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Summary 

The phenomenon of ageing, i.e., the slow deterioration of the perfor- 
mance, of PTFE-bonded, two-layer type, carbon-air electrodes, working in 
6, 8.5 and 1OM KOH electrolytes has been investigated. The ageing was ob- 
served only in the case when carbon dioxide was present in the air supplied 
to the electrodes. The rate of ageing increased rapidly with the concentration 
of the electrolyte. For more concentrated electrolyte (2 8.5M) the ageing 
was followed by leakage of the electrolyte through the electrode. The rate 
of ageing was strongly influenced also by the humidity of the air, and by 
the porosity of the electrode. An ageing mechanism is proposed. 

Introduction 

Carbon-air electrodes are components of several electrochemical power 
systems, e.g., hydrogen/air and other fuel/air fuel cells, primary and second- 
ary metal/air cells. Alkaline electrolytes are often used in these systems be- 
cause they allow - in contrast to acid electrolytes - the use of carbon elec- 
trodes without any additional catalyst. 

The wider application of carbon-air electrodes in alkaline electrolytes 
is hindered at present by two main factors: 

the carbonization of the electrolyte as a result of absorption of COs 
from air, 

the ageing of the electrode, e.g., the slow deterioration of its perfor- 
mance, frequently ended by catastrophic collapse. 

The problem of ageing was investigated several years ago by Kordesch 
[l] , who emphasized the crucial role of CO2 in the process. Recently, a 
renewed interest in the problem of ageing of carbon-air electrodes has 
taken place [2, 31. Based on experiments with such electrodes under a 
supply of air and oxygen it was suggested that the ageing over several 
hundred hours under current load is caused by a slow, gradual flooding of 
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micropores of the active carbon in the electrode, resulting from a decrease 
of the hydrophobic properties of this material under the influence of hydro- 
gen peroxide produced within the electrode in the course of the electro- 
reduction of oxygen. 

Our observations, in laboratory experiments, of the long-term perfor- 
mance of carbon-air electrodes operating in alkaline electrolytes indicated 
that factors other than these recently suggested are the most important 
in the process of electrode ageing. Therefore, it was of interest to undertake 
some systematic investigation on the influence of several factors including 
COa content of the air, air humidity, and the presence of HzOz in the 
electrolyte, on the ageing of carbon-air electrodes. 

Experimental 

The carbon-air electrodes were of the PTFE-bonded, two layer type, 
similar to electrodes developed by Iliev et al. [4, 51. The back layer was 
prepared from carbon black and PTFE, and the active layer from active 
carbon, carbon black and PTFE. If not otherwise stated, no additional 
catalysts were introduced. The apparent geometrical surface area of the 
electrodes was 16 cm2. The experiments were performed using a one- 
compartment half-cell arrangement with a nickel counter electrode. The 
volume of electrolyte was 200 cm3. Aqueous solutions of KOH (reagent 
grade) of concentrations 6, 8.5 and 10M were used as electrolyte. The water 
losses of the electrolyte, resulting from evaporation through the electrode, 
were made up by water additions every 24 - 48 h (10 - 20 cm3). The elec- 
trolyte was changed every 800 h to prevent its excessive carbonization. 
The experiments were performed at 30 “C. 

The electrodes were supplied with unpressurised air of three qualities: 
ambient laboratory air of about 30% humidity, air free from CO, and H,O 
(ambient air purified over KOH pellets), and air of about 90% humidity 
containing the ordinary concentration of C02. When air of high humidity 
was used, practically no losses of electrolyte volume were observed. 

The electrodes were under continuous d.c. load of 30 or 100 mA. cme2 
and their current-potential characteristics up to 100 or 200 mA. cm-’ were 
measured every few days. The potentials of the electrodes were measured 
against the reversible hydrogen electrode in the same electrolyte (RHE). 

As will be indicated later, in some experiments electrodes with specially 
increased porosity of the active layer, electrodes with the addition of 3% 
of Mn02 (introduced by the method described elsewhere [6] ), or electrolyte 
of technical grade purity were used. In a special series of experiments the 
water losses from the electrolyte were made up with 30% hydrogen peroxide 
solution instead of water. 
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Fig. 1. Current-potential characteristics of the electrode in 6M KOH, supflied with am- 
bient laboratory air, after 100 and 2 000 h under a load of 100 mA. cm . 
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Fig. 2. Potential-time characteristics of electrodes aged at 30 mA. cm-‘, supplied with 
ambient laboratory air, in 6M KOH (curves 1, l’), and in 8.5M KOH (curves 2, 2’); 
1, 2 - potentials measured at 30 mA. cmv2 , l’, 2’ - potentials measured at 60 mA. cmh2. 

Results 

The typical characteristics of the electrode in 6M KOH, under supply 
of ambient air, after 100 and 2 000 h load of 100 mA. cme2 are presented 
in Fig. 1. The rate of ageing of this electrode was about 25 mV/l 000 h for 
a current density of 100 mA. cm -2. When an electrolyte of higher concen- 
tration (8.5 or 10M) was used a rapid ageing, as early as after 100 h, was 
observed, as can be seen in Fig. 2. Moreover, for these concentrated elec- 
trolytes, droplets of the electrolyte were observed on the gas side of the 
electrodes after about 300 and 150 - 200 h, respectively. 

In the case of high humidity air, the electrodes in 8.5M KOH withstood 
not less than 2 000 h without excessive ageing, similar to electrodes in 6M 
KOH with ambient air supply (see Fig. 1). In 10M KOH droplets on the gas 
side of the electrode did not appear before 300 h under current load. 
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Fig. 3. Potential-time characteristics of the electrode in 8.5M KOH, supplied with air 
free from Hz0 and COP. During the first 1 000 h the continuous load was 30 mA. cme2, 
and for the next 1 000 h 100 mA. cmW2. 
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Fig. 4. Potential-time characteristics of the electrodes in 8.5M KOH under continuous 
load of 30 mA. cmm2 : curves 1, l’, unmodified electrode supplied with ambient air; 
curves 2, 2’, unmodified electrode supplied with CO2- and HzO-free air; curves 3, 3’, 
modified electrode supplied with ambient air; 1, 2,-32) potentials measured at 30 mA. 
cm ; l’, 2’, 3’, potentials measured at 60 mA. cm . 

Potential-time characteristics of an electrode in 8.5M KOH supplied 
with C02- and H20-free air are presented in Fig. 3. This electrode operated 
under a load of 30 mA. cmB2 during the first 1000 h, and thereafter under 
a load of 100 mA. cme2. These characteristics can be considered as stable 
over 2 000 h. 

The rapid ageing of electrodes in 8.5M KOH supplied with ambient 
air can be avoided by using electrodes of appropriately increased active 
layer porosity, as illustrated in Fig. 4. For 10M KOH this method gave no 
observable improvement. 

In other experiments [ 71, directed to the use of the same carbon elec- 
trodes in a secondary metal/air system, in 6M KOH supplied with ambient 
laboratory air, no long-term ageing during 300 one-day cycles (7 200 h, of 
which 2 400 h were under a load of 30 mA. cmm2) was observed. Only a 
transient ageing, dependent on the degree of electrolyte carbonization, was 
observed, as illustrated in Fig. 5. In these experiments the total volume of 
the electrolyte was 32 cm3 (2 cm3 for each 1 cm2 of the electrode external 
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Fig. 5. Current-potential characteristics of the electrode working on a cyclic regime: 
curve 1, after 129 cycles, 3 cycles after the last change of electrolyte; curve 2, after 193 
cycles, 67 cycles after the last change of electrolyte; curve 3, after 200 cycles, 3 cycles 
after the last change of electrolyte. 

surface); after 50 cycles its composition had changed to 0.5M KOH + 
3M K,COs. 

Some experiments directed to modify the concentration of hydrogen 
peroxide in the electrode pores were performed. In one series of experiments 
electrodes with the addition of MnO, to the active layer were used; manganese 
ions are an effective catalyst for drogen peroxide decomposition [ 81. 
These electrodes had the same cteristics as normal electrodes without 
manganese. In the next se lectrolyte prepared from 
technical grade KOH, con ons, was used; these ions 
are also considered to be ca ecomposition [9]. The use 
of low-purity KOH had no on the electrode ageing. 

In a further series of e ts, the losses of the electrolyte volume, 
caused by water evapor additions of about 1.3 - 2.6% 
of pure H,Os in the total volum f electrolyte. Every time a new addition 
of HsOs was made, a considera , but transient, deterioration of the elec- 
trode characteristics was observe as is shown in Fig. 6. The long-term 
potential-time characteristics 2 000 h were, however, similar to 
those measured in normal cond , i.e., without H,Os additions to the 
electrolyte. 
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Fig. 6. ~~~~~tential characteristics of the electrode working in the electrolyte with 
additions of Hz02, 1 h (curve l), and 5 h (curve 2) after the H,O, addition. 

Discussion 
Several processes take place in the pores of the carbon-air electrode 

in alkaline electrolyte under current load. In the course of the present work 
we tried to modify the rates of these processes and/or the ~oncen~ations 
of their reactants: 

(1) The production of OH- ions in the 4- or !&electron reaction of 
oxygen reduction; these ions are to some extent washed out into the bulk 
of the electrolyte in process 5, considered below. The rate of OH- produc- 
tion was modified by changing the current density; no influence of the 
current density, within the limits of 30 - 100 mA. cmw2, on the electrode 
ageing was observed, Fig. 3. 

(2) The production of HO; ions (or H20s) in the 2-electron reaction; 
the H20z can chemically attack the electrode material, can decompose 
spontaneously or cat~ytic~ly in the pores, or it may be washed out into 
the bulk of the electrolyte in process 5. An attempt was made to reduce 
the H20z concentration in the pores by introducing manganese ions, or 
by using KOH electrolyte cont~~g heavy metal ions. In other experiments, 
when Hz02 was added to the electrolyte, the H20z concentration in the 
pores was markedly increased; a strong transient deterioration of electrode 
characteristics was observed (Fig. 6). In all these experiments the long-term 
ageing was not affected. 

(3) The absorption of carbon dioxide in the electrolyte; the absorption 
product can precipitate in the pores or can be washed out into the bulk of 
the electrolyte in process 5. The absorption was eliminated by supplying 
the electrodes with air free from COz, and in this case no ageing was observed 
(Fig. 3). When air containing COa was used, ageing was observed; the ageing 
was strongly accelerated when the electrolyte concentration was increased 
(Fig. 2), and restrained when the air supplied was of high humidity. 
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(4) The transport processes of water between the electrolyte and the 
air supply; the rate of these processes was modified using air of different 
humidities. When CO2 was eliminated, no ageing was observed, even in the 
case of dry air (Fig. 3). When CO2 was present, increase in the humidity of 
the air gave a considerable decrease in the rate of ageing of the electrodes. 

(5) The transport processes in the liquid phase; the transport of water 
from the bulk of the electrolyte into the pores, and the transport of hydro- 
gen peroxide and of carbonate ions in the opposite direction. The rate of 
these processes was modified by changing the structure of the electrode 
active layer. The modified electrodes, unlike electrodes with normal struc- 
ture, showed no accelerated ageing in 8.5M KOH (Fig. 4); this modification 
gave no observable results in 10M KOH. The diminution of the ageing pro- 
cess, observed in experiments directed to the development of the air elec- 
trode for secondary metal/air cells, has probably to be ascribed also to 
modification of the transport processes in the liquid phase. 

It follows from our results that the principal factor determining the 
ageing of electrodes is the presence of carbon dioxide in the air supply to 
the electrodes. The rate of ageing is influenced by the rate of the transport 
processes in the liquid phase, and by the concentration of the electrolyte. 

These observations suggest the following mechanism for the process 
of ageing of carbon-air electrodes, leading to electrolyte leakage through 
the electrode. The carbon dioxide from the air is absorbed by the electrolyte 
in the electrode at the boundary between the dry layer and the layer soaked 
with the electrolyte. As a result, carbonate ions are formed. These ions are 
washed out into the bulk of the electrolyte. If this washing out is slow, 
potassium carbonate is precipitated in the pores. The degree of hydration 
of the precipitate depends on the local activity of water, i.e., on the electro- 
lyte concentration and the humidity of the air supplied to the electrodes. 
The rates of the two competitive processes, of washing out and of precipita- 
tion, depend on the porosity of the active layer and on the viscosity of 
the electrolyte. The viscosity increases considerably with the electrolyte 
concentration [lo] and probably with the carbonate ion concentration. 
Therefore, the dependence of the viscosity on the KOH concentration is 
responsible for the dependence of the rate of ageing of electrodes on the 
electrolyte concentration. The carbonate precipitate blocks some pores, 
reducing the effective area of the electrode and consequently its potential 
under current load. 

Further, part of the precipitate has no direct contact with the elec- 
trolyte, but does have contact with the CO,-containing air. Additional 
absorption of CO2 by the precipitate takes place, with the formation of 
two molecules of bicarbonate from one molecule of the primary carbonate. 
The comparison of molar volumes indicates that in this process of bicar- 
bonate formation the volume of the precipitate in the pores is increased. 
The smaller the hydration of’the primary precipitate, the greater is the volume 
change. The increase of the precipitate volume causes expansion and destruc- 
tion of the electrode structure, leading in effect to the leakage of the elec- 
trolyte through the electrode. 
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The proposed mechanism is consistent, in general, with the earlier 
suggestions of Kordesch [ 11. 

Conclusions 

(1) The rate of ageing of carbon/an electrodes increases rapidly when 
the electrolyte concentration is raised (from 6 - 10M KCH). For electrolytes 
of high concentration (8.5 and 10M) the relatively rapid ageing is followed 
by leakage of the electrolyte through the electrode. 

(2) The principal factor determining the ageing of electrodes is the 
presence of carbon dioxide in the air supply to them. 

(3) The humidity of the air, and the structure of the electrode active 
layer have a substantial influence on the rate of ageing of the electrodes 
supplied with COs-containing air. High humidity of the air, and high porosity 
of the active layer reduce the rate of electrode ageing. 

(4) A suggested role [ 2,3] in the ageing rate of the hydrogen peroxide, 
produced in the oxygen reduction reaction in the pores of the electrode, 
was not confirmed by this work. 

(5) The ageing of the electrodes, and the resulting leakage of the elec- 
trolyte through the electrodes is probably the result of the precipitation 
of carbonates in the pores, and of the increase of the precipitate volume 
caused by recrystallization into bicarbonate. 
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