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AR ELECTROCHEMICAL DEVICE FOR MEASURING OXYGEN

INTRODUCTION

In recent years many practical applications
have been made of the ability to detect and
measure oxygen by electrochemlical means.
Basically, the bulk of this effort has been
adapted from the technic of polaregraphy as
introduced by Heyrovsky (1) in 1922, The
unique advantages of this technle for ¢hemical
analysis have been widely recognized, and these
advantages are especially striking ia the gase
of oxygen, as shown by several early investiga.
tions (2, 8) utilizing the dropping mercury
electrode.

In attempting to apply the polarographie
method to a broader range of probiems in which
the measurement of oxygen was of Interest,
the dropping mercury electrode proved in many
cases to be somewhat cumbersome 1f not come
pletgly impractical. Thus Blinks and Skew (4)
In 1938 utilized a solid platinum electrode in
place of the dropping mergury electrode to
measure the time course of exygen teasion
changes during photosynthesis. They were
able, by this means, to chart the rather rapld
changes in oxygen congentration which occur
on illumination of chlorophyll-containing green
plants. A number of investigators have im.
provised gn this particular technle (5, 6).
Whereas the solid electrode permitted proces
dures impossible with the dropping mercury
electrode, it was not so stable nor were the
results as reproduetble as with the latter
This was due primarily to the obvious inability
to continuously. renew the electrode surface, as
with the dropping mercury electrode, and due
also to the less well-defined diffusion barrder
produced around the solid electrode.

Peceived for publication on 14 Marveh 1061,

A number of technics have been utilized to
circumvent the disadvantages of solid elec-
trodes. Laitinen and Kolthoff (7) studied
diffusion at electrodes of various shapes and
explained the diffusion processes and the geo-
metric considerations involved. The same in-
vestigators (8) showed the advantage of a
rotated eleetrode over a stationary one. Davies
and Brink (9) experimented with the recessed
electrode. They also first reported on the
promising- method of covering the electrode
with a semipermeable membrane. Olson et
pl. (10) applied alternating potentials to the
electrode and reported that this was of ad-
vantage in measuring oxygen. In 1954 Stow
and Randall (11) reported on an electrochemical
cell for measuring carbon dioxlde in which
both tha measuring and the reference eleetrodes
were completely separated from the gomposi-
tion belng measured. Later, this design was
applied to the measurement of oxygen in blood
by Clerk (12). An encapsulated pressure-
insensitive unit for measuring oxygen hag been
described by Neville (13). More recently,
Kreuger (14) has described a fast-responding,
cathetor-type electrode system for oxygen
which ean be inserted into the pulmonary
passages,

The present paper describes an electro-
chemical device for measuring oxygen which
is basically a simple polarographic unit, but
has, at the same time, certain details and
characteristies which it may be worthwhile
to report at this time. The device was designed
primarily to measure oxygen in gases rather
than @ lignids, and this design has sllowed
applications tnder many adverse field condi-
tions over relntively long periods of time.
Essentially, the design imvolves the use of
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suitable electrodes placed in an insulated elec-
trode housing. An electrolyte is added and
a gas-permeable membrane applied in such a
manner as to encapsulate the electrodes and
fluid after suftabla degassing procedures have
been carrled out. An additional feature is a
protective cover which holds the membrane in
place and prevents its displacement op rupture
through rough handling.

PRYSICAL DESCRIPTION OF THE CELL
Electrodes

The indicator or polarizable clectrode of
solid metal polarographic assemblies has gene
erally been constructed of platinum; however,
iolthoff and Jordon (15, in a report on the
1i9@ of both platinum and gold for the measure-
ment of oxygen, state that gold is generally
superior for this purpose. Initial experiments
with koth platinum and gold indicated that for
Tong-term use in a device of the kind envisioned,
gold is definitely more stable and gives more
reproducible rcsults than platinum. 1§ gives
a wide, flat plateau on running the current-
voltage curve or polarogram of oxygen, indi-
cating as Jordan and Kolthoff had found, a
relatively large hydrogen overvoltage.

Silver-sflver ¢hloride, mereury, and calomel
are the most commonly used refercnce elees
trodes in polarographic work, and for many
ruiposes they are excellently suited,  Other
pessibilities present themselves, howewer, and
ong of thesa fs deseribed here. The electrode
which was finally chosen for a reference
eadmiume——mninde possible the climination of the
volariging voltege in the determination of
oxygen, In other words, such s reference
electrode made possible the spontaneous electros
chemieal reduction of oxygen en the gold olee-
trode when the external gircuit was elosed.

Normally, one applies approximately —0.5
volt va. the SCE {aaturated calomel electrode)
in order to maintain solid inert fndieator clee-
trodes within the diffusion-contyolled region
of the polarogram of oxygen. If a suitable
reference electiode cottld he chosen whieh was
alrendy approximately —0.5 volt vs. the SCB,
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then the need for a polarizing voltage would ba
circumvented, at least in a device Intended
only to measure oxygen. The reference elege
trode for the device described here must, of
course, be a solid at ordinary temperatures, and
its anode film products should have both a low
solubility and a low reslstivity; it should prefs
erably forme the oxide of the metal vather than

the salt of the anfon In the electrolyte; it .

should, furthermore, produce a relatively stable
potential for leng periods of time, Finally,
the materfal used should not be plated out at
the cathede under the conditions required for
reduction of oxygen.

Of the metals that were considered, three
appeared most promising because of the post.
tion which they uccupied in the electremotive
series and the fact that they could be easily
procured and worked with. These were iron,
zine, and cadmium. Ironm, possibly because of
autoxidation processes and the nature of the
oxide films that are formed, was not stable
enough for reference purposes. Zine proved
tno reaetive, aclively “gassing” in the electro-
Iyte solation and thus making it unsuitahle for
the sealed or encapsulated type of device that
was required. Cadmium, on the other hand,

proved very suftable for the purpose at hand. °

Not only d&id cadmium provide the proper
voltage, making the reduction of oxygen pre-
ceed spontanesusly when the external circuit of
the eadmium.gold eell was closed, but it also
maintained a voltage over & 1ong period of time
which was quite suftable for the present purs
pose, Furthermore, the predominant feature
of the anode process appeared to be an oxide
or hydroxide formation.

At the gold indieator electrode, (he follow-
ing reaction {akes place: .
O 4 de 4 210 —wms 40H"
At the reference eadmium anode the followe
ing reaction probably takes places
2Cd 4 40H" —~s 2CdO 4+ 2H0 + 4o

Thorefore, the overall cell reaetion cam bg-

depicted simply ase




Consequently, the efecirolyte solution s not Figures 1 and 2 show cella of the type de-
depleled and does not Hintt the useful life of  seribed. Thg eadmium ring electrode is visible
the cell, The Metime oi the cell will be dige  in those which are dismantlod. The gold elec-
cussed later, troda ean also be segn In ihe center of the
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FIGURI 1
[T naggscnbled colis,

FIGURE 3

Loaded cells (see texl for gize of largest W),




electrode housing unit. The latter electrode is
so fashioned as to be flush with the upper
surface of the electrode housing. The gold
will thus be directly beneain the membrane
when the latter is applied, making & mintmum
diffusion pathway between the gas phase and
the surface of the gold electrode,

Size

Tha physical dimcnsions of the ecll cen be
varfed within eomparatively wide limits, Ceu.
erally speaking, the smaller the unit, the more
difftcult it will be to construct, load,? and make
appronriate cleetrical connestions,  Also, the
eurrcut oblatned from a cell wnder a given apt
of cireumstances will be dirveetly proportional
to the area of the gold clectrode.

Tha area of the reference cadmivm cleetrode

should be larger than that for the mold elece
trode, and we have normally used an grea ratio
of at Jeast 40 to 1 in order to insurg a nop-
polarizing peference even with high oxygen

partiai pressures. A critical cvaluation of this |

ratie i the present casé has not been mades
- howewer, evidence of reference clectrode polur-
ization was ebtained with “un area ratio of
ahout B to 1. A number of factors, such as
totul curremt and the gcomelry of the coll,
would bLe expected to influence sweh polar-
1zation, but they have net been evaluated in
relation to the present device, IMractically,

however, the 40 {0 1 patio appears to be satine

factory for most eases,

As shown in figures 1 ayd 2, moat of the
cells we have constrncted wore cylindrie, about
81, em. In diameter and 2145 em. long. The
welght of the usual vait, when fully loaded, was
aboul 40 gm, Smaller units, weighing a3 ltile
&5 10 £m. have been usad,

1t has been mengioned that the unit tee
quires no polarizing voltage, the reduction of
oxygen proceeding gpontaneously on elosing the
external circuit betwegen the cle¢trodes. This
$&, of course, convenient for general usage; it

can also bg aa #mportant feature for ceriafn °

iRefers to the process of gdding elestroly$e fluid, degagwivg.
gcaling with 8 membrane, and applying the protective guwer,
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applications in the field, where weight, space,
and pewer are at a premium, as in the instru-
mentation of space capsules. The fact that
only a small amount of electrolyte is required
nlso enhances the capabilities for miniaturiza-
tion and long-term use of the device.

Insulating material

As an insulating material for housing the
eleetrocles, a varicty of materials can be used,
Nylan has beep found suitable for the purpose
beeguse ip machines and molds well and presents
no special aging problems as do some plastics.
Nylon alse s highly resistant to eracking or
shattering on impacl., When constant handling
of the unit is acquired, suech resistance is
importanl since even slight cracks or leaks,
aspeelally around the electrodes, can be very
detrimental to the function of the device.
Nylon has the Msadvantage, as do many
plastics, of edsorbing water, swelling, and
loging its ortpinal dimensions. The dimensiong
of the center gold electrode area are especially
critical to the function of the cell, and proper
treatment of the nylon us well as careful sealing
of the gold electrode is extremely ¥mportant.
A leakproof, eompletely encapsulated cell I8
essential for successfu! long-term operation of
the unit. This s especially true whers opera-
tlon al varying total pressures is reéquired.

Memhrane

The membrane used to encapsulate the
device has two functions. It must prevent the

evaporation of water (while allowing free,

dtffuslon of oxygen), and also it must form and
retain o very thin layer of elegtrolyte solution
above the pold clectrode. Although a number
of plastic membranes are suitable for this
purpose, superior performance has always been
obtained with polyethylene films of about 3 mil
thiekness or less, The membranes are stretched
rather tightly over the top of ithe electrode
housing and exeess fluld is pressed away with
the fingers in the loading proeess. This leaves
a drum-tight membrane which forms am ex.
cellent barrler to the escape of water and alse
retains its shape for long perfods of time, thus
preventing changes in the dimensfans of the




diffusion harrier vetween the gold electrode
and the ambient gas  The permeability of poly-
ethylene to oxygen is comparatively high and,
when protected by the retaining cover as dee
scribed above, the membrane will remain intact
for long pariods under falrly extreme working
gonditions,

Electrolyte

Tha eleetrolyte used has normally been
potassium chloride, although sodium chloride
works a8 well. The electrolyte concentration
13 not espeetnlly eritical, but we arc currently
studylng varigus additlves in an attempt to
exlend the Yow temperature range of the unit.
More will be sald on temperature effects in
the following scction.

FUNCTIONAL CHARACTERISTICS

Some of the more usual functional charae-
teristics which may be of interest here are
discussed under {he various headings below.

Response time

The response time will be influeneed by the
diffusion coefficient of oxygen through the
media and by the thickness of the diffusion
path between the gas phase and the gold
clectrode. These factors can he varied within
cerlain limils, but it should be pointest oui
that the very fastest response times will not
always be compalibig with certain other desized
characterlstics, such as shock and vibration
resistaneg, general ruggedness, aml so on. Nore
mally, units which have been marde for ficld
applications nave & response iime of 10 {o 16
secands for essentially eomplete equilibration.
The use of very thin membrancs (0.2 mil),
together with elevated {emperatures (40¢ ),
eauses Lhe cell {o respond to a ehange in oxygen
partfal pressure fn approximately 1 second. It
wlll be noticed in figure 8, which shows tyvical
response gurves, that 2 large part of the
change which oceurs 1s concluded within a
fraction of the above-eited response times.

Range

The usual range in which the mit functions
with lincar output is between zero and aboul
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Range and oulmet of ovxygen cell.

1 atmosphere gxygen, Sfnee the signal-to-
noise alio ean be made eomparatively Yarge,
ralher narrow ranges can also be monitoped
under suitable conditions. Figure 4 shows a
typical geaph velating current to exygaen partial
pressure between zero and about 748 mm, He.

Sensitivity

The output of the eell, other things being
equal, will depend on the arex of the gold
eleeirode exposed to the eleetrochemlcal action
of oxygen. The units we have used normally
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produce about 2.5 X 10% amperes per mm. Hg
oxygen. When a temperature-compensating
thermistor of about 10,000 ohms is used at
25° C., the qutput will be about 40 mv. on air at
sea level, The uncompensated unit is rather
sensitive to temperature, but appropriate ther-
migtors plve reaconahly oood  compensation
between §° and 45° C, These limits can be
excceded, but such temperature ranges have
not besn thoroughly explored. Uncompensated,
the cell output changes about 4 or 5 percent
for ench depree centigrade. This can be de-
creased tenfold or more with appropriate
thermistoys.

Accugacy

Although the device potentially has a com-
paratively high signal-to-noise ratlio, expres-
sions of accuracy will depend on a number of
factors extrinsic to the funetion of the trans-
ducer itself; consequently, isolated figures
intended to portray this chavacteristic often
will not be too meuningful. It is fair to say,
however, that readings obtained durinz un-
attended and long-terrm monitoring procedures
can he accurate to within -5 percent, and short-
term frequently calibrated runs ean approach
accuracies of 1 percoent.

Calibration

Calibration of the device is simplified by the
faet that the zero oxygen current is quite small,
amounting usually to the equivalent of about
2 mm. Hg oxygen pressure or less, and also by
the fact that the response is linear. Therefore,
for many purposes, a single check of the out-
put on air, or other known gas, is all that is
required for calibration, Where more care is
required, of course, calibration with several
known gases in the range of interest is pre-
ferred,

Specificity

Of gases encountered in noymal bresthing
mixtures, including carbon dioxide, the device
is highly specific to oxygen. Water vapor does
not affeet the readings except so far as such
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vapor pressure would normally be expected to
influence the gas pressures.

When pyoperly loaded, the device does not
respond to changes in ambient pressure except
as such pressure change will affect the oxygen
pressure. In addition, artifacts due to shock,
vibration, or gravity-loading are usually minor
or transitory,

Operating time

Since the device is electrochemical in nature
and since such deviees characteristically have
finite operating times, discussion of this factor
is appropriate, As mentioned eurlier the over-
all reaction of the cell may be represented as:

2 Cd |- O —=s 2 CdO

This indicates that the materials consumed in
the process of utilizing the device are the
radmium anode and oxygen from the gas being
sampled, If the current given by 150 mm. Hg
oxygen partial pressure is taken as being
average, then 14.4 coulombs of electricity will
flow f[or each 1,000 hours of use. This is
equivalent to the conversion of approximately
8.4 my, of cadmium and 1.2 mg. of oxygen
(0.34 ¢e., STPDY, The mass of the anode will
normelly be several grams and consequently
will obviously not be a limiting factor in regard
to operating time. It is equally apparent that
the small amount of oxygen that is consumed
by the eell also will be of no consequence. It
an be caleulated that the deviee should have
a theoretic chemical lifetime in exeess of
1,000,000 hours, Unfortunately, it is found in
praclice that the cells will normally require
servicing sooner than this. This requirement is
related to the physical rather than chemigal
ehanges which oceur in the cell, Experience
with the device has indicated that the most
critical factor affecting the lifetime of the
unit is the gold elecirode, hoth ity seal to the
surrounding insulating material and its di-
mensional relation to the membrane. A lasting
seal and dimensional stability of the insulating
materials g0 as to keep intact the close spatial
relationships between the surface of the elece
trode and the membrane will most favorably
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influence the service-free lifetime of the oxygen
sensor described here. Some variability is
found in the units we have built and tested, as
might be expected, but three to six tonths,
depending on the kind of treatment afforded
the unit, now seems to be a reasonable expecta-
tion for the lifetime before servicing is required.
When evidence of deterioration occurs, cithep
from decreased output or slowed response time,
the difficulty, without sxception in my experi-
ence, is remedied by attention to the seal and
the position of the gold electrode,

APPLICATIONS

In discussing applications of the davice, 1
wish primarily to elaborate in some detail on
the basic functional charaeteristics that have
already been discussed. Most of the applica-
tions will be rather obvious, but the discussion

will possibly serve to emphasize those charac-
teristics of the unit which may be used to
advantage when oxygen analysis js indicated.
1§ should be regalled that the device described
here was designed primarily for use in the gas
phase; consequently, the examples given below
are alj related to this particular pyoblem.

Very ¢onvenlent and time-saving application
can be made of the davice for stmple routire
oxygen analysls. A sample of only 1 or 2 ce.
is required in washing ouf the sensory area,
or the unit can be placed direetly in a gas Jine
or other system containing the gas to be
analyzed.

The unit has been used to monitor eabin or
capsule oxygen pressure in a number of Air
Force projeets in whieh the School of Aerospace
Mecdicine has participated. Figure 5 shows a

FIGURE &

Portable unit for monituring oPygen pressure.
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FIGURE 6

Environmental schisors used in the “Little Jog” biopack.

small portable unit which was used in the
Man 1ligh balloon program. The amplifigr in
this case is completely Ltransistorized and a
direct meter readout is provided, Figure 6
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shows the so-called “sensor deck,” a compact
geouping of environmental sensors used to
monitor the capsule environment of what has
been ealled the “Little Joe* biopack. The




FIGURE 7
Airerew hypoxia warning deviee.

sigmal from the oxygen sensor was recorded
on board. In later biopack experiments, the
information from the sengors was tclemetered.
The Mercury capsule §s scheduled to use a
device similar to the one deseribed here. In
addition to a direet readoui and telemetering
of the signal, a provision will also be included
to give a visual warning should the oxygen
partial pressure drop below a predelesmined
value,

Figure 7 shows a unit destgned at the
Schonl of Azrospace Medicine expressly for use
as an aircrow hypoxia werning device. The
unit can be instatled in aircraft with a mini-
mum of modification since it needs merely to
be connected to a 400-cycle elecirical system.
It is eompletely safe in eperation, presents no
interferimg electrical signals and has proved
reliablc in sirborne tests with the F-100.

Ae indicated earlier, it Is possible to obtain
relatively fast response times by using thin

membranes and elevated femperatures. This
presents the poesibility of breath-by-breath
recording of oxygen in respired gas. Figure 8
shows the typical breathing pattern given by
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FIGURE 8

Breath-by-breuth response recorded with cell in
oxygen mask.




FIGURE 9

Use of the deviee tn metabolic studics.

the cell when mounted in an oxygen mask.
Although the unit displays some lag in re-
sponse, it is faithful enough in this respect to
suggest a number of possibilities with regard
to the evaluation of pulmonary function.

Figure 9 demonstrates a type of application
possible in the study of metabolism and oxygen
consumption. More recently a unit was in-
stalled in a sealed tissue-culture flask and
changes in oxygen tension were followed during
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the growth of the culture. The possibilities of
sueh “electrical Warburg” technics are receiv-
ing attention in the author’s labovatory at this
time.

SUMMARY

An electrochemical device has been de-
sceribed which utilizes a gold indicator electrode
and a cadmium reference. 'This cell, when




filled with electrolyte and encapsulated wita a
thin polyethylene membrane, gives a current
proportional to the oxygen partial pressure in
the ambient gas. Protected with a spccial
plastic cover, the unit is relatively ragaed,

speeific, and faur yoeY :::?
power or poleyiyr WAL RY
attended for velyuivel @
Laboratory, climtes], a L“}
been illustrated and di " ‘
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