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BUBBLE B E H A V I O U R  ON A N D  MASS TRANSFER TO AN OXYGEN- 
EVOLVING TRANSPARENT NICKEL ELECTRODE IN ALKALINE 

SOLUTION 

L. J. J. JANSSEN, S. J. D. VAN STRALEN and E. BARENDRECHT 

Eindhoven University of Technology, P.O. Box 513, 5600 MB Eindhoven, The Netherlands 

(Received 14 February 1984) 

Abstraet--A theoretical description is given of a new model for mass transfer at gas-evolving electrodes where 
bubbles coalesce frequently. To check this model, both the thickness of Nernst diffusion layer and the bubble 
behaviour were determined for an oxygen-evolving transparent nickel electrode in KOH solutions under various 
electrolytic conditions. This electrode behaves like a gas-evolving electrode where bubbles coalesce frequently. 
It has been found that the mass transfer can be well described with the new model. Moreover, interesting results 
have been obtained on the degree of screening of electrode surface by adhered bubbles and the gas void fraction 
in a solution layer at the gas-evolving electrode. 

INTRODUCTION 

The mass transfer at gas-evolving electrodes has been 
intensively studied over the last fifteen years. Interesting 
surveys have been published by Ibl et al. [1] and by 
Vogt [2]. Two types of gas-evolving electrodes are dis- 
tinguished [3], namely the gas-evolving electrode where 
bubbles do not coalesce, and the one where bubbles 
coalesce frequently. The mass transfer of the first type, 
for instance a hydrogen-evolving electrode in alkaline 
solution, is described by the hydrodynamic model [4]. 
For the second type, for instance an oxygen-evolving 
electrode in alkaline solution, no useful model is avail- 
able as yet. 

In this article a new model (coalescence model) is 
proposed to describe mass transfer of indicator ions. To 
check the new model, the thickness of Nernst diffusion 
layer and the bubble behaviour were determined for an 
oxygen-evolving electrode in KOH solution under vari- 
ous electrolytic conditions. The results given in this 
paper have been published in detail [5]. 

EXPERIMENTAL 

Determination of the thickness of the Nernst diffusion 
layer 

A thermostatic H-type electrolytic cell (divided into 
two compartments) was used for all mass-transfer 
experiments. The horizontal test electrode also served 
as the bottom of the test compartment.  

Transparent nickel electrodes (made by Philips) were 
used as test electrodes. A transparent electrode is pre- 
pared by vacuum deposition of SnO2 layer 7 × 10 -4 mm 
thick and an Ni layer 0.35 × 10 -4 mm thick on one side 

of a glass disc having a diameter of 46 mm. This is 
followed by deposition of a Cu ring layer on the outer 
part of the Ni layer to solder-on a current conductor 
,,ad achieve a uniform current distribution. The trans- 
parency of the test-electrode was about 12%. 

To determine the thickness of the Nernst diffusion 
layer, the procedure used is described in literature [3]. 
Experiments were carried out at various current dens- 
ities of oxygen evolution (0 .1-70kAm-2) ,  KOH con- 
centrations (1, 4 and 6 .8M) and pressures (40- 
1000 kPa). 

Determination of parameters characterizing bubble 
behaviour 

To minimize the ohmic cell resistance, a similar H- 
type electrolytic cell, however, without membrane was 
used. The temperature of solution in the cell was kept 
at 303 K by cooling with an air-blower or by heating 
with a lamp (Philips PF 800 R, 1000 W). This lamp was 
also used for illuminating the test electrode during 
filming. 

An Olympus Inverted Microscope, Model CKP, Tr 
1 (objective 5 x and ocular 3 x )  was used for the enlarge- 
ments. Moving pictures were obtained with a Beaulieu 
Reflex Control R 16 B camera at 70 pictures per second. 

An unused nickel transparent was cleaned by washing 
with KOH solution. The cleaned electrode was anod- 
ically polarized at 1.6 k A  m -2 for about 2 h, after which 
a series of experiments was started. Following a 5-rain 
polarization to reach steady state, the bubble-generating 
transparent electrode was filmed. 

The bubble behaviour was investigated at various 
current densities of oxygen evolution (0.1-6.5 kA m-2), 
KOH concentrations (1-6.8M) and pressures (40- 
700 k Pa). 
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RESULTS 

Thickness o f  the Nernst diffusion layer 

The thickness of the Nernst diffusion layer 6 for 
indicator ions at an oxygen-evolving electrode in 
1 M KOH at 298 K is practically the same for various 
electrode materials, viz. Pt, Ni and glassy carbon [3]. 
For almost all electrode materials [3] the log 6/log ioz 
curve at io2 > 0.2 k A  m -2 is a straight line; its slope is 
mostly about - 0 . 8 .  It was found that the slopes of the 
log tS/iog io: curves for both the transparent nickel and 
the nickel plate electrode were practically the same but 
that the values of 6 were very different. 6 for a nickel 
plate electrode in 4 M KOH at 298 K was about a factor 
of 4 smaller than that for a transparent nickel electrode 
under the same electrolytic conditions. 

It was found that for a new transparent nickel elec- 
trode the KOH concentration has no effect upon the 
slope h of the log 6/log io: curve (h = -0 .75)  but, on 
the other hand, 6 for 1 M KOH is about 60% larger 
than t5 for 6.8 M KOH.  In Fig. 1, log 6 is plotted versus 
log io~ for an aged transparent nickel electrode at various 
pressures. This figure shows that the absolute value of 
slope h increases slightly with increasing pressure. 

The effect of pressure upon 6 was investigated for 
two transparent electrodes with different degrees of 
ageing. The experiments showed that 6 decreases with 
increasing electrode age whereas the slope of the 
log 6/log P curve does not depend on the degree of 
ageing. This slope is about 0.15 at pressures below 
about 3 x 105 Pa and about 0.30 at pressures above ca 
3 x 105Pa. For a transparent nickel electrode in 
1 M KOH it has been found that 6 was about 20% lower 
after 3 days than after 1 h of keeping in 1 M KOH. The 
density of bubbles at the start of anodic polarization 
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Fig. 1. Plot of log 6 vs log/02 for the aged transparent nickel 
electrode 1 M KOH at 303 K and at pressures of 0.5 x l0 s, 105 

and 6 x 10 s Pa. 

was about 3 mm -2 after 1 h in 1 M KOH and about 
15 mm -2 after 3 days in 1 M KOH. 

Characterization of  oxygen bubble behaviour 

To characterize bubble behaviour on the electrode 
surface, the radius R of each visible bubble present on 
an electrode surface varying between 1.3 and 6.3 mm 2 
was measured for a representative picture unless other- 
wise stated. Bubbles located below big ones were 
excluded. Even bubbles which have just left the elec- 
trode surface are easily distinguished from adhered 
bubbles thanks to the slight depth of field of the micro- 
scope and to the low speed at which the movie pictures 
were taken. 

The sharpness of a bubble picture also depends on 
the rate of the increase of its radius. It has been found 
that bubbles with a radius of 10 -2 mm were sharply 
pictured at 1 M KOH and atmospheric pressure and 
very foggy at 1 M KOH and high pressure (6 × 105 Pa) 
as well at 6.8 M KOH and atmospheric pressure. 

From the number of bubbles on a picture and the 
radius of each bubble we calculated the bubble density 
n, the average root of bubble radius (R°'5)=, the degree 
of screening of electrode surface by adhered bubbles 
Os = nS=, where S= is the average value of ~R 2 and the 
root bubble radius distribution curve, showing the frac- 
tion of bubbles with a root of bubble radius below a 
fixed value. 

The film clearly showed bubbles departing from the 
electrode surface. Almost all these detaching bubbles 
are formed by coalescence of two relatively big bubbles 
whose radius Rc was determined. It was found that 
(R°c'5)a - g  °5 and (n°5)= - n °'5 

The relatively small bubbles taken up by a big one 
without formation of a directly departing bubble will 
not be taken into account in the determination of 
R°:~. 

Differences in nature of  electrode surface. Preliminary 
experiments showed that the bubble density on a trans- 
parent nickel electrode decreases at a decreasing rate 
as a function of time of electrolysis and is affected 
strongly by current interruption. Addit ion of a small 
quantity of indicator ions, viz. Fe(CN)~- corresponding 
to the concentration used at the mass transfer measure- 
ments had practically no effect on the bubble density, 
when the current used for Fe(CN)~- oxidation was 
taken into account. 

Moreover,  the bubble density increased considerably 
with the time the transparent nickel electrode is kept 
in a KOH solution. A transparent nickel electrode in 
1 M K O H  and with a bubble density lower than about 
50 mm -2 at 1.6 kA mm -2, 303 K and 105 Pa was called 
a new transparent nickel electrode. 

In the case that the bubble density was higher than 
about 50 mm -2, the electrode is considered as an aged 
transparent nickel. 

Current density. Results for a new electrode in 
1 M KOH and at atmospheric pressure and decreasing, 
as well as increasing, current density are given in Fig. 
2. Below 0 . 5 k A m m  -2 the nucleation of bubbles 
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Fig. 2. The average bubble density, the average radius of 
coalescence bubble and n,,Rc,, are plotted vs the current density 
of oxygen evolution for the new transparent nickel electrode 
B in 1 M KOH at 303 K and at atmospheric pressure. (Open 
points for series with increasing current density and closed 

points for series with decreasing current density). 

occurred on certain scratches irregularly distributed 
across the electrode surface. Above 0 . 5 k A m  -2 the 
bubble distribution was uniform. 

Results for an aged electrode in 1 M KOH and at 
atmospheric pressure are analogously represented in 
Fig. 3. 

Bubbles with a radius of about 10 -2 mm were foggy 
pictured; their radii could not be determined accurately 
and were taken equal to 10 -2 mm. Only when bubbles 
with a radius greater than 2.5 x 10-2mm were con- 
sidered it was found that for an aged electrode n~Rc,° 
is practically independent of the current density. 

Particularly in the case of the two highest current 
densities very big bubbles were present on the electrode 
surface. The pictures clearly showed that the density 
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Fig. 3. The average bubble density, the average radius of 
coalescence bubble and n,,Rc,a are plotted vs the current density 
of oxygen evolution for the aged transparent nickel electrode 
D in 1 M KOH at 303 K and at atmospheric pressure. (Results 

are given only for series with decreasing current density). 

of small adhered bubbles present under big bubbles was 
comparable to the density for the other part of 
electrode. 

For pictures with relatively few big bubbles the 
average observed density of bubbles was 113 mm -2 at 
the two highest current densities. When taking into 
account the small bubbles under the big one the density 
of bubbles is practically independent of current density. 
This means that the correct slope of lognaRc, a/iog io2 
curve is equal to that of the straight line drawn in Fig. 
3, that is 0.75. 

Figures 2 and 3 show that the slope of log naRe,a/ 
1ogio2 curve for both electrodes is almost the same 
despite a different relation between na and ion+. When 
adhered bubbles are taken into consideration the rela- 
tion between naR, and io2 can be calculated. It has been 
found that the slope of log naRJlogio2 is 0.45 for a new 
electrode and -0.11 for an aged electrode. 
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Results for a new electrode in 1 M KOH and at a 
pressure of 6 x 105 Pa were obtained. In this case too, 
bubbles with a radius of about 10 -2 mm were foggy 
pictured. It has been found that the log naRc,a/log io2 
curve at high pressure is a straight line with a slope 
being practically the same as those at atmospheric pres- 
sure. Moreover,  for adhered bubbles naRa did not 
depend on io2. 

For a new electrode at high pressure as well as for 
an aged electrode at atmospheric pressure the bubble 
density is almost independent of current density and 
has, moreover,  the same value. It is likely that in both 
cases the bubble density has reached its maximum value, 
this being about 120 mm -2. 

Pressure 

Series of experiments with a new electrode in 
1 M KOH at 303 K and 1.6 kA m -2 were carried out at 
increasing pressure. 

It has been found that na increases at an increasing 
rate with increasing pressure, and naRc,a is practically 
independent of pressure. 
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Fig. 4. The average bubble density, the average radius of 
coalescence bubble and n~Rc, a are plotted vs the K O H  con- 
centration for the new transparent nickel electrode C at 

1.6 kA m -2, 303 K and 10 s Pa. 

KOH concentration 

A series of experiments was performed with a new 
electrode at increasing KOH concentration, the KOH 
solution was replaced after each experiment. Results 
are given in Fig. 4. 

The bubble density increases up to a maximum value, 
that is about 100mm -2. This agrees well with the 
maximum found for an aged electrode in 1 M KOH and 
atmospheric pressure and for a new electrode in 
1 M KOH at a pressure of 6 x 105 Pa. 

The film showed that small bubbles translate across 
the electrode surface radially to big ones, whereupon 
they are absorbed. A just-formed big bubble only 
detaches after coalescence of at least two bubbles of 
comparable size. 

T H E O R Y  

In this section a model is proposed to determine mass 
transfer of indicator ions from the bulk of electrolyte 
to a gas-evolving electrode where each detached bubble 
was formed, just before its detaching, by coalescence 
of two adhered bubbles of comparable size. 

Mass transfer of indicator ions from the bulk of sol- 
ution to the surface of a gas-evolving electrode is only 
discussed when the concentration of indicator ions at 
the electrode surface during gas evolution is practically 
zero. 

The rate of mass transfer due to electrolyte flow 
caused by ascending bubbles can be obtained with the 
hydrodynamic model [4] and [6]. The rate of mass 
transfer according to the hydrodynamic model is char- 
acterized by the mass transfer coefficient kh or by the 
thickness 6h of the Nernst diffusion layer 6h = DJkh. 

Only coalescing bubbles directly forming detaching 
bubbles are taken into consideration. After  the disap- 
pearance of a coalescence bubble a quantity of fresh 
solution with a concentration equal to that of the bulk 
flows into the Nernst diffusion layer having a thickness 
'~h. 

This results in an additional mass transfer of indicator 
ions to the electrode surface. Evidently, the mass trans- 
fer due to coalescence of bubbles and that due to ascend- 
ing bubbles considerably affect each other. 

Moreover,  it is assumed that directly after disap- 
pearance of a coalescence bubble of diameter Re, an 
electrode surface area of ~'fRc 2 comes in contact with 
fresh solution. Consequently, the cylindrical volume 
element perpendicular to this electrode surface area 
then has a concentration of indicator ions equal to Co. 

After  a certain time a new bubble formed on this 
area disappears, whereupon this area again comes into 
contact with fresh solution. This phenomenon is con- 
stantly repeated after a period r. 

To obtain the rate of mass transfer to electrode sur- 
face due to coalescence of bubbles various simplifica- 
tions are still made. These are: 

(1) the radius Rc of all coalescence bubbles is equal; 
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(2) the bubble density n over the whole electrode 
surface is constant; 

(3) an electrode surface area ~fR 2 N per unit geo- 
metric electrode surface and per unit time comes into 
contact with fresh solution with an indicator ion con- 
centration c0,~, where N = n/r;  

(4) the number of coalescence bubbles N per unit 
geometric electrode surface and per unit time is equal 
to 3 v/4 zR3; con_sequently r =  4zR~n/3v. 

The mass transfer coefficient k~ due to coalescence 
of bubbles during time r is calculated from Cottrell 's 
equation. The migration of indicator ions is neglected 
due to an excess of supporting electrolyte in solution. 
From the equation of CottreU it follows that 

fo r t- 1/2 k~ = ~r~fR~r-lnDl/2 dt 

= 2~l/2fRZnO~r -1/2. (1) 

Substituting r=4ccR~n/3v into (1), after rearrange- 
ment, gives 

k = 1.7fR ~nt/2DV2v ~/2. (2) 

Since 6c = Di/k~ it follows from (2) that 

6~ = O. 6 fR  ~ ~n - 1/2D ff2V - 1/2, ( 3 ) 

When the mass transfer at a gas-evolving electrode is 
determined by a combination of solution flow induced 
by ascending bubbles with one induced by coalescing 
bubbles it may be assumed as a first approximation that 
the total mass-transfer coefficient k = k¢ + kh. 

DISCUSSION 

Verification of  proposed model for mass transfer of  
indicator ions 

Comparing the experimental dependences of h on 
current density, KOH concentration, pressure and age 
of electrode for nickel plate and transparent nickel 
electrodes [3], it follows that the results obtained with 
transparent electrodes are applicable to metal-plate 
electrodes. 

For the new model describing mass transfer of indi- 
cator ions to a gas-evolving electrode and assuming f 
is a constant factor, relation (3) shows that 6c is pro- 
portional to (vnR~) -°5. In the new model only coalesc- 
ing bubbles directly leading to detached bubbles are 
taken into account. Their radii varied; the greatest 
difference in bubble radius was a factor of about 2. 
Owing to fluctuation in both n and R~, the factor n~R~,a 
was determined to check the new model. 

It has been found that for both new and aged elec- 
trodes in 1 M KOH at both atmospheric and high pres- 
sure the factor naRc,a is proportional to i "1 where m l  

varies between 0.6 and 0.8. Consequently, taking into 
account this dependence of n~Rc,~ onio2, it follows that 
6c should be proportional to i822 where m2 varies between 
- 0 . 8  and - 0 . 9  assuming that f is a constant factor and 
the rate of diffusion of dissolved oxygen into the bulk 
of solution is either negligible or proportional to io2 • 
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Experimentally it has been found that, for transparent 
nickel electrode in 1 M KOH as supporting electrolyte, 
6 is proportional to io 0"75 . 

The new electrodes have a greatly different bubble 
behaviour at increasing current density (Figs 2 and 3). 
This difference, however, has no detectable influence 
upon both the slope of log naRc,a/logio2 curve and the 
slope of log 6/log io2 curve. 

The effect of pressure upon naRc,a is practically neg- 
ligible. From relation (3) it can be deduced that 6c 
should then be proportional to p0.5. 

The experimental log 0/log P curve has a slope of 0.3 
at high pressure and a slope of 0.15 at subatmospheric 
pressure. 

The apparent difference between theoretical and 
experimental results may be explained by assuming that 
f is a function of pressure, probably caused by slipping 
of bubbles across the electrode surface. 

The effect of KOH concentration on naRc,~ is clearly 
shown in Fig. 4. The factor naRc,a at 1 M KOH is about 
a factor of 3 smaller than that at 2 M < (KOH) < 6.8 M 
for a new electrode (Fig. 4). Taking into account the 
dependence of diffusion coefficient of Fe(CN) 4- on 
KOH concentration, it has been calculated that 
DVEnal/2R~.Va 2 is 2.8 x 10 -2 mm 3/2 s -ta at 1 M KOH, 
0.8 x 10-2mma/Es-W at 4 M K O H  and 0.6 x 10-Zmm 3/2 
s -v2 at 6.8 M KOH. 

It has been found that 6 at 1 M KOH is about a factor 
of 1.4 larger than that at 4 M KOH and about a factor 
of 1.5 larger than the one at 6.8 M KOH. These dif- 
ferences are smaller than those between the calculated 
D~n~VER~ff probably caused by a difference in the 
nature of transparent electrodes. 

For an oxygen-evolving aged electrode in 1 M KOH 
at 6 x 10SPa, 1 . 6 k A m  -2 and 303 K the thickness of 
diffusion layer was determined after cinematographic 
experiments. Equalization of 6 and 6c calculated with 
relation (3) gives f ~  1.0. 

It may be concluded that the surface area of electrode 
coming into contact with fresh bulk-solution after 
detachment of a coalescence bubble is in the order of 
magnitude of its maximum cross-section. The preceding 
discussion shows that the proposal model is in fact useful 
in describing mass transfer of indicator ions to a gas- 
evolving electrode where bubbles coalesce frequently. 
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