
Journal o f  Power Sources, 8 (1982) 17 - 33 17 

INFLUENCE OF STRUCTURE AND HYDROPHOBIC PROPERTIES ON 
THE CHARACTERISTICS OF CARBON-AIR ELECTRODES* 

G. V. SHTEINBERG, A. V. DRIBINSKY and I. A. KUKUSHKINA 

Institute of  Electrochemistry of  the USSR Academy o f  Sciences, Leninsky Prospekt, 31, 
117071 Moscow, V-71 (USSR) 

M. MUSILOV.~ and J. MRHA 

J. Heyrovsky Institute of  Physical Chemistry and Electrochemistry, Czechoslovac 
Academy of  Sciences, Prague 10 (Czechoslovakia) 

(Received June 26, 1981) 

Summary 

The electrochemical parameters o f  carbon-oxygen gas<lfffusion elec- 
trodes can be controlled over a wide range by varying the structure of  the 
active carbon catalyst and the ratio of  lyophilic and lyophobic pores in the 
catalyst particles. Two typical representatives of  active carbon catalysts with 
significantly different hydrophobic properties have been investigated by 
mercury-alkali intrusion porosimetry and tested both in model floating elec- 
trodes and as the hydrophilic component  of  the active layer of  two-layer, 
gas<liffusion working electrodes. The optimal electrolyte content  in the 
active layer ensuring the maximum electrical characteristics of  working elec- 
trodes has been found to depend on the structure and hydrophobic prop- 
erties of the carbon catalyst. The gas pores in the carbon catalyst have been 
shown to play an essential role in the oxygen mass transfer process in the 
active layer. 

Introduction 

Porous carbon base gas-diffusion electrodes for the reduction of  oxygen 
in alkaline solutions have been attracting the attention of  investigators for 
many years. At present there are two kinds of  such electrodes, depending on 
their application: electrodes for fuel cells and electrodes for metal-air 
systems. Application in fuel cells is connected with operation at high loads 
up to some hundreds of  mA/cm 2. Only promoted carbon electrodes working 
at elevated temperatures (~ 70 °C) and conta in~g silver, organic N4~helates, 
spinel oxides or platinum metals can satisfy these requirements. The problem 
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of  electrocatalysts in air electrodes for alkaline metal-air  systems can be 
solved with the use o f  a pure, active carbon catalyst, since the current  den- 
sities in their case are ~lmost an order less than in fuel cells. This consider- 
ably reduces the cost of  air electrodes. In cases where it is necessary to work 
at higher loads, impregnation of  carbon cathodes with very small amounts o f  
silver or platinum provides a solution to the problem. 

For these reasons a thorough investigation of  different active carbons is 
of  interest both in respect o f  their catalytic activity and their structure and 
lyophobic properties. The next  problem is to find the  optimal means of  in- 
t roducing active carbon particles into the porous structures of  the  active 
layer, i.e., the choice of  the technological parameters for the manufacture of  
electrodes with the required characteristics, including working current  den- 
sity, service life, conditions and regime of  operation,  etc. Here the dominant  
role is played by the  ratio of  liquid and gas (i.e., lyophilic and lyophobic) 
pores in the active layer, which determines the mass transfer conditions. 

At present two types o f  electrodes based on active carbon have been 
developed. In the first type  the active layer consists of  a mixture of  active 
carbon and polytetraf luoroethylene (PTFE) particles, and the watertight gas- 
supplying layer consists only of  PTFE particles [ 1 - 4] .  The active layer of  
the  second type  of  electrode is a mechanical mixture o f  active carbon cata- 
lyst and a hydrophobic  component  prepared by PTFE deposition on differ- 
ent  conducting materials, e.g., on carbon black. The gas-supplying layer of  
the second type  of  carbon electrode is formed from the same hydrophobic  
component  [5 - 7] .  An advantage of  this material is that  along with high 
hydrophobic  properties, it also has adequate conductivity.  This allows the 
ratio of  hydrophobic  and hydrophilic components  of  the active layer to be 
varied within wide limits. 

The second type  o f  electrode was used in our  measurements for study- 
ing the influence of  the structure and lyophobic properties on the electrical 
characteristics of  both oxygen and air cathodes. 

Experimental 

For the investigation of  the  porous structure and hydrophil ic-  
hydrophobic  properties of  the carbon electrode and its individual compo- 
nents we used mercury-alkal i  intrusion porosimetry [8 - 10] .  

The technique is based on comparison of  the mercury and alkali intru- 
sion curves. The surface tension o f  mercury  is constant  (a~s = 480 dyne /cm)  
and the  contact  angle, 0Hg, usually depends slightly on the nature and dis- 
persion of  the solid (0Hs = 130 - 150°); the mercury intrusion curves allow 
quantitative determination o f  the  parameters (a v/ar) of  the porous structure 
of  any porous body by the equation: 

2o cos 0 
r = (I) 

P 

where r is the pore radius and P the  applied pressure. 
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If mercury is replaced by  an alkaline electrolyte,  then even before 
application of  an excess pressure, the  lyophilic (relative to the given elec- 
t rolyte)  pores are filled with liquid and the intrusion curve describes only the 
filling of  lyophobic  pores*. With the same order o f  pore filling with mercury 
and electrolyte,  the contact  angle of  lyophobic  pores with electrolyte can be 
determined by  the equation 

OHg • COS 0 Hg 
lg P = lg , (2) 

0KO H • COS 0KOH 

where A lg P is the distance between the mercury and the electrolyte intru- 
sion curves. Equations (1) and (2) permit  calculation of  the dependence of  
the pore volume and contact  angle on the radius, i.e., a complete  description 
of  the  capillary properties of  lyophobic  pores and estimation of  the volume 
of  lyophilic pores. It is necessary to take into account  the fact that  in the 
presence o f  large pores the absence of  an exact  knowledge of  where the 
mercury and electrolyte intrusion curves start can have a considerable influ- 
ence on the results. For this reason, when processing the experimental data, 
in plott ing the curve we did no t  use the volume of  liquid, V, impressed into 
the pores at a given pressure P, bu t  the volume of  the  void pores V = V0 -- V, 
where V0 is the total volume o f  pores in the specimen. 

As a model  electrode we used a floating gas~liffusion electrode in the 
form of  a very thin carbon layer (no more than 1 mg/cm ~) on a porous 
hydrophobic  conducting substrate. Carbon was applied to the porous sub- 
strate wi thout  a binder and was not  subjec ted  to any heat  t reatment;  it was 
retained on the hydrophobic  surface by  adhesion alone. The electrode was 
placed into an hermetic glass cell, so that  the hydrophobic  substrate was 
located in the gas phase and the catalyst was immersed in electrolyte.  As 
shown in ref. 11, on such an electrode in 1N KOH in the range from steady- 
state to working potentials (polarization 0.15 - 0.20 V) in pure oxygen and 
a i r -oxygen,  the  electrode operates in the  kinetic regime, i.e., the carbon sur- 
face is equally accessible for the oxygen reduction reaction. This is evidenced 
by the first order reaction in oxygen,  by  the independence of  the specific 
activity (mA/g) o f  the weighted amount  of  carbon, and by  the high values of  
the activation energy [ 11 ] .  

The visible working surface of  the model  electrode used was 1 c m  2 . The 
amount  of  carbon in contact  with the electrolyte and substrate was calcu- 
lated from comparison o f  the  apparent double  layer capacity of  the elec- 
t rode  with the capacity o f  one gram of  carbon powder  [12] .  These quan- 
tities were determined by recording the potent iodynamic  charging curves 
(V = 0.2 - 2 mV/s) in helium [11] .  

*Since  the  we t t i ng  o f  c a r b o n  b y  w a t e r  and  c o n c e n t r a t e d  a lkal ine  so lu t i on  can  d i f fe r  
s igni f icant ly  [ 9 ] ,  e.g., in some  cases h y d r o p h i l i c  pores  are n o t  w e t t e d  by  alkali  (eH~ O < 
90  ° , 0KO H > 90  ° ), we shall  f u r t h e r  use the  t e r m s  " l y o p h o b i c ,  l y o p h i l i c "  to  d e n o t e  the 
wet t ab i l i t y  in  7N KOH. 
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The apparent double  layer capacity of  the  substrate, as well as the 
oxygen reduction currents on it, were less than 10% of  the corresponding 
values for the electrode with the carbon and for this reason they were not  
taken into account.  

With the use of  this model  electrode the electrocatalytic activity of  the 
two types of  carbon, AG-3 (SSET -- 1200 m2/g) and HS-4 (8SET -- 915 
mS/g), was compared in 1N and 7N KOH in pure oxygen and in air-oxygen.  
Some experiments were also carried ou t  on Norit-NK carbon (SBET -- 635 
m2/g), widely used in electrodes of  the second type  [5 - 7 ] .  The current den- 
sity at Er = 0.9 V and 0.83 V was taken as a measure of  the electrode 
activity. 

The working carbon electrodes with PTFE binder consisted of  a semi- 
hydrophobic  active layer composed of  a mechanical mixture (30 mg/cm 2) of  
different  active carbon catalysts (particle size <~ 60 ~m) and the hydrophobic  
component  (carbon black waterproofed  with 35% PTFE),  and a strongly 
hydrophobic ,  watertight, gas-supplying layer prepared from the hydrophobic  
component  only (100 mg/cm 2). 

AG-3 and HS-4 active carbons were used as catalysts. The hydrophobic  
componen t  was prepared from acetylene black P-1042 (DDR) and a PTFE 
GP-I suspension. The composi t ion o f  the  active layer is denoted  by  two num- 
bers, the first corresponding to the  active carbon fraction, the second to that  
o f  the hydrophobic  componen t  (e.g., the  active layer of  mix 3-2 corresponds 
to 18 mg/cm 2 of  active carbon and to 12 mg/cm 2 of  hydrophobic  com- 
ponent) .  

Disc electrodes with 5 cm 2 electrolyte contact  area and thickness 1.1 - 
1.7 mm (depending on the  active layer mix), prepared by  hot  pressing 
(350 °C, 20 MPa), were used in all measurements.  Acu r r en t  collector (nickel 
plated steel grids) was pressed onto  both  sides of  the electrode. 

The steady-state current-voltage characteristics were measured using a 
conventional half-cell with a nickel plate counter  electrode and a Hg/HgO 
reference electrode. Measurements were carried ou t  in 7N KOH at normal 
temperature both  for pure oxygen and a i r -oxygen (1 cm H20  overpressure) 
after  electrode operat ion in pure oxygen for 15 h at a current  load o f  100 
mA/cm 2 . 

From the current-voltage curves both  for pure oxygen and ai r -oxygen 
the AE(i) characteristics were calculated [ 12 -  15 ] .  The AE(i) values corre- 
spond to the shift o f  the electrode potential,  AE, when the gas supply is 
switched from pure oxygen to a i r -oxygen at a definite current load, i (no 
influence of  the iR drop):  

AE(i) = Eo2 (i) --  Ea~(i).  

The amount  of  electrolyte that  soaked into the active layer was esti- 
mated from the weight increase of  the electrode at the end of  the electro- 
chemical measurements.  

All electrochemical data obtained from electrode measurements using 
two-layer electrodes are given as the following basic electrode parameters: 
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Fig. I. Integral (a) and diffe~n~ial (b) me~zry intrusion curves for active carbons" I) 
granulated HS-4; 2, broken up HS-4; 3, granulated AG-3. 
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i10o --  current  density (mA/cm 2) with pure oxygen at potential E = --100 
mV (vs. Hg/HgO); AElo 0 --  shift o f  electrode potential when pure oxygen 
is replaced by airy oxygen at a current  density o f  100 mA/cm2; G --  amount  
o f  electrolyte (g o f  7N KOH per I g o f  electrode active layer) after 7 days 
operation under  current  load and 2 h wi thout  load for equalising the 
catholyte  and bulk electrolyte concentrations;  G* --  amount  of  electrolyte 
in 1 g o f  active carbon, which is the only hydrophflic component  of  the 
active layer; io2/ i~ -- ratio o f  current  density for pure oxygen (ion) and air 
( i ~ )  at the same electrode potential,  E. 

Results and discussion 

1. Mercury intrusion porosimetry 
1.1. Active carbon 
In Fig. 1 integral (a) and differential (b) mercury intrusion curves are 

given for initial granules of  HS-4 and AG-3 active carbons (curves 1, 3) and 
also for broken up granules o f  HS-4 (curve 2). 
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Fig. 2. Integral mercury intrtudon curves for a two-layer electrode: 1, active layer (mix 
2-3); 2, watertight gas-supplying layer; 1' and 2', partial mercury intrusion curves for 
HS-4 carbon (1') and for the hydrophobic component of the active layer (2'); 3, the 
sum of the partial curves. 

It  is evident from curves I and 3 that  the  total  volume of  pores in HS-4 
is ~ 0.8 cma/g and in AG-3 ~ 1.15 cmS/g. The volume of  pores with r = 2 × 
104 - 2 × 10 ~ nm, i.e., the volume of  macropores [14] is 0.3 cma/g and 0.8 
cmS/g, and the volume of  small pores with a radius up to 10 nm is 0.45 
cmS/g and 0.38 cmS/g, respectively. Thus, the  volume of  macropores in 
carbon HS-4 is nearly 2.5 t imes less than in AG-3, whereas the  volume 
o f  small pores is approximately 20% higher. After breaking up HS-4 
granules the  shape of  the intrusion curve and the total  pore volume remain 
almost unchanged. 

AG-3 and HS-4 active carbons also differ significantly in the pore-radfi 
distribution. For  granules of  AG-3 two maxima are typical, at rl = 2.8 × 108 
and at r2 = 3 × 10 ~ nm. The distribution curve for granules of  HS-4 has no 
clear maximum (Fig. l b ) .  

1.2. Active and watertight gas-supply layers 
The i n l~s ion  curves o f  the  active layer ( H S 4 ,  mix 2-3) and the water- 

tight layer are shown in Fig. 2. In the  watert ight  layer there are practically no 
pores of  radius exceeding 2500 nm. The maximum on the differential pore- 
radfi distribution curve corresponds to  pores with r ffi 17 nm. To estimate the  
contr ibut ion of  the active layer components  to  the pore volume for different 
radfi we calculated the partial intrusion curves corresponding to the content  
o f  HS-4 carbon (Curve 1') and the hydrophobic  componen t  (Curve 2') in one 
gram of  the active layer. When comparing Curves 1', 2' and 1 one can clearly 
distinguish the mercury intrusion regions for  HS-4 carbon and for the hydro- 
phobic component .  The hydrophobic  component  makes the  main contribu- 
t ion to the total  volume of  the  active layer pores, and HS-4 carbon to the 
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Fig. 3. Integral (a) and differential (b) mercury (1,3) and alkali (2,2', 4,4') intrusion 
curves for active carbons: 1,2, granulated HS-4; 3,4, granulated AG-3; 2' and 4' are 
curves 2 and 4 made coincident in their characteristic points with the mercury curves. 

volume o f  pores with r ~ 1000 nm. It should be noted  that  the experimental 
mercury inU~sion curve (Curve 1) lies higher than the sum of  the  partial 
curves (the hatched area corresponds to  the  pore volume in HS-4 carbon con- 
tained in one  gram o f  the  active layer). This indicates the appearance of  addi- 
tional volume (secondary structure pores) during the active layer formation.  

2. Comparison between mercury and alkali intrusion curves 
2.1. Active carbon 
The alkali and mercury intrusion curves for  granules of  HS-4 and AG-3 

active carbons are presented in Fig. 3. It  is evident from comparison of  
Curves 2 and 4 that  HS-4 contains a much smaller (approximately 4 times 
less) volume o f  lyophobic  pores than does AG-3. 

In order to estimate the contact  angle, the  alkali intrusion curves were 
displaced along the ordinate until the  characteristic points on the mercury 
and alkali curves coincided [9 ] .  Then the mercury and electrolyte curves for 
AG-3 (Curves 3 and 4') become almost parallel in a wide pressure range, 
which indicates that  the contact  angle with electrolyte is constant  in a wide 
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Fig. 4. Mercury (1,3) and alkali (2,2',4) intrusion curves for the active and the watertight 
layers of  two-layer electrodes: 1,2, active layer (mix 2-3); 3,4, watertight layer; 2' is curve 
2 made coincident with the mercury curve. 

pore size range. Calculation by eqn. (2) gives a value of 0KO H = 104 ° for 
AG-3 macropores. The electrolyte and mercury intrusion curves for HS-4 
(Curves I and 2') are parallel in a narrow range of pore sizes (r = 103 - 102 
nm), for which calculation gives 0 KOH ffi 103°. 

2.2. Active and watertight gas.supplying layers. 
The mercury and alkali intrusion curves showing the distribution of lyo- 

phobic pores in an active layer 2-3 with HS-4 carbon, and in the watertight gas- 
supply layer, are presented in Fig. 4. As can be seen from the Figure, more 
than 90% of the pore volume in the gas-supply layer are lyophobic pores, 
their contact angle with alkali being equal to 113 - 115 ° . In the active layer 
of the above mentioned composition about 80% of the macropore volume 
are lyophobic also with respect to alkali. The lyophobic porosity of the 
active layer is determined by the fraction of the hydrophobic component in 
the mixture with active carbon; this is particularly clear from Fig. 5, where 
the alkali intrusion curves for individual components of the active layer and 
for their two mixtures (2-1, 2-3) are compared with the partial curves (the 
hatched area corresponds to the volume of lyophobic pores in the carbon 
contained in one gram of the active layer). It is also seen from Fig. 5, that 
the lyophobic porosity of the active layer is somewhat higher than the sum 
of the lyophobic porosities of the individual layer components (curves 3 
and 5, 4 and 6); this can be explained by the formation of secondary struc- 
ture pores. Comparison of the curves for the active layer (Figs. 2 and 5) leads 
to the conclusion that the secondary structure pores produced during the 
formation of the active layer are mainly lyophobic but start to be filled with 
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F i g .  5 .  A l k a l i  i n t r u s i o n  c u r v e s  f o r  a c t i v e  l a y e r s  a n d  t h e i r  i n d i v i d u a l  c o m p o n e n t s :  1 ,  

granulated HS-4; 2, watertight layer; 3, active layer (mix 2-1); 4, active layer (mix 2-3); 
2',2", partial curves for the hydrophobic component of layers 2-1 and 2-3, respectively; 
5,6, the sum of the partial curves for layers 2-1 and 2-3, respectively. 

electrolyte at low pressure. These pores, probably, correspond to the gaps 
between active carbon grains and waterproofed carbon black particles. 

It should be emphasized tha t  the curves were obtained on fresh active 
layer specimens after a short (2 h) contact  with alkali electrolyte. In the 
working two-layer electrode which was used for the electrochemical mea- 
surements after a 15 h polarization with a 100 mA/cm 2 load, the lyophobic 
porosity should be less as a result of  lyophilization o f  a part o f  the pores, 
including secondary structure pores. 

3. Electrochemical measurements 
3.1. Model electrode 
The oxygen reduction polarization curves on a model electrode with 

three different carbon catalysts -- HS-4, AG-3 and Norit-NK in 1N KOH -- 
are shown in Fig. 6. For all types of  carbon the curves have a constant  Tale1 
slope in the range of  almost three orders of  current, which is equal to 45 mV 
for HS-4 carbon and 50 - 55 mV for AG-3 and Norit-NK carbons. The curves 
in air are parallel to  similar curves in oxygen (Fig. 6, curves 2 and 4). The 
ratio of  the currents is io, / i~ = 4.8 - 5.0, i.e., it corresponds to the first 
order reaction in oxygen (Table 1). Accordingly, AE(i) = 30 mV for HS-4 
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Fig. 6. Po la r in t i on  curves o f  oxygen reduct ion on d i f ferent  carbon catadyst~ m a model  
floating electrode: 1, active carbon AG-3; 2,4, active carbon HS-4; 3, active carbon 
Norit-NK; 1-3, oxygen; 4, air. 

TABLE 1 

Electrochemical characteristics in a model floating electrode 

Type of Activity in 02, mA/g at: 902 (at E r ffi 0.9 V) aEl~) lg i 
carbon Er ffi 0.9 V E r = 0.83 V iatz (mV) 

1N KOH 7N KOH 
1N KOH 7N KOH 7N KOH 1N KOH 7N KOH 

HS-4 30 190 5230 4.8 4.4 45 45 
AG-3 90 600 22500 4.8 4.5 50 50 
Norit-NK 67 225 5750 4.8 4.0 50 50 

carbon and 35 - 38 mV for AG-3 and Norit-NK carbons. This result is in 
complete agreement with the conclusions of  Shteinberg et al. [11] ,  accord- 
ing to whom the electrode operates in the kinetic regime, i.e., the whole 
inner surface of  the carbon grains is equally accessible. As a consequence, the 
difference in activities of  these three types o f  carbons in 1N KOH should be 
attr ibuted to the difference in their true electrocatalytic activity (since the 
precise magnitude of  the true working surface o f  active carbon is unknown,  
we refer the electrocatalytic activity to unit  carbon mass, mA/g). As seen 
from the Table, the most active is AG-3 carbon: the ratio of  activities of  
AG-3, Norit-NK and HS-4 in 1N KOH is approximately 3:1.5:1. 

I t  is of  interest to  compare the activities of  these carbons in a model 
electrode in 7N KOH, though in this electrolyte the electrode does not  
operate in a strictly kinetic regime ( io , / i~  ~ 4.8). The activity of  all carbon 
types at  the same Er = 0.9 V in 7N KOH increases significantly but  the ratio 
of  the activities of  AG-3 and HS-4 remains nearly the same (Table 1). At 
higher polarization values (Er ffi 0.83 V) the  difference in activity increases. 



TABLE 2 

Main electrode parameters of two-layer working electrodes with AG-3 active carbon 
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Composition of mixture 2-1 3-2 1ol 2-3 

Carbon content (mg/cm 2) 20 18 15 12 
i10 o (mA/cm 2) 35 29 21 13 
i~0 o ( m A / g o f C )  1.75X 103 1.6x 103 1.4x 103 1.88x 103 

i~0o (working) 0.08 0.07 0.06 0.05 
i~0o (model) 
AE10 o "(mV) 33 38 44 54 
G (g of KOH/g of act. layer) 0.775 0.604 0.490 0.376 
G* (g of KOH/g of C) 1.16 1.00 0.98 0.94 

TABLE 3 

Main electrode parameters of two-layer working electrodes with HS-4 active carbon 

Composition of mixture 2-1 3-2 1-1 2-3 

Carbon content (mg/cm 2) 20 18 15 12 
il0o (mA/cm 2) 27 28 19 11 
i~o0 (mA/g of C) 1.35 × 103 1.55 x 103 1.27 × 103 0.91 × 103 
i~oo (working) 

0.26 0.30 0.24 0.17 
i~00 (model) 

AElO o (mV) 46 40 50 79 
G (g of KOH/g of act. layer) 0.866 0.700 0.552 0.419 
G* (g of KOH/g of C) 1.33 1.17 1.11 1.05 

Apparently, in 7N KOH difficulties in oxygen mass transfer appear which 
have a greater effect in the case of HS~ carbon, characterized by lower gas 
porosity, than in AG-3 carbon. 

3.2. Working electrode 
Active carbon particles which show electrocatalytic activity in oxygen 

reduction are like individual microelectrodes. One of the main problems is 
to bind these microelectrodes together with the use of a suitable binder to 
ensure good active layer mechanical strength without impairing its electronic 
and ionic conductivity, together with a sufficient mass transfer rate in the 
gas-filled pores. The hydrophobic component used (carbon black water- 
proofed with PTFE) was found to meet all these requirements. By varying 
the ratio of waterproofed carbon black and carbon catalyst, it is possible to 
vary the ratio of liquid and gas pores in the active layer over a wide range 
(see, e.g., Fig. 5). HS-4 and AG-3 carbons, which have a significantly differ- 
ent ratio of lyophobic and lyophilic pores, were used as a lyophilic compo- 
nent in the active layer. The main electrode parameters are l i s t~  in Tables 2 
and 3. It will be seen from the Tables that the optimal composition of the 
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Fig. 7. (a) Polarization characteristics of  oxygen (1,2) and air (3,4) working electrodes 
with different carbon catalysts: 1,3, HS-4 (mix 3-2); 2,4, AG-3 (mix 2-1). (b) Dependence 
of  mass transfer hindrances in air electrodes with different carbon catalysts on current 
density (calculated from the curves in (a): 1, HS,4; 2, AG-3). 

active layer with HS-4 carbon corresponds to a higher hydrophobic compo- 
nent content than with AG-3 carbon. The polarization characteristics of the 
electrodes of optimal composition in pure oxygen and air-oxygen are shown 
in Fig. 7. Notwithstanding a higher content of  the hydrophobic component, 
in the active layer with HS-4 carbon the diffusion hindrances in air-oxygen 
supply appear at smaller, cur~nt  densities than in the layer with AG-3, which 
is evidenced by a faster increase in AE(i) in the former case (Fig. 7(b)). 
These results are explained by a higher active layer gas porosity with AG-3 
carbon because of its intrinsic lyophobic porosity. 

It is of  interest to compare the specific activity per unit mass of carbon, 
in 7N KOH, in the working and the model floating electrodes since it allows 
the efficiency of the catalyst to be determined. As seen from Tables 1 - 3, at 
EHg/HsO = --100 mV (Er ffi 0.83 V), even in the active layers of optimal com- 
position, less than a third of the activity of the carbon catalyst is used. This 
means that not  the whole inner surface of the carbon in the working elec- 
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Fig. 8. Tafel plots for pure oxygen (1) and air oxygen (2) of working electrodes with a 
carbon catalyst. 

trode is equally accessible, i.e. the electrode does not work in the kinetic 
regime and its activity is determined in high degree by mass transfer pro- 
cesses. This also follows from the current ratio for the working electrode io= / 
i,ir ~ 5 (for a model floating electrode in 7N KOH io2/L,r = 4 - 4.4), and 
also from the higher slope value of the lg i vs. E curve than that for the 
model electrodes (Fig. 8). The existence of mass transfer difficulties in a 
working, two-layer electrode offsets to a considerable degree the difference 
in the initial electrocatalytic activity of HS-4 and AG-3 carbons and there- 
fore the activity of these electrodes differs much less than in the case of 
model electrodes. 

Figure 9 (a) shows the dependence of the electrode parameters i10 o 
and AEI00 and Fig. 9(b) the electrolyte content in the active layer two-layer 
electrodes on the catalyst-hydrophobic component ratio. These data illus- 
trate a characteristic difference between the HS-4 and AG-3 carbons. In the 
first case iloo passes through a maximum, and in the second case rises monot~ 
onicaUy with the increase in the amount of carbon. The parameter AElo o for 
HS-4 passes through a minim~]m~ for AG-3 it diminishes monotonically. It 
should be noted that for both carbon catalysts the current density,/lo0, on 
the electrode grows faster than the amount of carbon in the layer. Thus, for 
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Fig. 9. (a) Dependence of  i l0o (1,2) and AF.IO 0 (3,4) on the amount  of  carbon catalyst  
for electrodes with different  active carbons: 1,3, HS-4; 2,4, AG-3. (b) Dependence of  
electrolyte content  G (g KOH/g of  active layer) on the amount  of  carbon catalyst  for 
electrodes with different active carbons: 1, HS-4; 2, AG-3. 

example, with a 1.5 times increase in the amount of carbon (from 12 mg/ 
cm 2 to 18 mg/cm 2) ilo0 rises by approximately 2.5 times (Fig. 9(a)). 
Another interesting experimental fact is that with the increase in the content 
of the hydrophilic component in the active laye~ the amount of electrolyte 
per unit of carbon mass, G*, does not remain constant but increases, at first 
slowly, then more sharply (Fig. 9(b)). In this case the maximum value of the 
electrolyte content in the layer with HS-4 is higher by 0.17 cm a than in the 
layer wi th  AG-3. An explanation of the dependences obtained follows. 

At a low ratio of carbon catalyst and hydrophobic component and, 
accordingly, at a low liquid porosity of the active layer, a part of the carbon 
grains is blocked by the hydrophobic component and, as the liquid phase in 
the pores is unconnected with the bulk electrolyte, it does not participate in 
the current generation process. In other words, it can be said that the elec- 
trode works non-uniformly across its bulk due to ohmic hindrances. As the 
amount of carbon catalyst grows the electrolyte content in the layer in- 
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creases, not only at the expense of the liquid pores inside the active carbon 
grains, but also because of the filling of part of the gaps between the carbon 
grains, i.e., the secondary structure pores. In this case previously isolated 
carbon grains are linked by liquid pores to form a common network and, due 
to this fact, the general activity increases faster than the amount of catalyst. 
Beginning with a certain carbon content (18 mg/cm 2 and more), the lyo- 
philic properties of the layer are enhanced, so that electrolyte now fills a 
major part of the secondary structure pores, which makes oxygen transfer 
to active carbon grains along gas pores difficult. It leads to an increase of 
AE10 o and a decrease of ilO0 in the electrodes with HS-4 carbon (Fig. 9(a)). 
The same pattern also seems to be observed in electrodes with the AG-3 
catalyst, though at a smaller hydrophobic component content (less than 
10 mg/cm 2). Measurements on electrodes of such composition were not 
performed due to their low mechanical strength. As seen from Tables 2 
and 3, the efficiency of a more hydrophilic catalyst, HS-4, in a two-layer 
working electrode is considerably higher than that of AG-3, which confirms 
the existence of the ohmic hindrances in a two-layer electrode. 

Figure 10 shows a strong dependence of the diffusion hindrances in 
the gas phase of air electrodes (AEz0o) on the total electrolyte content in 
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the active layer. The minimum value of  AElo0, just as the maximum value 
of  ilo0 for the active layer with HS-4 catalyst, corresponds to the electrolyte 
content  G = 0.7 g KOH/g of  active layer (3-2 mix). The minimum value of  
AE100 for the layer with AG-3 catalyst corresponds to G ~ 0.8 g KOH/g 
of  active layer, bu t  this was no t  attained for the reasons stated earlier. 

Special at tention should be drawn to  the fact that  at a low electrolyte 
content  the diffusion hindrances AE(i) in the gas phase of  the air electrode 
are much greater, though the total  gas porosi ty increases (Fig. 5). On the 
basis of  the results o f  structural and electrochemical studies this result can 
be explained as follows. 

As shown in Section 2, active carbon has a certain volume of  lyophobic  
(gas) pores whose size is 1 - 2 orders larger than that  of  the gas pores in the 
hydrophobic  component .  As the rate of  oxygen diffusion in large pores is 
higher than in small pores, at a sufficiently large carbon content ,  participa- 
tion of  its gas pores in the oxygen mass transfer considerably diminishes 
the  diffusion hindrances in the  air electrode. By contrast,  at  a low carbon 
content ,  mass transfer takes place mainly through the pores of  the hydro- 
phobic component ,  and AE(i) increases. As seen from Fig. 10, with equal 
electrolyte content ,  and even equal content  o f  the hydrophobic  component ,  
the parameter AE( i )  in the electrode with AG-3 carbon, having a higher 
volume of  lyophobic  pores, is less than with HS-4 carbon. This confirms 
the assumption of  the participation of  the gas pores of  active carbon in the 
oxygen mass transfer process in the active layer. Another  reason for the 
increase of  A E ( i )  at a low electrolyte content  is that  due to ohmic hindrances, 
in this case only the carbon grains adjacent to  the electrolyte side of  the 
active layer take part  in the current generation process. This is equivalent 
to an increase in the oxygen diffusion path to the catalyst surface, which 
results in greater diffusion hindrances. Similar phenomena were observed 
on air electrodes of  the first type  whose active layer consists of  a mixture 
of  catalyst and PTFE at a high content  o f  the waterproofing agent [15] .  

Thus, a sharp change in the main electrode parameters with a varying 
ratio of  the hydrophobic  componen t  and active carbon is due to a quan- 
titative change in the volume of  gas and liquid pores, on the one hand, 
and to qualitative changes in the mass transfer path, on the other. 
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