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It is shown how the various components of the overpotential due to an attached bubble on an
electrode can be separated and estimated. By considering the resistance increments due to the presence
on the electrode surface of a bubble, obtained from impedance measurements, it is possible to
determine the predominant potential distribution which controls the gas evolution. A relationship
between the measured overpotential and the diameter of the bubble is established. The time evolution
of the overpotential due to a growing bubble is modelled in the case of the limitation of the bubble
growth by dissolved gas diffusion in the solution. In agreement with previous experimental results a
linear time variation is found.

Nomenclature R, polarization resistance ()
Ry polarization resistance per surface unit
by, by Tafel coefficients (V~') Equation A7 (Qm™?)
dc difference between the supersaturation R, charge-transfer resistance (Q)
and saturation concentrations (molm=%) s relative rate of variation of the electrode
C electrode double layer capacity (F) active surface due to a growing bubble
C, electrode double layer capacity per sur- s
face unit (Fm~?) S disk electrode surface (m?)
Ca, Cg concentrations of species A and B in the AS,, AS,  equivalent screened surfaces by a bubble
redox system (molm?) or a sphere given by R, and R, changes
d, diameter of a bubble or a sphere on the (m?), Equations 18 and 29
electrode (m) t time (s)
d, diameter of the disc electrode (m) |4 potential difference between the working
D diffusion coefficient of the dissolved gas and the reference electrodes (V)
(m?s™") Vs gas molar volume: 24.5 x 107°m? at
E electrode potential (V) 298K
E, zero-charge potential of the electrode (V) AV total overpotential increment due to a
F Faraday constant, = 96487 C mol ! bubble or a sphere (V)
I electrolysis current (A) AV,, AV, activation and ohmic overpotential in-
E faradaic current (A) crements due to a bubble or a sphere (V)
ky, k; heterogeneous rate constants of the
redox reaction (ms~") Greek characters
2 .
'2 z}gg z g? 2%;,0311;;:‘“(:’& Sg,ﬂg?uatlon 3 o slgpe of log AV/log F curve,.Equatior} 11
Equation 5 O, Oy dimensionless parameters in Equations
K Henry coefficient, Equation 1 27 and_30 .. .
n number of the electrons involved in the B d1men§1onless coefficient in Scriven law,
reaction to form one molecule of the Equation 2 .
dissolved gas i tota! overpotential (V) o
0 electrical charge of the electrode double 2> fle> Mohm spatial averages of th? activation, con-
layer (C) centration and ohmic overpotentials
I radius of a bubble or of a sphere on the over the electrqd ¢ surfacSB(V)
electrode (m) 0 electrolyte density (kgm™°)
R, electrolyte resistance (Q2) Subscript
R, electrolyte resistance for an electrode of
I'm in diameter ((m), Equation 32 i in the absence of the growing bubble
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1. Introduction

Gas evolution occurs on an electrode through several
phenomena. The gas produced in molecular form by
.electrochemical reactions on the electrode dissolves in
the electrolyte and is transported by convection and
diffusion towards the bulk of the solution. A mol-
ecular gas supersaturation in the vicinity of the elec-
trode and some active sites on the surface lead to
bubble nucleation [1-4]. The growth of the bubbles
develops in two or three steps depending on the size of
the electrode.

In the first step of the growth, from a bubble
nucleus of the critical size, it has been shown, from
Rayleigh’s work [5] that the radius, r, {f), of the bubble
changes with time, ¢, as

112
w0 = () m

where K is the Henry coefficient, dc is the dif-
ference between the supersaturation and saturation
concenirations and g is the electrolyte density [6, 7].
The second step has been studied by Scriven [8]; he has
shown that when the bubble growth is limited by the
diffusion of the dissolved gas, one has

() = 2B(DH" @

where D is the diffusion coefficient of the dissolved
molecular gas and B is a current-dependent growth
coefficient. The third step is limited by the kinetics of
the production of the dissolved gas [9, 10]. When the
bubble is larger than the electrode, it is assumed that
the gas produced in molecular form is all transformed
to the gaseous form which increases the bubble size. In

this case
3y, \”
n() = ( — F) ®

where ¥, is the molar volume of the gas, I the electroly-
sis current, n the number of electrons involved in the
electrochemical reaction and F the Faraday constant.
Brandon and Kelsall [7] have verified the validity of
Equations 1-3 in experiments carried out on micro-
electrodes of diameters ranging from 10 to 500 ym.

The last stage of the bubble evolution, ie. its
detachment from the surface, occurs when the balance
between the forces which tend to maintain it on the
electrode and the forces which tend to release it is
broken [9]. These various forces include the weight of
the bubble, the buoyancy, the superficial tension, the
pressure, the inertia and the electrostatic forces [7].

The electrochemical reaction mechanisms which
lead to the production of the gas in molecular form
have been investigated [11]). However this paper deals
with the overpotentials arising from the presence of a
bubble on the electrode surface.

Information on the fundamental aspects of the
potential drops related to a gas-evolving electrode have
been provided by Leistra and Sides [12] who have
estimated the various terms of the overpotential

(ohmic #,,,, activation #,, and concentration ).
Dukovic and Tobias [13] have carried out a numerical
calculation of the total overpotential on an infinite
electrode by taking into account the primary, second-
ary and tertiary potential distributions. They have
shown that the total overpotential can be expressed by

My = Yohm + fla + He (4)

In this paper the various components of the total
overpotential will be experimentally estimated. In par-
ticular these terms will be related to the sizes of the
bubble and the electrode. This calibration will allow,
in a subsequent paper [14], a quantification of the
bubble mean size and the evolved gas volume (evol-
ution efficiency) from the power spectral density of
the voltage fluctuations measured on a gas-evolving
electrode [15].

In a first step, the correlation between the time
evolution of the radius of a growing bubble and the
induced overpotential will be investigated on a
microelectrode. In a second step, the various com-
ponents of the steady state overpotential will be
separated in the case of a sphere, simulating a ‘frozen’
bubble, placed on the electrode surface. In a third
step, a model of the dynamic behaviour of the poten-
tial drops related to the bubble growth will be derived.

2. Experimental details

Two types of experiment were carried out: first a
measurement of the time evolution of the radius of the
growing bubble and then measurements of electrical
quantities (steady state voltages and impedance).

The measurements were performed in a cylindrical
cell where the working electrode was located close to
an optical window made through the side wall of the
cell. This window was used for taking photographs or
for observing the electrode by means of a binocular
microscope. The electrode faced upwards in order to
facilitate the release of the gaseous bubbles or the
laying of a glass sphere on the surface. The electrode
was a disc of various diameters (that of 100 um dia-
meter being termed a microelectrode) insulated in
glass. The electrode surface was first polished with
emery paper (grade 1200) and then with alumina pow-
der (3000 A). The reference electrode was of the satu-
rated calomel type in NaOH medium and of the
saturated sulphate type in a sulphuric medium. The
counter electrode was a platinum grid. In all the
experiments the current was controlled in order to
observe only the overpotential due to the bubble
growth or to the presence of the sphere.

2.1. Measurement of the electrical quantities

The electrical signals (current, potential) were ampli-
fied and cleared for their d.c. components. A monitor-
ing oscilloscope allowed the current to be kept con-
stant during the bubble growth and detachment.

In the microelectrode experiment the time evolution
of the overpotential increment, AV(f), due to the
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Fig. 1. (2) Experimental arrangement for the simultaneous measurement of the overpotential increment AV (¢) and the bubble radius by
means of a stroboscope. (b) Signals recorded on the digital memory oscilloscope (overpotential increment AV(7) and instants of the
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bubble growth was recorded by using a digital
memory oscilloscope (two channel Gould 0S4200)
which was also used to synchronize the stroboscope
triggering used to measure the bubble radius (Fig. 1a).
At the end of the acquisition the signal AV(f) was
drawn on a plotting table.

By superimposing white noise to the current as a
perturbing signal and comparing it with a Fourier
analyser to the system response in voltage, the
impedance was measured [16].

2.2. Measurement of the time evolution of the bubble
radius

The detachment of the bubble from the electrode
surface induces a steep jump of the overpotential
(Fig. 2) which allows a programmable signal gen-
erator (Wavetek 275), which delivers a periodical

square signal, to be triggered in order to control the
stroboscope. The latter generated very short flashes (a
few us) which lit the electrode at successive instants of
the bubble growth. The periodical square signal was
also stored in the second channel of the oscilloscope
in order to mark the triggering times of the flashes
(Fig. 1b).

The photograph was taken by using a camera with a
bellows which gave an enlargement of 5 on the negative.
By keeping the camera shutter open (‘B position of
the shutter dial) successive pictures of the bubble at
periodical instants were produced on the film. Hence
a succession of pictures of the bubble taken at con-
stant time intervals was obtained on the same photo-
graph, from which the time evolution of the bubble
radius could be measured (Fig. 3). As the sequence
nucleation-growth—detachment of the bubble was
periodic on the microelectrode, by varying the fre-
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Fig. 2. Time evolution of the overpotential increment A¥ () due to the growth of an oxygen bubble on a microelectrode (d, = 100 um,

I = 67 A, | M NaOH).

quency and the number of cycles of the square signal
delivered by the generator, the whole transient could
be explored.

Two limitations have appeared. Firstly the horizon-
tality of the electrode surface influenced the shape of
the AV (?) transient a great deal and the electrode had
to be carefully adjusted prior to each experiment.
Secondly, only one picture could be taken during the
first step of the bubble life because in these conditions
the growth rate was very high and the bubble diameter
was very small, lower than the optical resolution of the
device.

3. Results

Two types of experimental result were obtained in this
study. First, by using the repetitive growth of only one
bubble on a microelectrode, the correlation between
the bubble diameter and the induced overpotential
was established. Second, the overpotential due to
spheres of various sizes, placed on the electrode
surface, was investigated.

Fig. 3. Photograph of the sequential pictures of the bubble during
its growth.

3.1. Time evolution of the diameter of a bubble
growing on a microelectrode and of the induced
overpotential

This study was carried out in 1 M NaOH on a 100 yum
diameter platinum microelectrode where the repetitive
formation of a single bubble of oxygen was observed
under current control at I = 67 yA.

Figure 4 gives the time evolution of the bubble
diameter (Fig. 4a) and the overpotential increment
AV(f) (Fig. 4b). On curve a, the vertical bars show the
estimation of the measurement errors. This plotting
shows two successive evolution regimes. In the first the
bubble radius changes as 72, and in the second, when
the bubble size exceeds the electrode size, the radius
evolves as 1. The change appears when the bubble
diameter is larger than one and a half times the elec-
trode diameter. Similarly, the overpotential regime
changes at about the same time, passing from 7 to 7.

In the first regime

AV

K,

and in the second

)
AV = kP

These results are in agreement with the theoretical
predictions. They show that in the first regime the
growth is limited by the diffusion of the dissolved gas
in the solution and in the second by the kinetics of gas
production. The very first stage of growth has not
been obtained as it is too fast and lasts less than 50 ms.

In Fig. 5 the overpotential increment A¥(f) has
been plotted versus the square of the bubble diameter.
For both growth regimes AV(¢) is proportional to the
square of the bubble diameter

AV o« & (6)

In Fig. 6a the time evolution of the overpotential
has been plotted for various electrolysis currents.
Figure 6b shows that the coefficients k; and %, in

Equation 5 vary approximately as I*”.
ki, k, c I’ N

This experimental result allows the coefficient f of
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Fig. 4. Growth of an oxygen bubble on a microelectrode (d, = 100 um, I = 67 yA, 1M NaOH). (a) Bubble diameter d;; (b) overpotential

increment AV due to the bubble.

the Scriven law (Equation 2) to be attained. For the
regime controlled by diffusion, Equations 2 and 5 give

)

and for the regime controlled by the electrolysis
current, Equations 3 and S give

ky
L S 7
VEZAN ’
4nnF
The ratio AV/d; is very close in the two growth regimes
as shown in Fig. 5. Hence from Equations 8 and 9
k, k

16ﬂ2D = ( 3VI>2/3 (10)
4 0

AV = )

danF
80

By using Equation 7, it is shown that the Scriven
coefficient, B, is proportional to I'”* which is in agree-
ment with other authors [7, 17]. Equation 9 shows that

AV o« I*d} an

where o = 1. However, from the experimental point
of view it is shown from Fig. 6a that « is slightly
greater than 1.

3.2. Identification of the overpotential due to a sphere
on the electrode surface

In this part, the origin of the overpotential (primary,
secondary or tertiary potential distribution) has been
investigated by measuring the impedance and the
overpotential increment due to the presence of a
sphere placed on the electrode centre which simulates

! ! ! ] ! ! !
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Fig. 5. Overpotential increment AV

versus the square of the bubble diam-
eter d2 (same experimental conditions
as Fig. 4).
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Fig. 6. (a) Time evolution of the overpotential due to the growth of an oxygen bubble on a microelectrode for various currents /: (@) 15.1;
(+) 19.3; (0) 28.8; (O0) 47.7 uA. (b) Variation of the coefficients £, and &, of Equation 5 (same experimental conditions as Fig. 4).

a ‘frozen’ bubble attached to the electrode. The
impedance technique is quite appropriate for charac-
terizing the potential distribution around the bubble.
However, as this technique cannot be used on a grow-
ing bubble it is necessary to ‘freeze’ the bubble on the
electrode by switching off the current.

3.2.1. Impedance variation due to a ‘frozen’ bubble.
There are two types of limitation to this technique.
First it is not possible to freeze large bubbles and,
second, only the high frequency part of the impedance
can be used as the low frequency part is controlled
by the diffusion of the reactive species and, hence,
the measured impedance is perturbed by the natural
convection.

The increment of the electrolyte resistance, AR, due
to the presence of a bubble on the electrode is obtained
from the shift of the high frequency limit of the real
part of the impedance diagram plotted in the complex
plane. The results obtained for a | mm diameter plati-
num electrode in sulphuric medium in the presence of
hydrogen bubbles have been plotted in Fig. 7. They
show that AR, is proportional to the square of the
bubble diameter.

AR, oc d? (12)

In addition, Fig. 7 shows that a sphere used in order
to simulate the presence of a large ‘frozen’ bubble has
the same influence on the electrolyte resistance incre-
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impedance measurement, versus the diameter of a bubble or a
sphere placed on a lmm diameter platinum disk electrode in
sulphuric medium 1M (I = 0).

ment as the real bubbie, except for a slight deviation
which could be due to a contact angle different from
ZEero.

3.2.2. Impedance variation due to a sphere. This study
was carried out on a Smm diameter iron disc elec-
trode in 1 M H,SO, electrolyte. In this electrochemical
system, two processes occur simultaneously: iron dis-
solution and hydrogen production. In order to avoid
the formation of hydrogen bubbles which could per-
turb the influence of the sphere on the electrode, the
measurements have been performed with a slightly
anodic polarization current (between 10 and
30mA cm™?) where the hydrogen production is neg-
ligible. In this domain the dissolution mechanism is
well known and the impedance diagram (Fig. 8) shows
three characteristic resistances: the charge transfer
resistance, R,, the polarization resistance, R, (low
frequency limit of the impedance) and the electrolyte
resistance, R, (high frequency limit of the impedance).
When a sphere is placed on the electrode, the potential
distribution is perturbed around the electrode leading
to characteristic impedance changes: R, + AR,
R, + AR, and R, + AR,, as demonstrated by the
impedance measurements (Fig. 8). The resistance
increments AR, AR, and AR, have been plotted in
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Fig. 8. Impedance diagrams measured on an iron disc electrode
(Johnson Matthey, d, = Smm, 1M H,S0,). (a) Without sphere;
(b) with a 3mm diameter sphere placed on the surface centre.
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Fig. 9. Resistance increments AR, AR, AR, versus the sphere
diameter (same experimental conditions as Fig. 8).

Fig. 9 versus the sphere diameter. This shows that the
resistance increments vary as d?

AR,, AR, AR, oc d? (13)

except for spheres of large diameter (larger than the
diameter of the electrode). This is in agreement with
Equation 12 relative to the frozen bubbles.

In addition, the impedance diagram shows that in
these experimental conditions there is no extra over-
potential due to a concentration gradient as there is
no diffusion impedance revealed by this experimental
diagram (Fig. 8).

3.2.3. Overpotential due to a sphere. The overpotential
was measured just after the sphere was placed in
the centre of the disc electrode. The influence of the
current and the electrode diameter was investigated.
The experimental results were averaged over four
experiments which gave a 1 mV resolution.

In Fig. 10a the overpotential increment AV has been
plotted versus the diameter of the spheres on a 5mm
diameter disc electrode. This figure shows that the
increment AV is proportional to the square of the
diameter of the sphere as long as it does not exceed
about twice that of the electrode

AV « d (14)

Figure 10b shows that the ratio A¥/Iis independent
of the current 7 and that
AV

In Fig. 11a the overpotential increment, AV, has
been plotted for two electrodes of different diameters
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Fig. 10. (a) Influence of the electrolysis current on the overpotential increment due to a sphere placed on the electrode (same experimental
conditions as Fig. 8). (b} Resistance increment AV/I versus the ratio of the diameter of the sphere over that of the electrode (same

experimental conditions as Fig. 8).

for various electrolysis currents. This shows that, as
previously, AV is proportional to the square of the
sphere diameter (except when it is too large) and that,
for a given sphere diameter and current, AV decreases
when the electrode diameter increases.

Figure 11b shows that AV/I is proportional to the
square of the ratio of the sphere diameter, 4, , over the
electrode diameter, d,, the proportionality factor
being dependent on d..

AV (dY
T “\4

(16)

4. Discussion

Experimental results obtained here concern both the
steady state and dynamic behaviour of the overpoten-
tial increment due to a bubble attached or growing on
an electrode.

4.1. Steady state overpotentials

The resistance increments AR, , AR, and AR, obtained
from impedance measurements are proportional to
d?; therefore they can be considered as proportional
to the projected surface of the bubble. Hence the
experimental results can be interpreted by considering
an equivalent total screening of only a part of the
active surface of the electrode due to the sphere or
the bubble where the current is supposed to be zero,
whereas the current is supposed to be uniform outside
the screened surface.

To the polarization resistance, R,, which is
Ry

R:

, = 2 an

where R, is the polarization resistance per surface
unit without a bubble on the electrode and S is the
electrode area, there corresponds an equivalent
screened surface given by

_ AR,

AS,
— = 18
= T (18)
for small values of AS, and AR,.
In the framework of the screened surface approxi-
mation the overpotential of an electrode immersed in
an electrolyte can be written

< nrer(2)

Under current control the addition of a sphere, or of
a bubble, on the electrode surface gives rise to an
increment of R,, R, and V such that

(19)

of IAS,
AV = ARI + —a(l/S)<" 52 ) (20)
= AR.I + R, (— I[;f") (21)
A
= ARI + R, < L SS"> (22)
and by using Equation 18
AV = ARJI + ARI (23)

In this derivation, which is valid for non-linear
current-voltage relationships, Equation 23 is valid
only for small changes, AS,, AR., AR, and AV, i.e. for
small spheres or bubbles. However, in the experimental
results given here this type of relationship seems to be
valid up to sphere diameters larger than the electrode
diameter. In the experimental conditions chosen (iron
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electrode in sulphuric medium close to the corrosion
potential) the current-overpotential relationship is
nearly linear and can be approximated by

n = (R + Rp)l

In this case, whatever the size of the sphere which gives
rise to resistance increments AR, and AR,

AV = Ay, =

(24)

1, (with sphere) — #, (without sphere)

(25)
= (R + AR, + R, + AR))I
— (R, + R)I (26)
= (AR, + AR)I

Therefore in a linear region Equation 23 is valid what-
ever the values of the quantities AR, and AR,, i.e.
whatever the size of the sphere or bubble.

The equivalent screened surface, AS,, can be esti-
mated by using Equation 18 and the data of Fig. 9 and
by defining

AS)| = o, a2 @7)
P P4 b
as R, = 10.5Q, § = 0.2cm’, one has o, = 0.3.

The presence of the sphere on the electrode leads to
a rearrangement of the current lines which gives an
equivalent screening effect of 30% of the projected
surface of the sphere.

From Equations 18 and 27 the relative change of R,

can be evaluated
AR, (Y
rR _ *\q

P

(28)

For the electrolyte resistance increment, AR, it has
been shown, on a theoretical basis [18] in the case of
a ring disc electrode, that AR, is proportional to dj,
where d, is the diameter of an insulating disc. On the
other hand, in the case of an infinite electrode, it has
been shown that AR, is also proportional to di, where
d, is the diameter of the bubble [19]. The present
experimental results are not in agreement with these
theoretical predictions as AR, is proportional to 4.

As AR, and AR, behave in a similar way, i.e. a small
bubble or sphere put on a small electrode has the same
relative effect on R, and R, as a large bubble or sphere
on a large electrode (with the same d,/d, ratio), the
same relationships as Equations 18, 27 and 28 can be
assumed for the electrolyte resistance increment.
Hence

AS, AR,
s = R 29)
2
IAS,| = aen% (30)
AR, a,\
= = %\7 (3D

where a,, like a,, is independent of d, and d,.
As for a disc electrode of diameter d,, R, and R, can

be written in the form

_ Ry
R = (32

4R
R, = - d"2° from Equation 17 (33)

Then .

dy
ARe = (xeReOEB' (34)
and
4 @t

AR, = E%Rwi& (35)

The total overpotential increment due to the presence
of a sphere or a bubble is therefore

&2 4 a2
AV = 1(%&05}; + ;ochPOd—t;) (36)
ie. A : IV
1
AV = I(aeReoa—+EapRp0?> (Zb) (37)

Equation 37 explains why, for the same d, /d, ratio, the
experimental overpotential increment is lower for a
larger electrode (see Fig. 11b).

The ratio of the overpotential increments related to
the primary potential distribution AV, = AR,/ and
to the secondary potential distribution AV, = AR,/
can be estimated

AY, AR,

i = L 38
A I/ohm ARe ( )
AV, _ 4u,Ry
A Vohm T, ReO de (3 9)

As an example, this ratio is equal to 3 in the case of the
experimental conditions of Fig. 9. Equation 39 shows
that, when the size of the electrode increases, the
overpotential will be predominantly determined by
the primary potential distribution, i.e. ohmic drop.
This is also true, from Equation 38, when R,
decreases, which is often the case when the electrolysis
current increases. This behaviour is similar to that of
a non-screened electrode.

On the other hand, from the data depicted in Fig. 9
and using Equation 23, one has

AV AR,
e ARE<1 + ARE)

AV 3
T AR, (1 + ZI;>

where d, unit is mm.
Hence for two electrodes of diameters d, and d the
ratio of the overpotential increments, for the same

d, /d, ratio, is
Av
1/,

(40)

(A1)

i

ro= AV (42)
(7).
i)
—11 4+ —
= _Cie—_.de__ (43)
l 1+}_
dé( dé>
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For d, = Smm and d; = 10mm, r = 2.5. The data
plotted in Fig. 11b give r = 2.9. The good agreement
between experimental and theoretical results supports
the various assumptions used in this study.

4.2. Dynamic overpotential increment due to a
growing bubble

It will be considered that the variations of the resist-
ance increments AR,, AR, and AR, are due to the
variations of the equivalent screened surfaces AS,,
AS,, AS; due to a bubble of radius r,. Thus

AS;

— 2
= (Zjﬂ?‘b

(“4) _

Resistance increment AV/I versus the ratio d,/d,.

where the parameter o; depends upon the considered
resistance (i.e. depends upon the frequency). In order
to calculate the time evolution of the overpotential
increment AF(f) due to the bubble growth it is
assumed that this bubble growth leads to a decrease of
the electrode active surface. This surface change, AS,
produces a variation of all the parameters depending
on the surface which characterize the kinetics of the
system (R, R,, C. . .). In this approach therefore, it
will be considered that all the screened surfaces AS,,
AS,, AS, are equal to AS.

The electrode is polarized at a constant current 7. At
time ¢ = 0, a bubble is born and begins to grow. Due
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to the screening effect the electrode active surface
changes as

S = S0 — s 45)
where S; is the surface at time ¢ = 0, without the
bubble. The surface change AS = — S5t is pro-
portional to the time insofar as on the one hand

AS = anr? (46)

where « is a constant and on the other hand the radius
of the bubble r, changes as |/t when the growth is
limited by the dissolved gas diffusion. In these con-
ditions it can be shown for various reaction mech-
anisms on the electrode (see Appendix) that the over-
potential increment is the sum of two terms pro-
portional to time ¢, one term due to the ohmic effect
and the other to the kinetic effect.

AV(t) = IR;st + IRyst
where R; and R, are the polarization and the elec-

trolyte resistances in the absence of the-bubble.
By using Equations 18 and 29

47

AR, AS .
—l = e = - 48
AR, AS

—}2:; = — ?’ = — 5t (49)

Equation 23 is found again from Equation 47.

The linear relationship with time (Equation 47) of
the overpotential variation is in agreement with the
experimental result obtained on a microelectrode in
the caserof dissolved-gas-diffusion-controlled growth
(first regime. in Fig. 2). This regime is often experi-
mentally:-found:on macroelectrodes (larger than a few
mmy) as in"this case-the sizes of the bubbles are lower
than the électrode size and, therefore, their growths
are diffusion controlled (except when bubble coal-
escence occurs):

When :several bubbles are simultaneously growing

..on thesurface, if: the number of bubblés-remains low; - -

or the bubbles are small compared to the electrode
size, the total surface screened by the bubbles remains
low compared to the electrode surface and can be
calculated as the sum of the surfaces screened by each
bubble: the elementary overpotential increments of
each bubble simply add. Hence the overpotential
increment due to the growth of a small number of
bubbles, or bubbles of small diameter (AS < )
increases~linearly with time. When the number of
bubbilesbecomes large, the perturbations of the poten-
tial due to.each bubble interact and induce a signifi-
cant increase of the overpotential, as shown by
Dukovic and Tobias [13].

From the experimental point of view, this linear
time variation of the overpotential has already been
found in the case of iron dissolution close to the
corrosion potential in sulphuric acid where a few
hydrogen bubbles grow slowly on the electrode [15].

5. Conclusion

The total overpotential measured on a gas-evolving

electrode fluctuates because of the continuous change
of the number and size of bubbles on the electrode. In
order to understand the origin of the overpotential
fluctuations (ohmic and/or activation and/or concen-
tration effects), gas evolution has been studied in this
paper for only one bubble on the electrode and for a
glass sphere simulating a frozen bubble.

The measured total overpotential has been charac-
terized under current control by the increments of the
electrolyte resistance and the polarization resistance,
which have been evaluated from impedance measure-
ments. The ratio of these increments allows the type of
control (ohmic, activation and, in other conditions,
concentration) to be assessed.

In the experimental conditions used (hydrogen
evolution during iron dissolution), the various com-
ponents of the total overpotential are interpreted as
the result of a screening effect due to the bubble or the
sphere which masks a part of the active surface of the
electrode. By studying this screening effect, which is
related to the potential distribution and hence is fre-
quency depeéndent, a relationship has been obtained,
for a given electrode diameter, between the bubble or
the sphere diameter and the induced overpotential
increment.

For a gas-evolving electrode, this relationship
allows some parameters characteristic of the gas
evolution, usually determined from optical tech-
niques, to be derived from the analysis of the fluctu-
ations of- an- electrical quantity, the electrode over-
potential. The derivation of these parameters, such as
the mean number of bubbles evolved per time unit, the
bubble detachment mean radius and the gas evolution
efficiency (i.e. the amount of produced molecular gas
evolved under bubble form) is illustrated in [14]} for
gas evolution in water electrolysis.

Two more results are shown in this paper. First, for
gas evolution on macroelectrodes (large diameter elec-
trodes). it can. be concluded that, as the maximum
diameter reached by the bubbles is small compared to
the size of the electrode, the observable growth of the
bubble is controlled by the transport, by diffusion of
the dissolved molecular gas (if the coalescence
phenomenon is not taken into account) and not by the
kinetics of the production of the dissolved gas.
Second, if the bubble is supposed to grow under mol-
ecular gas diffusion control and the overpotential is
due to a screening effect, a theoretical calculation has
shown that the overpotential changes linearly with
time, which agrees with experimental findings [15, 21].

Appendix: Derivation of the time evolution of the
overpotential due to the growth of a bubble

When the bubble grows on the electrode surface under
current control, the total current which flows through
the electrode is constant (I = I). It is the sum of the
faradaic current, I, and the charging curent, dQ/d¢,
of the double layer capacity, C.

Y

Io = IF+_

i (Al)
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Fig. 12. Equivalent circuit used for the derivation of the overpoten-
tial time evolution.

The charge, Q, of the double layer is equal to
Q0 = CE - E)
where E, is the zero charge potential and E the elec-

trode potential (see Fig. 12). The measured potential,
V, takes into account the ohmic drop.

(A2)

V = E+ R]I, (A3)

Hence from Equation Al and using Equation A2

dE

Sy

dc
L = k+(E—-E)—+C
dt
where the double layer capacity, C, is surface
dependent

C=COS

Two types of reaction mechanism have been investi-
gated: a simple redox process and a two-step charge
transfer process [20]. These mechanisms can be either
the reaction mechanism at the origin of the molecular
gas production, or a parallel reaction mechanism
which reveals the gas bubble evolution through the
electrode surface change.

(AS)

Redox reaction mechanism

k
A+e kﬁf B
b
In order to simplify the calculation presentation no
limitation by mass transport is assumed so that con-
centrations of species A and B (C, and (3) are con-

stant. Then
I = FS(kyCy — kCy) (A6)

where the reaction rates, k, and k;, are assumed to
follow a Tafel law

ke
ky

ke exp (— b E)

A7
ki exp (b E) (A7

The time evolution of the potential, E, is governed by
Equation A4 which gives, using Equation A6

dE dc
CE + (E - EZ) E ‘+‘ FS (kbCB - kaA) = IO

(A8)

For small changes, AE, about the polarization point,

E,, due to the surface change, AS, one has

dAE dc dc
Cgp TAE + (B — E) ¢

+ FS(kyCy — k;Cy) + FS(kybyCy
+ kb COAE

IO =

(A9)

where k, and k; are hereafter the values of the rate
constants at potential E,.

At time ¢ = 0, the faradaic current, L, is equal to
Iy

L = FSi(kyCg — kCy) (A10)

From Equations A9, A10 and 45, one obtains the
differential equation which governs the AE time evol-

ution
dAE dC 1 — s¢
C == -~
dr +AE<dt TR >
d
+ (Ey — E) E? —stly = 0 (Al1)
where
1 AL
R, = A_I; = FSi(kybyCs + kb Cp) (A12)

is the charge transfer resistance at potential, E,,
before bubble growth.

The derivative dC/d¢ is a constant given by
Equations A5 and 45
dcC

= — (s

n : (Al13)

where C; is the double layer capacity before bubble
growth (G, = G;S)).

" The integration of Equation Al with initial con-
dition AE(0) = 0 leads to

s
1 — st

x [I — exp (— /Ry G)] + LRt} (Ald)

AE(D) = {(E, — E, — LLR)R;C,

After a short transient regime (R;C;, ~ 1ms, for data

of Fig. 8) AE(¢) varies linearly with time insofar as the
surface change due to the bubble is small (st < 1).

AE(t) = I()R[ist + (EO - EZ)RliCiszt

+ (By — E)R;Gs (A15)

when I, is different from zero and R, C, is low.

AE(®) = I Ryst (A16)

If the ohmic drop is taken into account, the total
overpotential increment AV(¢) is given by (from
linearization of Equation A3)

AV(t) = LRgst + AR, ()], (A17)
or with Equations 29 and 45
AV(t) = ILRyst + I Ryst (A18)
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Two-step charge transfer

The same derivation has been carried out in the case
of a two-step charge transfer [20, 21] which is a simpli-
fied model of iron dissolution in sulphuric acid close to
the corrosion potential.

It has been found that

AV([) = I()Rpist + IoReist

which generalizes Equation A18 when the polar-
ization resistance R, is different from the charge trans-
fer resistance R,.
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