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ABSTRACT

Anu electrochemical sensor has been developed to continuously and
accurately monitor pprﬁ levels of carbon monoxide in air. The device is based
on the electrochemical oxidation of carbon monoxide in a "fuel cell" type
detector. For high sensitivity and stable operaticn, various parameters such
as operating potential, electrode structure, electrolyte, gas humidity, cell
construction, etc. have to be suitably selected and controlled.

The presence of air limits the potential of operation to between approxi-
mately 1.0 and 1.4 V versus RHE. In phosphoric acid, one of the electrolytes
investigated, the CO oxidation current on.Teflon-bonded platinum electrodes
is practically indenendent of potential within this range. However, the
current is not diffusion controlled and it decays with tirne. At least two
mechanisms are responsible for this decline in signal: (1) a slow increase
and/or rearrangement of the oxide on the electrode surface, and (2) a slow
accumulation of an intermediate of a side reaction which acts as an electrode
"poison." The temperarure dependence of the CO oxidation follows an
Arrhenius equation with an activation energy of 6.5 kcal/mole.

The oxidation of CO in a sulfuric acid electrolyte shows significant
differences: The current is higher than with H3PO 4 and is potential dependent.
The rate of current decrease during contiiuous CO sampling also is a function .
of operating potential. A stable detection current is obtained in the lower
potential region ( ~1 V versus RHE), while at higher potentials the signal
declines. The activation energy of the CO oxidation in sulfuric acid was deter-
mined as 4 kcal/mole at 1.2 V and 2.6 kcal/mole at 1.0 V versus RHE.

The CO oxidation current was found to be fairly insensitive to variation
in electrolyte concentration. However, the electrolyte level and thus the
humidity of the gas sample have to be suitably controlled to prevent drying
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or flooding of the electrode. A special cell design has been developed that
can *olerate'appreciable humidity variations without effect on the CO
detection current. This eliminates the need for special humidity controls
in a space capsule environment, where the humidity can vary between 8 and
12 torr H20 vapor and reduces the humidity control requirements for terrestrial
use.
Based on the above data, a complete CO monitoring system has bezn
constructed and tested. The potential is controlled by a potentiostatic cir-
cuit using a palladium reference electrode.
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L INTRODUCTION

The detection of noxious or inflammable gases such as CO is a serious
problem in industrial environments, in mines, and for spacecraft applications.
In many cascs what is required is a rugged, sensitive, and preferably inexpen-
sive detector-alarm system which will respond to the presence of small
amounts of the undesired contaminant. Then, with an appropriate sampling
manifold, the device may be used to monitor continuously for the presence of
a noxious gas and, if desired, a portable instrument may be used to "sniff
out" the source of the gas.

The physiologically active CO concentrations are in the ppm range.
Generally, a CO concentration of 100 ppm is regarded as an upper tolerable
limit for long-term exposure.

The aim of this contract was to develop a sensitive CO detector
specifically for spacecraft use. Under normal operation, no significant CO
concentrations should be present in the space capsule; therefore, an instru-
ment range of 0 to 60 ppm CO in air was devised. Further, the CO derector
should be able to accurately and continuously monitor the CO concentration
throughout the whole mission, that is, for several weeks, withou requiring
recalibration. A sudden increase in the CO level could then indicate a mal-
function in the spacecraft, e.g., charing of insulation, etc. The normal
environmental conditions in the space capsule would include a temperature
between 65 and 75°F and dew points between 46 and 57°F. Even though no direct
flight hardware was to be built, special consideration had to be given to the
space environment that is operation independent of orientation and in zero
gravity. .-

A fuel cell type detector used as a high sensitiviiv electrclysis cell
appearéd to be particularly well suited for this application, and the development
of a practical electrochemical CO monitor was the purpose of this program,



In the following we discuss the concept of an electrochemical CO
detector and we report on the CO oxidation behavior in phosphoric and sul-

furic acid electrolyte. Based on the conclusion-of the experimental -~sults,
we have built a complete portable bench prototype CO detector which was
delivered to the George C. Marshall Space Flight Center.



IL CONCEPT OF AN ELECTROCHEMICAL GAS DETECTOR

The principle of the electrochemical detection of materials involves
their reactions at an electrode. For example, -gaseous' CO can be oxidized
to CO2 according to:

CO + HyO Pt electrode co, +2H" + 2¢7, (1)

and two electrons can be detected in the external circuit for each CO mole-
cule which is oxidized. ’

This method of detection is extremely sensitive because one equivalent
of material releases one Faraday (96, 500 coulombs) when electrolyzed. Since
it is a simple matter to detect a microcoulomb of charge, it is easy to
detect 10—11 equivalents of a material. I is not usually convenient, however,
to measure the charge passed in electrolyzing a contaminant, and rather,
one prefers to measure the current passing during the electrolysis.

Some of the difficulties in attempting to do this, e.g., for active fuels
like H.z or CD, may be illustrated by reference to Fig. 1. This figure repre-
sents the observed current-potential relationships for the oxidation of H?
[reaction (2)] and also.shows (in Fig. 1b) the reduction of 02 [reaction (v |
in acid solutions at Pt electrodes.

H, Pt electrode oyt 4+ 2e @)

0, + aH' + 4e7 Iigloctrode 5y g (3)
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Active fuels like H, or CO oxidize very closely to their reversible
potentials and, as the driving force for the reactions is increased, ie., at
higher potentials, the rate c. oxidation increases shafply. Finally, the
oxidation rate becomes limited by the rate at which the fuel diffuses to tl..
surface of the electrode (e.g., on the fuel cell electrode from ~0.2 to ~0.6 V).
Then the oxidation rate is directly proportional to the fuel pressure and is
independent of the potential. These are the ideal conditions for operating an

analytical device. '
' The reduction of O2 is much less reversible than fuel oxidation so
that it does not start at 1.23 V versus the H2 electrode, which is the reversi-
le potential for reaction (3). ‘Significant reduction starts to occur at about
1.1 V and accelerates as the potential is lowered. Finally, at low potentials,
O2 reductioﬁ is limited by diffusion (not shown). I is clear, then, that any
effort to detect small amounts of fuel in the pre<ence of air would be rather
difficult because of tl e tendency for O2 reducition from the air o mask the
fuel oxidation current. To avoid this problem. the potential of the sensing
electrode must be set above the region where the O?. reaction occurs.

The crucial decisions in the practical use of suc: a device relate to
the choice of electrode structure and arrangement, to electrolvte reference
electrode and control systems, as well as to the arrangement of the electro-
lyte water balance. These factors influence directly the sensitivity, accrracy.
and stability of a practical CO detector and thus were the main subjects of
this i vestigation.



IIL EXPERIMENTAL DATA

A. Test Setup and Procedure

A schematic flow chart of the test procedure is shown in Fig. 2.
Individual steps and procedures were modified and improved during the
course of the program, so, e.g., several electrochemical cell desighs
were used and are described in more detail later. The test gas consisted
of commercially available CO-air mixtures (Airco). The gas was used
either directly from the cylinder or diluted to the desired concentration
with air in a gas mixer. The gas mixing arrangement consisted of a system
of calibrated glass capillaries and oil manometers which allowed one to accurat
measure the pressure drop across the capillaries upon gas flow. Thus, the
relative flow velocities of the two gas streams (CO-air and air) could be
accurately determined and maintained. It was found most practical to use a
stock gas mixture containing 200 or 500 ppmr CO in air and to dilute it with
air to the test gas conceatration of 10 to 100 ppm CO. The test gas then passed
through two prehumidifiers to equilibrate it with the same partial pressure of
water that corresponds to that of the electrolyte at the temperature of the
electrochemical detector cell. The prehumidifiers consisted of 2 two-liter
double mantle flasks. The first flask contained triply distilled water and
was thermostatted by means of a Haake recirculator to a temperature at
which the water vapor pressure was equal to that of the electrolyte in the test
cell. The second flask contaitied the same electrolyte at the same temperature
as emploved in the test cell. The gas stream entered the presatura;tors througt
a submerged glass frit. Standard flow metei-s (Dwyer) were used to determine
the gas flow rate. I was, in general, between 0.5 and 2 SCF/hr.

During the course of our in\restigation, we used two different cell desig
which are described in more detail in the following sections. The éléctr‘ochem
cells were thermostatred between 10 and 35°C in a controlled atmosphere
chamber, ' | -
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The electrode potential was controlled by a potentiostat (Wenking)
and the detection current was continuously recorded (strip chart recorders,
Sargent and Moseley models MR and 7100B, respectively).

For long-term stability measurements. the gas stream bassed
through two electrochemical cells in series. Each czil had its own e.ectronic
control and measuring circuits. Thus, it was possible to determine whether
small changes in the cooaidation current resulted from variations in the test
gas or from changes in the detector cell and/or its electronic control and
measuring circuit.

Phosphoric acid (Fisher, reagent) and sulfuric acid (Baker, reagent)
were used as electrolytes. The electrolyte concentration was chosen such
that its water vapor pressure at the operating temjerature was approximately
that of the space capsule environment. Thus, concentrations of 55 to 63%
were used for phosphoric and approximately 40% for sulfuric acid.

~ The working and counter electrode corsisted of Teflon-hondad platinum
black on gold plated tantalum screen. They were prepared with various plarinum
loadings and Teflon content at Tyco. In addition, we used some electrodes from
Unican Limited and ERC, Inc. In ceneral, the electrodes were subjected to
anodic and cathodic cycles in sulfuric acid in order to remove traces of
impurities or wetting agents. This was followed by repeateu washing in hot
distilled water.

Modifications of this general test procedure u.nd specific experimental

technigues are described in conjunction with the experimental results.

B. Initial Cell Desicn

For our initial measurements, we used an electrochemical detector
assembly, as shown in Fig. 3. This cell was used with two rather than the

.standard three electrodes applied in potentiostatted systems: the working
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electrode at,which CO is oxidized, and the counter electrode which also
functions as the re.crence electrode. . The working and counter,/ reference
electrode were identical platinum black-Teflon-"fuel cell electrcdes” on

a gold plated tantalum current collector screen. The electrodes were
separated in the cell by a fiber glass matrix (Gelman) which was saturated
with the electrolyte. Since this cell had two separate gas manifolds for the
anode and cathode, it was possible to use hydrogen gas instead of air for the
counter electrode and thus obtain a well-defined reference potential while
using only a two-electrode cell. The prototype detector will, however. not
be operated with hydrogen, and it was therefore necessary to establish a
suitable reference electrode system. This and the resulting three electrode

cell designs are discussed in the following.

C. The Reference Electrode System

In order to huld the CO indicating electrode at a constant potential,
it was necessary to find a suitable rererence electrode. As we wiil see later,
the absolute potential value of the working electrode is not extremely critical:
however, potential changes or trans.<ats have to be kept at a-minimum since
they would cause considerable double layer charging currents at the high sur-
face area Teflon-bonded, Pt-black electrodes. It would be most convenient
to use the counter electrode or a separate air breathing electrode as potential
reference. This possibilitv was examined by'testing Teflon-bonded electrode
structures in half-cell experiments.

The experiments were performed in a three-compartment cell which
allows the working electrode to float and has a Luggin capillary from the
reference compartment situated directly beneath the working electrode. The
electrolyte was 55% Hs[’O 4 An H, electrode in a separate compartment was
used to maintdin a reference potential. With air bubbling througt. the elec-

trolyte, the cathodic current-potential curve was determined (Fig. 4) using

10
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a Weﬁking pétentiostat to maintain the Teflon-bonded electrode at preset
potentials, The open circuit potential of the system was +0.98 V, and the
cathodic Tafel slope of the cathodic reaction (ox._vgen reduction) was 60 mV.
Upon anodic disturbance, the electrode potential did not return to the original
open circuit value, demonstrating the absence of a suitable anodic process.
The experiment was then repeated using air ¢entaining 1000 ppm CO. Fig. 4
shows that in the O2 reduction region (below 0.75 V versus RHE), the
“current is not noticeably affected by the presence of CO. However, the cpen
circuit potential dropped nearly 100 mV when CO was introduced into the
cell, from ~0.98 V to ~0.88 V (versus RHE). This suggests an cnodic current
of approximately 500 p A for CO oxidation. The lack of a suitable reaction
stabilizing the potential against anodic disturbance, and the sensitivity of the
open circuit potential towards the presence of carbon monoxide preclude the
use of an air-breathing, Teflon-bonded platinum electrode as a potential
reference.

The second electrode to be studied was bright palladium foil and
palladized palladium. These studies were carried out in a standard three-
compartment electrochemical cell and also used 55% HsPO4 as electrolvte.
The open circuit potential for bright Pd was very erratic and varied in range
from +0.65 to +0.75 V versus RHE. Only very small cathodic currents,

i.e., of the order of 0.2 p A/ cmz, were needed to displace the putential of this
electrode by as much as 100 mV. The current-potential relation for palladized
Pd (shown in Fig. §) was much more stable. The open circuit value was
+0.788 V+ 2 mV, and larger currents were needed to affect an appreciable
potential shift. The cathodic Tafel slope for O2 reduction is 20 mV, as
observed for the fuel cell electrode. As a further test, the electrode's sensi-

tivity to CO was determined. There was virtually no change in the open circuit

12



—

REPRODUCIBILITY OF THE ORIGINAL PAGE 15 POOR.

—— [ ——— -
- W ——— -

- 8-
~y
N~ 6
£
<
3
H_ 4_
- 24
& 1 T T T
&0 40 20 - 20 -40 - 60
n (mV)
-4
L6
-8

' Fig. 5. Current-potential relationship of palladized Pd in 55% HaPO,
saturated with air or air + 100 ppm CO

13



value in the p'resence of 100 ppm CO in air. Overall, the data is practically
identical to that obtained in the absence of CO.’

These measurements show that a pallad{um electrode, especially
when palladized, maintains a given open circuir potential that is fairly
insensitive against £ mall cathodic or anodic disturbances. The cathodic
reaction is .oxygen reduction while the anodic reaction appears to be slow
palladium dissolution. Further CO, in the concentration range of intercst
here has no effect on the electrode potential. The same behavior was also
established for a sulfuric acid electrolyte.

Based on these findings, we can conclude that a foil or wire of palladized
Pd inserted in the cell matrix, to be used as a separate reference electrode,

offers sufficiently accurate and stable potential control for our system.

D. Improved Cell Design

An improved CO detector cell was designed with special consideratior.
for the planned application in a spacecraft environment. Such consilderations
included, simplicity, ruggedness, independenc-e of position, and gravity as
well as maximum response and signal stability. A schematic of the CO sensor
cell is shown in Fig. 6. ’

The cell body consisted of two identical parts with circular geometry and
assembled with six bolts. The material of construction was polyethviene. The
Teflon-bonded Pt electrodes were held between expanded tantalum current
collectors and the glass fiber electrolvte matrix. The palladium reference
electrode was imbedded into the electrolyte matrix. The CO-containing air
enters the cell through the ceater hole, passes over the CO sensing electroce.
bypasses the electrochemical subcell through four gas channels, and exits at

the opposite side.

14
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- This celi has an additinnal design feature which is worth special
mentioning. The separator extends beyond the electrodes into an open
ring-shaped space. There the separator is without compression. This
results in a double porosity of the electrolyte matrix with a larger average
pore-size in the uncompressed outer ring. This special feature allows the
operation of the cell over a large range of electrolyte volume and thus makes
it fairly insensitive to humidity fluctuations in the incoming gas stream.

16



IV. CARBCN MONOXIDE OXIDATION

A. General Considerations_

We have discussed the concept of our electrochem.ical detector in a
previous section and we have seen that for the successful development of a
practical CO detector, a number of questions have to be answered. First of
all, we have to select an electrode material which is catalytically active for
the oxidation of CO. Platinum is one of the best electrocatalysts, and in all
of our work we used platinum-based detection electrodes. Further, the
catalyst has to be provided in a suitzhie eles.rode structure. To obtain
sufficient sensitivity, it is necessary tc vide a structure which results
in a large gas-electrolyte- catalyst inte_ = (e.g., elecirodes of the Teflon-
bonded, Pi-black type.) Another factor ot imporrance is the choice of a
suitable electrolyte. Generally, acid electrolytes are to be preferred since
they reject the formed CO2 as gas. We have therzfore investigated phos-
phoric acid, which is commonly employed in acid fuel cells, and sulfuric
acid as electrolytes for use in an electrochemical CO sensor.

For a given electrode and electrolyte system, we have now to define
the operating conditions and determine their 2ffect. They include potential of
generation, gas flow rate, operating time, CO concentration, and operating
temperature.

In the following sections we will discuss the results of our investigation
regarding the effec? of these parameters and their imrli-z2t'n on a practical
CO detection device, first in phosphoric acid and then in <:i.lfuric acid.

B. Results in Phosphoric Acid Electrolvte-

1. Effec: of potential and gas flow rate

In initial measurements, the effect of potential and gas flow rate

on the carbon monoxide oxidation current was derermined. As Fig. T shows,

17
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at least between 1.1 and 1.4 V vers. RHE, there is very little effect of
potential on the detection current. This demonstrates that electron trans-
fer, the rate of which is strongly potential dependent, is not a limiting

factor. Therefore, most of the following experiments were carried out with
the working electrode potentiostattad to 1.2 V versus RHE. Since this is
close to the theoretical open circuit potential of the air electrode, a minimurn
background current can be expected.

The flow rate of the carrier gas can affect the observed CO oxidation
current. At low gas flow rates, the detector signal increased with increasing
flow rate. However, above a flow rate of the carrier gas between 1 and 2
SCF/hr, the CO oxidation current became independent of the flow rare. There-

fore, most further measurements were carried out at 2 SCF/hr.

2. Effect of time

A typical e\-:ample of an early current time curve obtairel at

a fresh platinum clectroze is shown in Fig. 8. During the first hours of con-
tinuous CO =ampling, the current declined fairly rapidiv. This was then
followed by a further slow decrease in detection current. As will be shown
later, humidity changes in the feed ges cannot account for this signal-cecline.

Further experiments showed that the initial current decay on fresh
electrodes (pre-equilibrated in humidified air at 1.2 V versus RHE for 2 to
. hr after which the background current was less than 10 g A) was dependent
on the CO concentration. A current time-curve for 200 ppm CO in air is
shown in Fig. 9. The effect of CO concentration on the amount and rate of
current decline is further summarized in Table L

Additional observations which were made on this current decline are

as follows:

1. The current cannot be restoced to its initial high values by

flushing with carbon monoxide-~free air for periods up to 12 hr.
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Table L Effect of Carbon Monoxide Concentration on Amount and Rate of
Current Decline

Final Current

Q0 Concentration Initial Current Steadv-State Current
50 ppm 0.57 TF:
200 ppm 0.36 12 hr
500 ppm <0.18 > ¥ hr

2. Once the detection current has reached a steady-state
value (e.g., after 6 to 10 hr for 50 ppm CO), shutting off the CO stream and
then re-introducing it results in a new detection current nearly equal to the
previous steady-state value, with little further decline.

3. Prior exposure of the electrode to CO concentrations higner
than the measured concentration results in initial currents much lower than
initial currents observed on "clean" electrode surfaces, but does not sig-
nificantly change the final steady-state detection current. (See Fig. 9 where
the detection current for 200 ppm CO is shown cn a "clean" electrode and on
an electrode which had been equilibrated at 1.2 V with 500 ppm CO.) Mor
importantly, if the electrode is equilibrated for long periods of time with
high coacentrations and then used to detect low concentrations, the "steady-
state" detection current for the low CO concentration is reached with very
short times and little further current decline is observed.

4. Prior "aging" of the electrode surface by equilibrafion at
1.2 V with carbon monoxide-free air for periods of 12 to 20 hr results in
lower initial currents, but does not significantly change the steady-state cvr-
rent.
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These observations ave all roughly consistent with a theory of poisoning
of the electrode by eithcer carbcn monoxide or a product of the oxidation of car-
bon monozxide. Stonehart3 reports a poisoning of platinum and gold electrodes
by a reaction proluct formed by a side reaction in the oxidation of carbon
monoxide at 1.2 V versus RHE.

According to Stonehart, the major reaction of carbon monoxide at a
platinum surface at 1.2 V is oxidation to carbon dioxide by a direct two-electron
transfer reaction (this is presumably the reaction which determines tl.- J-tac-
tion current):

K

1
A co,

f +2H +2 @

CO+H20

However. Stonehart also postulates another parallel (but minor)
reaction route from CO to CO2 which proceeds via a une-electron reaction
. +
intermediate, CO

K
co —3

co' (adsorbed) +1e (5)

k

CO +(adsorbed) + H,O

A 3 co, b v2n® +1e ©)

Stonehart's data (obtained on rotating disc electrodes) support the
hypotheses that the reaction intermediate, CO+, adsorbs strongly on the
electrode and that the rate-limiting step in the conversion of CO to CO2 via
this second reaction is the oxidation and desorption of the reaction inter-
mediate, CO+. This reaction mechanism would lead to a steady-state
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concentration of CO™ adsorbed on the electrode surface, and it is hypothesized
that sites upon which CO+ is adsorbed are not available for the primary CO
oxidation route (Reaction 4). Thus, the declin€ in current (and its eventual
leveling out) can be explained as a building up of the co* "poison" on the
platinum electrode until it reaches a steady-state value where the rate of
desorption (Eq. 3) is equal to the rate of adsorption (Eq. 5). This steadv-
state coverage of the electrode by the poison can be related to the concentratio”
of CO in the gas stream by setting Reactions (5) and (6) equal to each other
with the following assumptions: '

a. The rate of Reaction (5) is proportional to the CO
concentration in the gas stream and to the number of unpoisoned sites
remaining on the electrode.

i b. The rate of Reaction (6) is proportional to the fractional
coverage of the electrode by co™.

. Thus, at steady-state:

Adsorption = Desorption

ky 1-0) [CO] gas = Kg© )

Steady-state fractional coverage is represented by:

0= K [CO] gas (8)
k3 +k2 |CO]J

gas
As can be seen, the steadv-state fractional coverage by the "poisonihg"

species, CO*, increases as the concentration of CO in the gas increase. This
result {s consistent with the gfeater percentage decline observed with high feec
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concentrations than with lower ones. This hypothesis would also explain
non-linearity of the steady-state currents with concentration, as will be
shown later. According tc the "poisoning” equations developed above, the
number of electrode surface sites available for CO oxidation would be lower
at higher CO concentrations because of greater "poisoning” by co®.

One conclusion emerging from these data is that high concentrations
of CO (which were used for convenience in initial experiments) are not
adequate models for CO detection in lower concentration ranges {e.g.,

50 ppm and below) because of differences in the amount of "poisoning" at
higher concentrations. The C0+ poisoning model implies that at sufficiently
low concentrations there should be little coverage of the electrode surface
by co? and that, therefore, the current in these low concentrations should
be more linear with concentration and should show less decline with time.

There is considerable evidence that the rate of desorption of the
poisoning species is extremely slow. For example, flushing of electrodes
with air does not restore the initial high currents. In addition, when elec-
trodes have first been pre-equilibrated with high concentrations of CO, the
detection current on low CO concentration feeds is quite stable: it neither
declines with time (i.e., is further poisoned) nor rises with time (which
would indicate desorption to equilibrate with lower concentratious). These
findings offer the intriguing possibility that a stable surface for detection
of low concentrations (0 to 100 ppm, for example) could be produced by first
equilibrating rhe electrodes with a CO concentration much higher than would
need to be detected. If the equilibrium concentration of "poison" from this
high concentration feed stream then remained stably adsorpbed, presumably
no further adsorption from lower concentrations would occur, and the
detection currents for lower concentration feed streams would remain stable.
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This effect is shown in Fig. 10, where the electrode was first exposed to a
"high" concentration of CO of 200 ppm (curve A) and then used to detect

a lower concentration of 50 ppm carbon monoxide (curve B!. There was
no current decline observed with the 50 ppm feed.

A more rigorous investigation of this effect showed, however, that
even though the desorption of the inhibiting species was slow, it did occur
over extended periods of time. Thus, as Fig. 11 shows, afrer 100 hr at
operating potential in air, the initial current upon introduction of 100 ppm
CO in air was higher but then decayed to a lower level

In general, the measured CO oxidation current continued to decrease
with time. The rate of this decrease diminished with increasing time of
operation. This behavior is graphically shown in Fig. 12. After approxi-
mately 3¢ days of operation, the rate of current decrease reached a level
of 1 to 2% per day (24 hr).

Experiments were also carried out to investigate procedures for
electrode reactivation. Temporary polarization of the sensing electrode
to potentia! values cathodic of 0.4 V versus RHE resulted in an increased
CO oxidation current (see Fig. 13). The current value, for example, 15 hr
after cathodic stripping was, however, not as high as the new electrode after
the same time interval. .

For the electrode TFE 40/20 Il shown in Fig. 13, the detection
current for 50 ppm CO after the first of 15 hr of continuous operation was
45 p A and decaved at a rate of about 4% per 10 hr. Eventually, after about
two months of operation under various conditions, the electrode reached
a detectioncurrent of npproximately 20 p A for a 50 ppm CO in air mixture
As Fig. 13 shows, after continuous sampling for 15 hr succeeding the
cathodic polarization, the current value was 36 p A and the rate of decay
. approximacely 8% per 10 hr. This behavior was found to be typical and leads
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to the conclysion that even though the oxide layer on the platinum surface
can be removed by cathodic polarizarion, the complete desorption of the
inhibiting species is not possible by this procedure. More successful,
however, although not ~ompletely satisiactory, is a repeated anodic and

cathodic polarization of the sensing electrode.

3. Effect of CO concentration

The current for tne anodic oxidation of CO on the various

- Teflon-bonded platinum electrodes was found to be directly proportional to
the CO concentration in the g::s phase. Typical detection currents as a
function of CO conceutration for two different electrodes are shown in
Figs. 14 and 15.

In some instances, the CO concentration in the gas phase was raised
up to 1000 ppm, and only at these high concentrations were deviations from
linearity observed. As discussed earlier. the detection signal at anv given
concentration aid decline slowly with time upon continuous sampling. How-
ever, at any one tuume the linearity between CO concentration and detection

current was mainta‘ned. This is also shown in Figs. 14 and 15.

4. LEffect of electrode structure

In general, the electrode structure is of significant importance
for the rate of the electrode reaction, and it may determine which part of the
overall process is rate limiting. For our CO detector, we have employed '
Teflon-tonded platinun electrodes which consist of an interwoeven network of
hydrephilic, electrolvte-filled platinum block a rolomerates and hvdrophokic
Zas channels formeu by the Terlon particles. Fig. 16 schematicali; shows taz
structure of a Teflon-bonded fuel cell electrode. The geomeiry and ratio of
hydrophilic and hydrophobic pores in these electrode structures can be stronzly
influenced by the particle size and amount of both the Pt black and the Teflon as

well as manuiacturing and sintering condirions.
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In order to find an optimum electrode with respect to signal stability
and response time, we prepared and tested electrodes with 8 to 50 mg Pt/cm2
and with a Teflor - ‘ntent of 15 to 30%. In addition, some electrodes contained
a hydrophobic bac: ng.-

The results can be summarized as follows:

1. The CO oxidation current is approximately proportional to
the platinum surface and thus for equivalent preparations proportiunal to the

platinum loading.

2. The diffusion in the gas phase was not rate limiting under
any condition investigated.

3. The rate of signal decay upon continuous CO saxﬁpling was
practically independent of electrode structure.

4. The response time was longest with the highly loaded low
Teflon electrode (Pt TFE 5n/15).

5. The Teflon content and the hydrophobic perous Teflon backi:x
appeared not be have any influence on the CO oxidation current as such. How-
ever, both parameters stronglv affected the wetting characteristics of the
electrodes and thus their sensitivity to drying or flooding. The electrolyte
balance, especially the amount of electrolyvte in the electrode structure, had
a strong effect on the CO detection current. The electrolyte concentration
between 50 and 65% HgPO, was of practically no effect. _ l

The best results with respect to response time and wetting charac-
teristics were obtained with electrodes of approximately 10 to 20 mg Pt/ cm2
and 25% Teflon with a thin hydrophobic backing.
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* 5. Effect of temperature

~ The CO oxidation current at a given electrode is strongly
dependent on operating’ temper’éture. Fig. 17 shows results obtained at
two CO concentrations in an Arrhenius diagram. The measurements were
conducted in the sequence 35° 50° 20° 35%C. The epeat value at 35C
after a test period of six days at various temperatures was approximately
15% lower than the original current and is a reflection of the slow continuous
signal decrease with time. The data in Fig. 17 follows a good straight line.
From the slope:

d (D E
da/D = "X )

an activation energy of 6.5 kcal/mole was obtained. This relatively high
activation energy, compared ro a value of 3 10 4 kcal/mole which one migh:
expect for a diffusion-controlled reaction. is a further indication that we are.
in fact, not dealing with a purely diffusion-controlled process.

The data showed also that there is no principlc advantage in operating
the CO sensor at elevated temperature. (There are pracrical reasons for the

final design to operate at the environmental temperature of the space capsule.)

C. Results in Sulfuric Acid Electrolvte

1, Effect of potential and time of operat.on

The oxidation of CO in sulfuric acid electralyte has much in
cémmon with the previously discussed CO oxidation in phosphoric acid. There
are, however, significant differences, and these will be specifically elucgidated
in the following paragraphs. - '
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A comparison of the CO detection current at the same electrode
material in the two electrolytes is shown in Fig. 18. In both cases, the
electrode potentia'l is 1.2 V versus RHE and both electrodes have been
operating for extended time under various conditions prior to the run shown.
The most obvious difference is the detection current, which was considerably
higher in the sulfuric acid electrolyte. The rate of current decay as a
function of time, however, is surprisingly similar in both cases, with
approximately 2 to 3% per day of continuous sampling.

The partial CO oxidation current recovery upon stand in air and the
subsequent decay transients observed in phosphoric acid were not found in the
sulfuric acid electrol:te. ‘

In a search for operating conditions which could result in a more stable
CO oxidation current with time, electrode pretreatment with high CO concen-
trations, an increased surface oxide deposition by pre-equilibration at more
anodic potentials, and the variation of the operating potential were investigated.
An electrode at 1.2 V versus RHE showing a practically steadv CO oxidation
current (Fig. 19) was polarized to 1.55 V versus RHE f. r 20 min and then
returnad to 1.2 V versus RHE. During the following 2 hr of CO sampling, the
detection current decreased from 88 to 73% of the value prior to the anodiza-
tion. Subsequent cathodic stripping reactivated the electrode, but not to the
state of the new electrode. Upon exposure to CO, the detection currents
decreased again reiatively rapidly to the original value. Fig. 20 shows an
electrode which was reactivated by two anodic-cathodic cveles to remove
oxidizable and reducible species and then treated with 10% CO for 35 min.
During the following CO sample, detection currents were practically identical '
to those observed previous to this treatment. The initial current was probably
due to the slow equilibration of the surface oxide layer after its cathodic
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removal. The current signals during the treatment with 10% CO in air
before and after the 60-hr experiment were very similar (see Fig. 20).
The initial current value was approximately that which one would expect
by linear extrapolation of the low current data. At this high CO concentra-
tion, however, the detection current decaved relatively rapidly.

The variation of the working electrode operating potential had a
sigrificant effect on the CO detection current. Fig. 21 shows the measured
current upon stepping up of the electrode potential. The current transients
were mainly due to the buildup of the surface oxide layer. Even though
steady-state had not been achieved at the higher potentials during the time
of this experin.enr. it can be seen that a maximum CO detection current
was obtained at potentials of 1.05 to 1.075 V versus RHE. More important
than the maximum CO oxidation current was, however, the observation that
the rate of long-term current decay was also a function of operating p« tential
At 1.0 V.versus RHE, for example, practically no current decay could. be
" detected. Fig. 22 shows actual measurements (continuous CO sampling) with
a detector operated at 1 V versus RHE. (The slight variation appeared to be
due to inaccuracy of the gas mixer.): |

At higher electrc fe potentials, a slow change in the electrode surface
activity for CO oxidation with time (several hours to days) was observed and
in the absence of CO is probably due to a slow increase in the thickness or
change in the structure of the adsorbed oxygén layer. Thus,. in order to have
the CO detector operational (within calibration), the sensing electrode would
have to be kept at a set potential at all times. ‘

When ~nerating in the low potential region (~1 V versus RHE), where
we operate at lower oxygen coverage and in a range where the oxygen adsorp-
tion and desorption is more reversible, this may not be necessary. In fact,
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we have carried out experiments to this effect which 1owed that the cell can
be left at open circuit. After CO ~ampling, followed by air flushing and op=n
circuiting, the electrode potential decreased to approximately 950 V versus
RHE. Upon return to potentiostatic contiol (1 V versus RHE) after extended
stand (60 hr), only 60 sec were required to obtain background currems of
less than 10 p A, and after 60 sec, stable and reproducib’:: readings were
obtained.

2. Effect of operating temperature

The CD detection currents obtained in sulfuric acid elec-
trolyte at various temperafures are shown in Fig. 23. The data presented
for two operating potentials exhibit good linearity in an Arrhenius diagram.
The activation energies for the overall reaction were determined to E = 4.0 kcal’
mole at 1.2 V versus RHE and E = 2.6 kcal/mole at 1.0 V versus RHE. This
compares 1o a value of E = 6.3 kcal/mole for the oxidation of CO in phosphoric
acid elecirolyvte. It is imeresting to note the diference in the energy of
activation as a function of electrode potential, indicating a change in the nature

of rate controlling s.ep and not only a change in effective surface area.

3. Effect of fluctuations in water vapor pressure

In order tc establish if a gas prehumidification would be
required for reliable operation of the CO detector in the space capsule, it was
necessarv to test the sensitivity of the detector to fluctuations in water vapor
pressure within the range of 8 to 12 mm Hg (the approximate limits for the
capsule environment). Prehumidification will, of course, be necessary for
operation of the CO detectors. in an uncontrolled terrestrial environment or

during test operation with "dry" ras from hizh pressure tanks.
R [end (-] p
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Both.the short-ter.n as well as the long-term effects were investi-
gated. The effect of changing from the standard condition of 10.5-mm to
8-mm water vapor partial pressure in the CO eontaining air was a slow 2 to
5% decrease in signal over a 10-hr period of continuous flushing with the
drier gas. Further flushing at the same vapor pressure up to 65 hr did ot
result in any additional decrease in current. When the gas was then directed
through the 10.5-mm presaturator, a period of 20 min was required for the
signal current to return to its original value. The cell was also cycled
betwecn 10.5 and 12-mm with 60 to 90 min at each vapor pressure. There
wer. changes in detection current which were in excess of 1% and there-
fore exceeded experimental error. Upon operation at a HzO partial pressure
of 12-mm for 16 hr with continuous flushing of 50 ppm CO, there was no
detectable change in current. These experiments show that the signal current
is relatively independent of fluctuations in vapor pressure over the range of
8 10 12 mm Hg. The decrease in current observed with the lower hum.idity
gas is compleiely revorsible and can be further reduced bv increasing the
amount of electrolyte in the martrix of the cell. The effect of changes in gas
humidity is twofold: (1) with changing electrolvte concentration, the viscosity
changes, and (2) the electrolyte volume changes. Rapid humidity changes

| can cause concentraiion chianges in the pores of the electrode without signifi-
- cantly affecting the buik of the electrolyte. Qver longer times, the change in
Slecrrelyte volume is more siznificant.
_ For example, ar a relative humidity of 80% (vapor pressure = 15 torr).
" the cell electrolvte at 21°C would achieve an equilibrium concentration of 20%.
and thea the els:::ro!yie volume would double. The corresponding desrease
in relative viscosity would be from 2.68 to 1.54 centipoise. Ultimatel,, at 2
“sufficiently high vapor pressure, the cell would become flooded and no ionger
. be operative. ' '
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Conclusions

From the experimental results discussed in the preceding sections,
we can draw the following conclusions pertinent to the construction of a

practical electrochemical CO monitor:

1. The presence of air limits the notential of operation to
between approximately 1.0 and 1.4 V versus RHE. In phosphoric acid, the
CO oxidation current on Teflon-bonded platinum electrodes is practically
independent of potential within this range. However, the current is not
diffusion controlled and it decays with time. At least two mechanisms are
responsible for this decline in signal: (a) a siow increase and/or rearrange-
ment of the oxide on the electrode surface, and (b) a slow accumulation of an
intermediate of a side reaction which acts as an electrode "poison." The
temperature Jdependence of the CO oxidation follows an Arrhenius equation

with an activation energy of 6.5 kcal/mole.

2. The oxidation of CO in a sulfuri~ acid electrolyre shiws
significant diffcrences: the current is higher than with 3!’0 ang is potenia
dependent. The rate of current decrease during continuous CO sampling also
is a function of cperarting potential. A stable detection current is obtained in
the lower potential region (~ 1.0 V versus RHE), while at higher potentials
the signal declines. The activation encrgy of the CO ox:dation in sulfuric acid

was dessrminaeg 1 4 kcal/mole at 1.2 V and 2.6 kcal ‘'mole at 1.0 V' versus RHE,

3. The CO cxidation current was found to be fairly insensitive
to variation in electrolvie concentraticon. However, the electrolvie level, a::id |
thus the humidily of tie gas sample, have to be suitabiy conirolied to prevent
drying or flooding of the electrode. A special cell desm has been developed
which can tolerate apprecmble nunmidity variations withowt effect on the CO
detection current. This eliminates tie need for. special humidity controls in a

-

spac: cars L.le eavireamsnt, where the humid '1 v caa vary berween 8 and 12 tor

H

HzO vapor and reduces the humidity contrcl requirements for terrestrial use.
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V. PROTOTYPE CARBON MONOXIDE DETECTOR

A. Ihstrument Design

1. General cons:iruction

A bench prototype carbon monoxide detector was built with
the purpose of dernonstrating its performance under practical conditions.
The instrument was designed for test operation with compressed air-CO
mixtures. Ik therefore does not contain a gas pump. (In an actual spa-e
capsule, the electrochemical cell, due to its particular design, could be
mounted directly in the return gas duct of the air purification system.)

The prototype was adjusted for a range of 0 to 60 ppm CO. Further, since
remote monitoring was desired, no indicating instrument was mounted into
the instrument case. An outside view of the instrument is shown in Fig. 24.
In the development of the electrochemical cell, the h=art of the sensing
instrument, special considerarion was given to space capsule conditions
and environment. The hardware, however, does not constitute flight hard-
- ware.

A flow schematic of the prototype CO detector is shown in Fig. 25.
In the following paragraphs, the major components are discussed in more
detail.

2. Detector cell

The prototvpe CO detector contains as a sensing element an
electrochemical call as described in paragraph D and in Fig. 6. The sensing
electrode consisted of Teflon-bonded platinum with 20 mg/cm2 Pt and 20%

. Teflon on 2 tantalumm. screen support. The electrolyte was 40 wt % sulfuric
acid. (This concentration i:as a water vapor pressure of 10 torr at 20°C
equal to the mean value expected in the space capsule under normal operation.)
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+ 3. Presaturator system

Even though our cell is designed to operate without additional
humidity control in the space capsule, a gas px:ehumidification is necessary
when operating on dry, cylinder gas. The prototype instrument contains,
therefore, two presaturators (200 ml polyethylene bottles) in series, as shown
in Fig. 26.

In the first bottle, the dry gas passes over approximately 50 cm2 of
pure water. It was determined that at flow rates between 1 and 2 SCF/hr,
dry air would be humidified to approximately 10 torr water vapor pressure
in this arrangement. Also, the bottle provides a large supply of water at a
constantly exposed cross section, allowing long-term continuous testing (in
excess of 1 mo) without necessity of refilling the HyO presaturator. The
function of the H250 4 bottle is to further smooth out humidity fluctuations
in eiiher direction of the equilibrium value. It has a porous inner side wall

{nonwoven polypropylene) to increase the gas liquid contact area.

4, Electronic circuit

a. Potentiostatic circuit

The potential of the sensing electrode is held at-a pre-
deterinined constant value versus a Pd reference electrode by a potentiosatic
circuit. This circuit is schematically shown in Fig. 27. It ccntains a high
impedance input for the reference electrode. The control circuit delivers a
maximum of = 10 V and £ 1 mA. A more detailed circuit diagram is shown
in Fig. 28. Special consideration was also given to the high capacity of the
electrochemical cell, and in order to prevent potentiostat oscillation, a nega-
tive. feedback to the control ainplifier was provided. A protection ~ircuit
switches the cell to open circuit when the power supply voltage becomes
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insufficient. This prevents uncontrolled transients and protects the electro-
chemical sensor. This circuit has to be manually reset. All electronic
components used are standard items.

b. Power supply

The detector can operate on 115 ac line voltage, external
28-V dc, and on internal + 12-V NiCd batteries. Due to its low power
requirements of approximately 30 to 50 mW, the detector can be operated
for approximately 200 hr on one battery charge. Operation is also possible
during charge. A protection circuit cuts the batteries off when the voltage
drops below 9 V. A battery voltage check is also provided. In a space capsule.
the detector would be operated on the 28-V dc space capsule power supply. We
therefore also provided for operation on external 28-V dc. This input is
isolated by a dc-dc converter. For more details, see the detailed circuit

diagram in Fig. 28.

c. Indicating circuit

The current through the potentiostatically controlled
electrochemical cell is a direct measure for the electrochemical oxidation
of caroon monoxide. This current is measured by a current-to-voltage con-
verter which keeps the working electrode effectively at ground level. Adjust-
ment of the output ranze and the temperature compensation are achieved by
varying the feedtack loop of the current-to-voltage converter. The output
terminals were adjusted to deliver 0 to 160 uA and 0 to 5 V for CO concen-
trations of 0 to 60 ppm.

d. Temperature compensation

Since the CO detection current is temperature dependent,
it is necessary to either control the temperature of the electrochemical cell
or to compensate the ourput signal for the temperature etffect. The latter

approach was followed here,

56



A thermistor shows, except for the sign and slope, the same linear
temperature relationship in an Arrhenius diagram as the detection current.
Therefore, a thermistor is ideally suitable to be used as a variable
component in the feedback loop of the current-to-voltage converter. The
thermistor was located in the top of the electrochemical cell directly in the
incoming gas stream. The slope adjustment ‘without sacrifice in signal

linearity was achieved by a variable series resistance.

B. Preliminary Test Results

Preliminary testing was directed primarily toward three critical areas
of performance, namely, temperature dependence, response time, and long-
term stability. ' -

The sensing electrode (TFE 20/20 I) had been in constant operation
for nearly 3 mo prior to mounting in the detector and had been used to study
such parameters as dependence of signal on temperature, hum.idity, and
potential (see Fig. 21). These somewhat rigorous experiments did not affect
any permanent change in the performance characteristics of the electrode.
The only .correcsive measure taken was to remove surface oxides (formsad
at the more anodic operating potentials) by cathodic stripping. This was
sufficient to restore the electrode to its full capacity.

After mounting in the detector, the cell was placed on potentiostatic
control and flushed with 50 ppm CO. The gain control was adjusted to the
prbper signal (4.2 V), and after 24 hr of continuous exposure, there was no
decay cf siznal

The detector was then placed in a 10°C thermostat and. after complete
equilibration, was reexposed to 50 ppm CO. The signal remained constant at
the orizinal value throughout the 45-min exposure. This signified that prerer
temperature compensation over the range of 10° to 26 °C had been achieved.
The signal continued to remain constant during subsequent warmup and 18-hr
exposure at ~25° (room tempcrature).
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The typical response time of the instrument was found to be 1 min to
90% of full scale and 3 to 4 m.in to full scale. The same response time was
observed upon removal of CO. In the absence of CO, the background signal
was 0.1 V. The sensitivity was better than £ 1 ppm CO and the accuracy
better than + 2% of full scale. Operation of the detector on batteries or line
voltage had no effect on the CO detection signal.

As a final test of long-term stability, the detector was continuously
exposed to 50 ppm CO in air for a period of approximately 100 hr with no
noticeable signal decay.
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