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

(Received 6 April 1982; in revised form 16 Auyust 1982) 

Abstract-Dunng alkaline water electrolysis, additional energy losses occur owing to the presence of 
bubbles in the solution, particularly close to both the gas-evolving electrodes. 

For both hydrogen and oxygen-evolving disc electrodes (diameters from 0.2 to 2.0 mm) in KOH solutions, 
the reduced increase In ohmic resistance, AR*, has been determined by the alternating current-impedance 
method. 

It has been found that, for hydrogen-evolving electrodes, logAR* = a, + b log i, where the exponent b at 
0.1 Acm-’ < i =z S Acm- * does not depend on the diametcr,position and material oftheelectrodc, pressure 
and temperature but does significantly depend on KOH concentration. The factor a,, however, being 
dependent on the position, height and material of electrode, temperature and KOH concentration. AR* 
cannot be expressed for the oxygen-evolving electrode by a general equation, due to the coalescence 
behaviour of oxygen bubbles. 

Moreover, it has been established that the Bruggemann equation is useful to determme the ohmic 
resistance of a solution layer containing aas bubbles of different size at which each bubble adheres to the 

II 

electrode surface. 

NOMENCLATURE 

a empirical constant 
b slope of logAR+/logi curve 
d, diameter of working electrode 
Q, diameter of adhered bubble 
i current density 
m number of a bubble 
me total number of bubbles on an electrode 
n bubble density on electrode surface 
P pressure 
R ohmic resistance of a solution layer at the working 

electrode 
R at i = 0 

%* (R - R,)/R, 
T temperature 
x distance from the electrode surface 
Z impedance of electrolytic cell 
Z’ real component of Z 
Z” imaginary component of 2 
E gas void fraction 
P specific resistance of bubble-contaimng solution 
PO specific resistance of bubble-free solution 
w frequency of alternating current 

1. INTRODUCTION 

During alkaline water electrolysis energy losses take 
place owing to presence of gas bubbles in the solution 
of the electrolytic cell. In particular, the solution layers 
with a thickness less than about 1 mm at both gas- 
evolving electrodes contribute to the total ohmic 
resistance of the electrolytic cell[l]. 

To investigate bubble effect on the ohmic resistance 
of a thin solution layer at a gas-evolving electrode, the 
resistance of this layer was determined by the alternat- 
ing current impedance method. 

For both hydrogen and oxygen-evolving disc elec- 
trodes the ohmic resistance was determined as a 
function of currenl density varying a number of 
parameters, such as position, diameter and material of 
the electrode, temperature, pressure and KOH 
concentration. 

Part of the experimental results given in the present 
paper is based on experimental results published by de 
Jonge el ar.[2]. They calculated an average gas void 
fraction for a solution layer with a thickness of 0.394 
at the gas-evolving disc electrode with diameter de. 
However, the gas void fraction within this layer was a 
function of the distance to the surface of the gas- 
evolving electrode. Consequently, the given data of gas 
void fraction are of moderate interest. In the present 
paper a unified relation is proposed to describe the 
bubble effect on the resistance increase. 

2. EXPERIMENTAL 

A roughly 700 or 400 cm3 glass vessel served as the 
electrolytic cell; the cell was thermostatted. A 12 cm2 
platinum counter electrode was placed 5 cm away from 
the smaI1 working electrode (0.54mm in diameter). 
The working electrode was melted in a glass tube 
having an outer diameter of 7 mm. The nickel and gold 
working electrodes were prepared by electrodepo- 
sition of a 12 pm-thick metal layer on a disc-shaped 
cross-section of a platinum wire. The platinum work- 
ing electrode was Fade from a platinum wire and the 
glassy carbon electrode from a bar. Two types of 
electrodes, viz horizontal and vertical electrodes, were 
used. 

The electrical scheme of the set-up consisting of an 
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recorder , 
XY j 

function LlLE!i3 generator 

V 
CL 

Fig. 1. Electrical scheme of eIectrolytic and measuring 
circuit. 

electrolytic and a measuring circuit is given in Fig. 1. 
The constant electrolytic current was supplied by a 
power supply (Phlhps PE 4832, C&500 V) and 
measured with a dc micrometer (Philips PM 2436). 

An alternating voltage of 1 V was supplied by a 
function generator (Hewlett-Packard 3310 A) to a 
Lock-in Amplifier (Princeton Applied Research, 
model 129A). With the aid of two resistors (R2 = 4 and 
R, = 36 k0) an alternating voltage of 0.1 V was placed 
across the electrolytic cell. 

A carbon resistor of 10 kQ, R,, with a pure ohmic 
characteristic, was placed in the measuring circuit 
reaching a constant small aiternating current through 
the electrolytic cell. 

It is noted that the sensitivity of the Z’and Z”signals 
strongly affects the results obtained. The choice of 
these sensitivities was determined with an impedance 
network consisting of two resistors and a capacitor 
parallel to one of the resistors. 

To minimize current change in the electrolytic 
circuit during the series of experiments a resistor of 
2 kQ R 1, was placed in the electrolytic circuit. 

During the series of experiments, except those at 
atmospheric pressure, the electrolytic cell was placed in 
a 3 I high-pressure glass vessel. To obtain a higher than 
atmospheric pressure the vessel was connected to a 
nitrogen cylinder with a high nitrogen pressure. 
Pressures lower than atmospheric pressure were ad- 
justed with a vacuum pump. 

Before starting a series of experiments the electrode 
was generally polarised for 1 hat the highest current in 
the series. To obtain the most reproducible results, the 
current was decreased in steps from high to low values 
during the series. 

To check the ohmic resistance measured by the 
impedance method mentioned, the ohmic resistance 
for a gas-evolving electrode was also determined by the 
well-known current-interrupter technique in which the 
tip of the Luggin capillary was placed about 20mm 
from the surface of the gas-evolving electrode. 

Unless otherwise stated, the standard conditions 

are: 1 .O mm diameter of working electrode, 7 M KOH, 
248 K and atmospheric pressure (101 kPa). 

3. RESULTS 

3.1 Inrroduction 

Awbiw the alternating current impedance 
method, the ohmic resistance of the electrolytic cell is 
usually determined from the complex plane plot in 
which, at various frequencies, the real component of 
impedance, Z’, is plotted us the imaginary component 
of impedance, Z”. The intersection of the Z”/Z’ curve 
with the Z’axis at w + CC denotes the ohmic resistance 
of the cell. 

To minimize the number of measurements and 
prevent alteration OC the nature of the electrode surface 
during a series of experiments, 2’ and Z” were mostly 
determined at frequencies higher than about 1 kHz, 
where generally 2” Q Z’. 

Because the surface area of the working electrode is 
much smaller than that of the counter electrode and 
the distance between both electrodes is much greater 
than the diameter of the working electrode, the 
experimental Z’ at 2” = 0 and at ru -+ 03 is practically 
equal to the ohmic resistance, R, of a solution layer at 
the working electrode. For a similar case, Newman[3] 
hasdeduced theoretically that R = p/2& wherep is the 
specific resistance of solution and d, is the diameter of 
the working electrode. 

The Z”-Z’ curves for hydrogen evolution and for 
oxygen evolution at i -=z 1.5 Acm-‘, have the usual 
shape. At higher currents, however, a remarkable 
shape is obtained. The Z”-Z’ curve reverses at a 
frequency depending on the current and nature of the 
gas evolved. Below this frequency the slope of the 
Z”-Z’ curve is negative; even a negative Z’ has been 
found. This effect may be caused by the periodic 
bubble phenomenon, that is formation and detach- 
ment of bubbles. 

The ohmic resistance R, ie Z’ at Z” = 0 in the high- 
frequency range, was determined by interpolation of 
the Z”-Z’ curve. 

For hydrogen series, R, was obtained by determin- 
ing R at i = 0 and various frequencies and/or by 
cxtrapoIation of the R/i curve. For oxygen series, R, 
was determined only by extrapolation of the R/i curve, 
since R. cannot well be determined from measuring 
the Z”-Z’ curve at i = 0. 

It has been found that R increases with increasing 
current density owing to the presence of bubbles in the 
solution at the working electrode. The bubble effect 
upon the resistance R is given by the reduced resistance 
increase AR* = (R - R,)/R,. 

The determination of’ R. was the most accurate for 
the hydrogen series. For these series the reverse of R. 
increases linearly with increasing diameter of the disc 
electrode for diameters from I to 4 mm. The exper- 
imental R. for the hydrogen series was about 10 7; less 
than the one calculated from the relation R. = p,,/2d,. 

Generally. R, for the oxygen series was about 5 “/;. 
higher than R, for the hydrogen series. This difference 
in R. may be caused by formation of an oxide layer on 
the electrode during oxygen evolution. As the main aim 
of this investigation is to determine the bubble effect 
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on resistance R, no particular attention was paid to the 
observed difference in R,. 

3.2 Effect of diameter and position of working electrode 

The effects of both factors on AR* were investigated 
for a hydrogen as well as an oxygen-evolving nickel 
electrode in 7 M KOH at 298 K and atmospheric 
pressure. Only the results obtained with hydrogen- 
evolving electrodes were useful in clearly showing the 
influence of both factors. 

AR* is plotted as a function of current density on a 
logarithmic scale resulted in straight lines. Figure 2 
shows results for hydrogen-evolving vertical nickel 
electrodes with various diameters. This figure also 
shows that the slope b of the log AR */log i curve does 
not depend on the diameter of the working electrode 
but that AR * decreases with increasing diameter of the 
working electrode. Ft has been found that the diameter 
variation from 1 to 4 mm of a horizontal electrode has 
no clear effect on AR* at various current densities. 
Moreover, the slope b for a horizontal electrode was 
equal to that obtained for a vertical electrode. 

3.3 Ej>ct CJ~ electrode material and nature of gas 
evolved 

Figure 3 shows results for hydrogen evolution on 
various electrode materials in 7 M KOH. The results 
are given by parallel straight lines. Their slope b is 
about 0.6. The bubble effect on AR* decreases in the 
sequence Pt, Ni and Au. Owing to differences in 
position and surface area of the glassy carbon elec- 
trode, glassy carbon is rtot referred to that series. 
Nevertheless, its slope remains about 0.6. 

Characteristic results for oxygen evolving electrodes 
are shown in Fig. 4. A negative slope of the Z”-Z’ curve 
in the high-frequency range occurs at i > 1 Acm’ for 
Pt and > 1.5 A cm’ for Au and Ni electrodes. Figure 4 
shows that the electrode materialaffects both AR* and 
the shape of the logAR*/logi curve. 

To support the results obtained by impedance 
measurements, we determined the relation between 
current density and ohmic potential drop between a tip 
of a Luggin capillary and horizontal nickel electrode 
for oxygen and hydrogen-evolution, measured by the 
current-interruptor technique. The ohmic resistances 
determined by the current-interruptor technique were 

Fig. 2. AR* is plotted vs i on a logarithmic scale for 
hydrogen-evolving vertical nickel electrodes of various 

diameters. 

06 
idi 
AU 
GIassy Carbon 

$ 0.2 

Fig. 3. AR* is plotted vs i on a logarithmic scale for 
hydrogen-evolving horizontal Ni, Pt and Au electrodes with 
1.0 nun diameter and for a hydrogen-evolving vertical glassy 
carbon electrode of 2 mm diameter. Moreover, AR* de- 
termined by current-interruptor technique is given by a 
dotted line for a hydrogen-evolving horizontal Ni electrode of 

1 mm diameter. 

about 25% smaller than the one from impedance 
measurements. Both R, and AR* were analogously 
obtained as described for impedance measurements. 
AR* determined by interruptor measurements is plot- 
ted us current density on a logarithmic scale in Fig. 3 
for a hydrogen-evolving electrode and in Fig. 4 for an 
oxygen-evolving electrode. These figures show that 
AR* is independent of the measuring method, taking 
into account in particular the inaccuracy of R,. 

The effect of the presence of gas bubbles of different 
size in a solution on the specific resistance of that 
solution can be calculated with the well-known 
Bruggemann equation p = po(l -c) 3’*[10]. To de- 
termine the gas void fraction in a solution layer at the 
gas-evolving electrode, gas bubbles present on the 
whole surface of both the hydrogen and the oxygen- 

Fig. 4. AR l is plotted vs i on a logarithmic scale for oxygen- 
evolving horizontal Ni, Pt and Au electrodes. Moreover, AR * 
determined by the current-interruptor technique is given by a 
dotted line for an oxygen-evolving horizontal Ni electrode. 
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Fig. 5. AR* is plotted us i on a logarithmic scale for an 
oxygen-evolving horizontal nickel electrode. The results from 
impedance measurements are indicated by o and those from 
phorographic experiments at which the Bruggemann equa- 
tion was used at the calculation, are indicated by x Both 

series of experiments were carried out simultaneously. 

evolving horizontal nickel electrode in 7 M KOH and 
at 298 K and atmospheric pressure were photographed 
according to the usual method. 

It has been found that for the hydrogen-evolving 
electrode this method is not applicable since also 
bubbles above the electrode surface were pictured. So 
adhered and detached bubbles could not be distin- 
guished. No other useful method is known. 

For the oxygen evolving electrode below about 
2 Acm-’ the bubbles present on the electrode surface 
were sharply pictured and almost no detached bubbles 
were photographed. Moreover, detached bubbles 
could easily be detected. From the number of detached 
bubbles on a picture and the diameter of each detached 
bubble SilIen[4] has calculated, assuming a zero- 
contact angle, 

AR* = (R - RJR, = & 
e 

0.125nd, 
‘- 

X J [l -e(x)]-3’2dx, 

0 
where 

“=“=4(D,x-x2) 
E(X) = c 

d; 
for x & D,. 

nl= 1 

The value of factor B(X) is equal to the degree of 
screening of the electrode surface by adhered bubbles 
at a distance x from the electrode surface. 

Figure 5 shows also AR*, determined from 4 pic- 
tures for each current density, as a function of the 
current density on a logarithmic scale. In this figure 
AR*, determined by impedance measurements which 
were carried out simultaneously with the taking of the 
photographs. 

3.4 Effect ufKOH concenrraliun 

Figure 6 shows log AR*/log i curves for hydrogen- 
evolving electrodes in various KOH concentrations. 
All curves in Fig. 6 are linear and their slope b 
decreases with increasing KOH concentration. 

Results for oxygen-evolving electrodes are given in 
Fig. 7. The shape of the log AR */log i curves depends 

Fig. 6. AR* is plotted US i on a logarithmic scale for a 
hydrogen-evolving horizontal nickel electrode in various 

KOH concentrations. 

Fig. 7. AR* is plotted US i on a logarithmic scale for an 
oxygen-evolving horizontal nickel electrode in various KOH 

concentrations. 

strongly on the KOH concentration. Generally, the 
logAR*/log i curve for oxygen-evolution in alkaline 
solution is an S-shaped curve. 

To check the reliability of the experimental R, 
values, the specific resistance of KOH solutions was 
determined by using a Philoscope (Philips PR 9500) 
and a conductivity cell with platinizcd platinum elec- 
trodes. The KOH dependence of both resistances 
agreed. 

3.5 Ej@cl of pressure 

The pressure dependence of the log AR */log i curves 
was determined for a hydrogen as well as an oxygen- 
evolving horizontal nickel electrode in 7 M KOH at 
298 K. 

Results for a hydrogen-evolving electrode are given 
in Fig. 8 and those for an oxygen-evolving electrode in 
Fig. 9. All the curves in Fig. 8 are linear and parallel; 
their slope is 0.62. The shape of the oxygen curves in 
Fig. 9 depends on pressure. 

The effect of pressure on AR* at a constant current 
density for gas evolution is shown in Fig. 10. The slope 
of the log AR*/log p curve is - 0.58 for the hydrogen 
evolving electrode. 

From Section 3.3 it follows that the slope b of the 
log AR*/logi curve for hydrogen evolution in 7 M 
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? P, kPs 

i,AlCd 

Fig. 8. AR* is plotted US i on a logarithmic scale for a 
hydrogen-evolving horizontai nickel electrode at various 

pressures. 

1 _,. 

0.1 1 10 

i , A/cm* 

Fig. 9. AR* is plotted US i on a logarithmic scale for an 
oxygen-evolving horizontal nickel electrode at various 

pressures. 

Fig. 10. AR* is plotted US p on a logarithmic scale for a 
hydrogen- and oxygen-evolving horizontal electrode at 1 and 

2 Acm- 2, respectively 

KOH at 298 K is 0.40. Taking into consideration the 
inaccuracy in both slopes it is concluded that, for a 
hydLagen-evolving electrode, AR * depends only on 
the volumetric rate of gas evolution, decrease in 
pressure and increase in current density have the same 
effect on AR*. 

For an oxygen-evolving electrode the slope of 
log AR*/logp curve at 2 Acm-’ depends on pressure, 
for instance -0.36 at 40 kPa and -0.12 at 404 kPa. 
From Fig. 7 it follows that generally the slope of the 
logAR*/logi curve depends on current density, for 
instance -0.70at2Acm-‘and -0.31at0.4Acm-2. 
This means that besides the effect of pressure on 
volumetric rate of gas evolution, the pressure has a 
strong influence on the coalescence behaviour of 
oxygen bubbles. 

3.6 Effect of temperature 

The effect of temperature on the log AR*/log i 
relation was investigated for hydrogen as well as 
oxygen-evolving horizontal nickel electrodes in 7 M 
KOH at atmospheric pressure. Results for hydrogen 
evolution are shown in Fig. 11 and for oxygen evol- 
ution in Fig. 12.. 

The straight lines in Fig. 11 at temperatures from 
298 to 343 K are parallel. Their slope is about 0.6, the 
straight line at 35X K, however, has a steeper slope, viz 
0.78. 

The difference in slope may be explained by a strong 
increase in the percentage of water vapour in the gas- 
vapour mixture. The saturation vapour pressureabove 
7 M KOH is 25.9 kPa at 343 K and 46.5 kPa at 
358 K[S]. 

Since the gas bubbles formed on the electrode have 
been saturated with vapour[df the gas-vapour volu- 
metric ratio at 343 K is 2.9 and I .17 at 358 IL The effect 

1 I 

t .._ 
01 02 0.5 1 2 s y1 

i, Ami2 

Fig. 11. AR* is plotted us i on a logarithmic scale for a 
hydrogen-evolving horizontal nickel electrode at various 

temperatures. 

L .‘.‘, . . ,.-., . , 

0.1 1 10 

i,Alcm’ 

Fig. 12. AR* is plotted US I on a logarithmic scale for an 
oxygen-evolving horizontal nickel electrode at various 

temperatures. 
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of vapour on the behaviour of gas-vapour bubbles has 
to increase with increasing temperature. 

The effect of temperature on both AR* and the slope 
of 1ogAR */log i relation for oxygen evolving elec- 
trodes is slight (Fig. 12). 

4. DISCUSSION 

This investigation is restricted to electrodes of small 
diameters. It is evident that the experimental data 
cannot be applied to large electrodes where free or 
forced convection play a very important role, for 
instance on number and size of attached bubbles. 

Section 3 shows that, in particular, both the nature 
of the gas evolved and the KOH concentration affect 
not only AR* but also the slope b of the log AR*/log i 
curve. 

In alkaline solution hydrogen bubbles coalesce little, 
whereas oxygen bubbles often coalesce[7]. Due to this 
difference in the coalescence behaviour of bubbles, two 
types of gas-evolving electrodes have been distin- 
guished. For each type a model describing the mass 
transfer of indicator ions to the gas-evolving electrode 
is given[S, 91. It is likely that these two models of gas- 
evolving electrodes are also used to explain the depen- 
dence of AR* on the nature of the gas evolved. 

4.1 Hydrogen evolving electrode 

All log AR*/log i curves are linear (Figs 3, 6, 8 and 
11). The slope b does not depend on the diameter, 
position and material of the electrode, on the pressure 
and temperature in the range from 298 IO 343 K, but 
depends significantly on KOH concentration. The 
steep slope at 358 K is caused by a high percentage of 
water vapour in the hydrogen gas-water vapour 
mixture as explained in 3.6. 

Slope b decreases with increasing KOH concen- 
tration. Since AR* increases with increasing gas void 
fraction in a solution layer at a gas-evolving electrode, 
it is likely that the KOH concentration strongly affects 
the gas void fraction. 

The solution layer at a gas-evolving electrode can be 
divided into two layers, viz a “fixed layer” (thickness 
being the diameter of adhered bubbles) adjacent to the 
electrode surface, followed by a “diffuse layer”. To 
explain the dependence of AR*, it is important to 
determine the gas void fraction in the “fixed layer”. 
This determination was not possible for the hydrogen- 
evolving electrode. Generally, for a hydrogen-evolving 
electrode, log AR* = a, +b logi and logAR* = a, 
- b log p, where a, and a2 are constants depending on 
the position, height and material of the electrode and 
on temperature. Pressure and current density have 

similar effects on AR*. The constant b strongly 
depends only on the KOH concentration. 

4.2 Oxygen evolving electrode 

Generally, the log AR*/log i curve is not linear but 
S-shaped (Figs 4, 7,9 and 12). This result may be 
caused by coalescence of oxygen bubbles depending on 
many factors, such as KOH concentration, pressure, 
temperature and nature of electrode material, In this 
case, determination of the gas void fraction in the 
“fixed layer” can assist explaining the experimental 
log AR*/log i relations. 

For an oxygen-evolving electrode the gas void 
fraction was determined as a function of the distance 
from the electrode surface to explain the experimental 
log AR */log i relations. The reduced resistance in- 
crease AR* is related to a solution layer with a 
thickness of 0.125 nd, at a gas-evolving disc electrode 
with a surface area of 0.25nd:. For the oxygen- 
evolving electrode almost all the bubbles within this 
layer are adhered to the electrode surface. So, the 
contribution of “free” bubbles to the gas void fraction 
can be neglected. Using the Bruggemann equation, 
AR* was calculated as described in Section 3.3. 
Calculated as well as experimental AR* are given as a 
function of current density in a logarithmic scale in 
Fig. 7. Both log AR */log i curves agree very well with 
each other. Consequently, the Bruggemann equation is 
useful to determine the ohmic resistance of a solution 
layer containing bubbles of different size and at which 
each bubble adheres to the electrode surface. 

It is likely that this result is also applicable for large 
electrodes. 
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