrode, but at the signal levels
envisaged this should not presentany particular problems. The
cell current, being determined solely by the transport of carbon monoxide to
the sensing electrode, will be a direct measure of carbon monoxide
concentration in the atmosphere. This has been demonstrated by the
NCB ( Yorkshire) Laboratory. At higher carbon monoxide
concentrations the cell oxygen demand could become limiting,
necessitating the use of battery cathode systems, or reducing the

sensor's signal sensitivity to carbon monoxide (1i.e. increasing

diffusion barrier resistance ).

Access of the reacting gas to the sensing anode would be

restricted by means of acapilliary diffusion barrier, as for the CTL

oxygen sensor, such that this electrode operates in the limiting

current mode. An idea of the required orifice dimensions can be

(1)

obtained from the following basic equation " °.

3 2 1

i = 1.116.10 ° nFd“ Dpl ceeeeo(l.1.)

i is the sensor current (amps )

n is the number of electrons per mole gas reacted,



1

F is the Faraday (96494 coulombs mole ).

d is the capillary diameter (cm ).

1l is the capillary length (cm ).

2 -1

D is the gas diffusion coefficient (cm” s )

p is the gas partial pressure ( atm.)

Assuming the diffusion coefficient for CO in air is similar

to that for O2 (0.21 cm2 s-l) and with n = 2;

. N 2 -1
lCO = 1.48pco d 1

or d = Vv 0.676 18

where S is the sensor sensitivity inuA per ppm CO.

With a capillary length of 2.5 mm ( currently used for the

oxygen sensor ) the following hole diameters are obtained from

the above equation:

Sensitivity, 1 uA per ppm CO 4 mm dia. hole.
0.14A per ppm CO 1.3 mm dia. hole.
0.0lmA per ppm CO 0.4mm dia. hole.

The present oxygen sensor design uses a 0.2 mm hole which
can easily be enlarged to the size required for the CO device.

Thus the same basic components could be used for either assembly.

Research investigations into the following areas are necessary to
fully achieve the objective of developing the carbon monoxide sensor

described above:

1.1. Operational mode of the NCB prototype.

Basic electrochemical measurements are required to establish
the operational limits of the NCB electrode current-potential
characteristics and ensure that the cell operates in a carbon
monoxide limiting current condition. Identification of the

origin of carbon monoxide diffusion limitations in the NCB cell



would aid design of the capillary/electrode combination for the
CTL hardware.

1.2. Electrolyte.

The NCB cell utilises an aqueous sulphuric acid electrolyte
which is incompatible with the nickel-plated steel container
used for the CTL oxygen sensor. Plastic hardware could be
adapted, using techniques established for sealed lead-acid
battery manufacture. However, full exploitation of the present
oxygen sensor technology demands an alkaline or near neutral
pH. Alkaline systems may suffer from signal interference and
carbonation by atmospheric carbon dioxide which must be assessed.
"Carbon dioxide rejecting", neutral salt solutions might be used
provided solubility is high enough to depress the solution vapour

pressure and prevent undue water loss. Anions such as chloride

and strong metal complexing agents ( e.g. many organic acid anions )

cause depassivation and corrosion of nickel and steel and must be avoided.
1.3. Electrode Fabrication.

Platinum black, gas diffusion electrodes are used in the
NCB design. These were taken from commercially available
sensors and it will be necessary to develop an independant
electrode manufacturing capability to serve any significant
production of sensors., Also, other electrocatalyst materials
may be preferred to platinum black; for example gold offers the
possibility of comparable CO-oxidationactivity combined with
much lower hydrogen sensitivity relative to platinum, platinum-
gold mixtures or supported gold may provide higher intrinsic
CO-oxidationactivity ( Appendix 1. ) which could prove particularly

important when measurements are required in high CO concentrations

( >200 ppm ), or if a reduction in electrode size is necessary.



1.4. Electrode Performance.

High intrinsic activity towards anodic oxidation of carbon
monoxide is an obvious prerequisite for any electrode/electrolyte
combination. The electrode activity reserve (i.e. CO-oxidation signal
obtained from an open electrode ) should be at least 10 times
greater than the corresponding capillary current to ensure a

stable sensor signal over long periods of time, with minimal

temperature dependence.

Other important electrode parameters are:

- background corrosion currents and passivation effects at

the operating potentials.

- oxygen reduction activity, particularly if a “"matched pair",
counter/sensing electrode system is used as for the NCB cell.

- carbon dioxide sensitivity.

Sensitivity towards other contaminants, particularly hydrogen,
is also important but was not included within the scope of this

initial study.

The above characteristics are affected by the following

system variables:

- Electrolyte composition and pH.

- nature and composition of the electrocatalyst.

- electrode structure, namely catalyst/PTFE ratio and catalyst
loading.

- electrode potential.

Interactions between these variables may be significant. For
example electrode activity, measured as a CO-oxidation current
at a fixed potential, varies with the catalyst wetting characteristics
and achieves a maximum at some optimum value of PTFE/catalyst
ratio, depending on the relative aggregate sizes of these materials.
This optimum ratio will alter with any changes in the electrolyte
surface tension which in turn is a function of electrolyte composition
and pH. The CO-oxidation reaction is strongly influenced by the nature

and extent of surface films of oxygen and oxides on noble metal

catalysts ( Appendix 1 ) which in turn are governed by the catalyst



and electrolyte compositions and electrode potential.

An exhaustive investigation into all these factors is beyond the
scope of the present study but sufficient data should be accumulated
to enable a provisional selection to be made of an electrode/electrolyte

combination for prototype sensor development.



2. PRELIMINARY TESTS WITH THE NCB CELL

2.1. Experimental,

NCB use a modified "ECOLYSER" cell for the Yorkshire
Lazboratories Instrument in which a porous bronze filter repl aces
the plastic moulding containing channels for pumping the test
gas across the electrode face. Exposure to a gas mixture
containing 50 ppmCO in air resulted in similar outputs from
both arrangements - the NCB cell was simply immersed in a
chamber purged with the test gas, whereas the "Ecolyser”
arrangement required a flow of about 100 to 200 ml per minute
through the sensing electrode chamber, It was concluded therefore
that the bronze filter on the NCB cell presents little diffusional
resistance and that both arrangements are governed by processes
occuring within the electrode itself, which comprises a porous
PTFE film, coated on the electrolyte side with a layer of Pt
black catalyst. Since the "Ecolyser" cell was more convenient
to use, particularly with regard to its exposure to the test gases,

this arrangement was used in these preliminary tests.

The test gas was a certified mixture of 49. 2 ppm carbon monoxide in air,
contained in an aluminium cylinder, from Rank Hilger Limited. A needle valve
controlled the gas flow which was calibrated by means of a bubble
flowmeter., To avoid back diffusion, the exhaust from the cell was

passed through awater bubbler.
(4)

A dynamic hydrogen reference ' ‘electrode (DHE) in the same electrolyte
as the cell was introduced by means of an electrolyte bridge

through the filler hole ( see Figure 2.1.). This electrode enabled

the sensing and counter electrode potentials to be monitored

separately when the cell was operated on a fixed load resistor

and also facilitated electronic control for the potentiostatic

i-E measurements ( section 2.1.2. below ).

The "Ecolyser" cell electrolyte was analysed and found to

contain about 30 ml of 6.84N ( 3.22M ) sulphuric acid. This
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concentration of sulphuric acid was used for most of these
preliminary tests, but some measurements were also made

with 4M NaOH and 4M potassium acetate/acetic acid mixtures.
It was found necessary to contact the electrodes with electrolyte
for 3 or 4 days before testing in order to obtain reproducible
results, particularly when changing from one electrolyte system

to another.
2.1.1. Measurements with fixed load resistor.

A 47 ohm load resistor was soldered between the sensing
and counter electrodes and the following measurements made:

~ Background current (A) and sensing/counter electrode
potentials in air from a compressed air cylinder at flow rates
between 0 and 200 ml per minute,

- same measurements with the air/COtest gas at flow rates
between 0 and 240 ml per minute
| - signal variations with temperature between 18 and 24°C
with the air/CO test gas flow at 100 ml per minute.

2.1.2. Steady State Potentiostatic {-E curves.

A potentiostat was used to hold the sensing electrode at fixed
potentials (E) with respect to the D.H.E. reference electrode
and the resulting steady state currents (i) flowing between the
sensing and counter electrodes were measured, Comparison of
the derived i-E characteristics obtained in compressed air
and the air/CO test gas ( both at flow rates of 100m! per minute)

enabled an estimate to be made of the intrinsic electrocatalytic

CO-oxidation activity of the sensing electrode.

The test was commenced with the potentiostat set to the air rest
potential, The background current was monitored until a steady
value was reached, then the gas was changed to the air/CO
test gas. The new steady state current was noted and the gas
switched back again to compressed air. When the current had

returned to the steady air value, the potentiostat setting was

altered by a 50 mV increment in the cathodic direction and the

procedure repeated. At 0.800 volts with respect to D .H.E.



(about 0. 25 volts below the air rest potential) the voltage scan was

reversed and each point checked on the backward sweep. In
general the currents were reproducible on the forward and backward
potential sweeps, provided sufficient time was allowed to enable

the system to obtain a steady state condition.

On retwrning to the air R,P, value the scan was continued in the
anodic direction until a value of 1.300 volts was reached on
the D,H,E. Scale. Above this potential the background corrosion currents
were high and the steady state was approached very slowly. At
this point the test was stopped.

Below the air R.P. (i.e. cathodic to R.P. ) the sensing electrode
supports mixed processes of CO-oxidation and oxygen reduction
which give rise to steady state currents. Transient currents
occur due to the formation or dissolution of surface films of
platinum oxide or oxygen which eventually settle to steady
background levels. These films can take several days to
equilibrate particularly at more anodic potentials, but in most
instances during cathodic polarisation, reasonably stable
currents were observed within 10 to 30 minutes. Assuming that
the oxygen reduction and background currents are identical in
air and the CO test gas, the CO-oxidation i-E characteristic can
be obtained for the sensing electrode by subtracting the air and
test gas 1-E curves. Platinum is a very active electrocatalyst
for oxygen reduction and the derived net CO-oxidation current,
being the difference between two large quantities, was probably

subject to some significant error.

A more exact procedure at these potentials would have been
to carry out measurements in nitrogen and nitrogen/CQO test gases.
In this way the CO-oxidation could have been obtained directly,
without involving the above assumption regarding the competitive
oxygen reduction reaction. The only other possible process would
be the small background from the Pt-O film currents. However, it

would not have been possible to exclude oxygen completely

from the "Ecolyser" cell and it was considered better to operate
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underthe air saturated conditions described, rather than use
semi-anaerobic conditions which may be subject to variations during the
test run. Tests innitrogen mixtures were conducted in the later

catalyst work using a modified cell in which air leaks could be more

efficiently reduced.

Oxygen reduction interference is absent above the air R,.P.
and CO-~-oxidation currents are obtained directly, except for
subtraction of the small background Pt-O film oxidation currents. At
high anodic overpotentials however, oxygen evolution curtrents become
important and the Pt-O film processes take increasingly
loné times to achieve a steady state. However, this region
is not of direct interest in the CO sensor and can only be utilised
if a potential biasing circuit, or battery cathode system, are employed

( see Appendix 1. ).

2.2. RESULTS AND DISCUSSION.

2.2.1. 6.84 N Sulphuric Acid 4 47 -]10ad tests.

The digital voltmeter ( d.v.m.) connected across the load
indicated a zero current for a 10 day period operating on compressed
air at various flow rates between 0 and 200 ml mln-l. The d;v.m.
discriminated to 104V and therefore background current levels were
below 0.2 +A. The potential of the counter/sensing electrode
combination with respect to the D,H.E. reference reached 1.032 volts
by the end of the first day and rose to a steady state value of 1,050
volts ¥ 5 mV by the second day.

On switching to the air/CO test gas (49.2 ppm CO ) an
electron current flowed from the sensing to the counter electrode,
indicating an oxidation at the sensing electrode and a reduction
at the counter. At a given gas flow rate, the current output
reached the steady values given in figure 2.2. within 10 to 30
seconds. The cellresponsewas fairly insensitive to flow rate

above about 80 ml per minute, producing about 1 A per ppm

carbon monoxide. The active electrode cross sectional area

was about 5 cmz, so the electrode CO sensitivity was 0.2..A/
cmz/ppm CO.
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The sensing electrode potential in the air/49.2 ppm test

gas at 100 ml per minute, 1800 was 0,930 volts versus D.H.E.

and the counter about 1 mV more anodic.

The cell output at 100 ml per minute air/CO increased with

temperature as shown in figure 2.3., with a measured temperature

coefficient of 3 to 4% per OC‘.

2.2.2. 6.84 N Sulphuric Acid/Steady state potentiostatic i-E curves.

The i-E curves for the sensing electrode in compressed air
and the air /49.2 ppm CO test gas are shown in figure 2.4. The
total CO-oxidation current as a function of pé)tential, obtained
by subtracting the curves in figure 2.4., tended to a limiting
value of 130«A above about 0,9 volts on the D.H.E. scale
( figure 2.5. ). Considering the cell geometry and the above
temperature coefficient measurement, this limiting current very
likely arises from a controlling process of diffusion through an

electrolyte film within the electrode. Any diffusion control through
gaseous barrier such as the PTFE backing tape would result in much

lower temperature coefficients as for the CTL oxygen sensor.

With the air-cathode counter electrode arrangement used in

the “Ecolyser"” and the NCB cells, the sensing electrode operating

potential lies in a cathodicregion relative to the air R.,P. Measured

potentials on the D,H.,E. scale in section 2.2.1. abovewere 1. 05 volts in

air and 0. 93 volts with a 49 ppm CO in air mixture. Under the latter
conditions the sensing electrode supports both CO-oxidation and
oxygen reduction reactions and these couple to form a parasitic local cell
which consumes a significant proportion of the total CO-oxidation
current, (see Appendix 1. ). Thus the "Ecolyser" cell signal with the
test gas, using a 47 load, measured in section 2.2.1. was only
about 49uA ( at ZOOC ) instead of the 122uxA indicated in figure

2.5. at the operating potential of 0.93 volts.

An estimated cell signal at 0.93 volts can be obtained from the
data in figures 2.4. and 2.5. and compared with the measured

value of 49/uA from section 2.2.1. as follows,.
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The sensing electrode rest potential in the air/CO test gas is
0. 92 volts which corresponds to the intersection point of the
CO-oxidation i~-E curve (figure 2.5.) and the air/oxygen reduction
curve (figure 2.4.), as redrawn in figure 2.6. The current value

of 11744 at thisintersection is the local cell current at open circuit

in the test gas. An air counter electrode connected via an external

load causes the potential of the sensing electrode to rise from

0.92 to 0.93 volts. The local cell oxygen reduction current reduces

to 83uA ( point B, figure 2.6.), the total CO-oxidation current increases
slightly to 121 A ( point C. figure 2.6.) and the difference of 38 ot

appears as a cathodic, oxygen reduction current on the counter

electrode which represents the sensor signal (IS). The correlation

between this value and the measured value of 49uxA is quite good, considering

the errors expected in deriving the curve in figure 2.5. ( see section
2. 1 ® 2 -) ®

The i-E curve of the counter electrode was not measured, but
it is evident that polarisatibn is greater than for oxygen reduction at
the sensing electrode. (A likely curve is sketched in figure 2.6, ).
This originates from a greater contribution from oxygen diffusion
resistance through the cell electrolyte at this electrode compared

to the sensing electrode.
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