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A surprising phenomenon is presented: a bubble, produced from water electrolysis, is immobilized

in the liquid (as if the Archimedes’ buoyant force were annihilated). This is achieved using a

nanoelectrode (1 nm to 1 lm of curvature radius at the apex) and an alternating electric potential

with adapted values of amplitude and frequency. A simple model based on “nanoelectrolysis” (i.e.,

nanolocalization of the production of H2 and O2 molecules at the apex of the nanoelectrode) and an

“open bubble” (i.e., exchanging H2 and O2 molecules with the solution) explains most of the

observations. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4960098]

Microbubbles have many applications: medicine (con-

trast agents,1 gas embolotherapy,2 and blood clot lysis3) or

nuclear industry.4 Questions about their stability remain topi-

cal.5 H2/O2 microbubbles are easily generated by water elec-

trolysis and their production is controlled by the electric

potential. Recently, H2 microbubbles have been used to

rotate a microobject.6 Droplets may also be controlled by

electrolysis.7 Many applications will result from a more

effective control on the microbubbles and, especially, on

each individual microbubble. Our previous paper8 showed a

first example of such control: the nanolocalization of the pro-

duction of microbubbles at a unique point of a tip-shaped

electrode, under precise values of the amplitude and the fre-

quency of the alternating potential. This phenomenon will be

called nanoelectrolysis (for bubble production). The relation

between microbubble production and current intensity will

be given in a forthcoming paper. The present paper describes

a surprising phenomenon, which represents an example of

control of a single microbubble: the immobilization of a bub-

ble in the liquid (as if the Archimedes’ buoyant force were

annihilated).

The experimental procedure is described in Ref. 8.

Water electrolysis is performed using an aqueous solution

containing 10�4 mol/L of H2SO4 and a periodic alternating

applied potential, here of rectangular shape:9 VðtÞ ¼ Vm for

0 < t < T=2; VðtÞ ¼ �Vm for T=2 < t < T (T is the period

and � ¼ 1=T the frequency). The amplitudes Vm typically

range from 2 V to 30 V. Two Pt electrodes are used and one

of the two electrodes—called nanoelectrode—is tip-shaped,

with a curvature radius, at the apex of the electrode, ranging

from 1 nm to 1 lm. In the previous paper,8 we showed that,

for definite values of the amplitude and the frequency of the

potential, the microbubbles are produced at a single point,

the apex of the nanoelectrode. We start in such conditions,

so that microbubbles are successively generated at the apex

of the electrode and then naturally go up towards the air–so-

lution surface, owing to the Archimedes’ buoyant force. Let

us now describe the observed phenomenon. Immediately

after the production of a microbubble, if we rapidly increase

the frequency (generally, up to at least 500 or 1000 Hz; and

then, maintaining constant the frequency; Vm remaining

always constant), then the microbubble remains immobile in

the solution,10 at some distance from the electrode and nearly

at the vertical of the apex of the electrode (Fig. 1). In addi-

tion, this configuration is stable, since the bubble remains

at the vertical of the apex of the electrode and at the same

distance from the electrode, when this electrode is moved in

any direction with respect to the solution (see the video11).

This immobilization is observed during various minutes or

hours (at constant amplitude Vm and frequency). The diame-

ters D0 of the immobilized bubbles typically range from

some lm to 400 lm. This diameter may remain constant, in

some cases, but very frequently decreases with time, as

shown in Fig. 2, till the (optical) disappearance of the micro-

bubble. As the diameter D0 decreases with time (Fig. 3), we

observe that the distance rC between the center of the bubble

and the apex of the electrode also decreases (Fig. 4). The

evolution of the diameter decreasing rate dD0=dt as a func-

tion of the diameter is shown in Fig. 5, for three different

experiments.

FIG. 1. Microbubble immobilized in the solution, above the apex of the

nanoelectrode (potential Vm¼ 3 V, �¼ 1000 Hz).a)Electronic mail: olives@cinam.univ-mrs.fr
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In order to understand such a strange phenomenon, we

first note that the bubble cannot be considered as a closed sys-

tem (i.e., with no exchange of matter with the solution) and

its immobilization as a balance between the Archimedes’

buoyant force and a new force. Indeed, such a (downward)

force should increase with the distance between the bubble

and the apex of the electrode (in order to explain the stability

of this equilibrium, shown in the video11), which seems unre-

alistic. Our explanation is then based on a bubble considered

as an open system, exchanging matter with the solution

through its (immobile) surface. In this case, the new forces

which might counterbalance the Archimedes’ one are the flux

of momentum entering the bubble and the hydrodynamic

forces. However, these forces are intimately associated with

the fields of the pressures, velocities, and densities and the

determination of these fields is a very complex coupled prob-

lem (involving hydrodynamics, diffusion, and mass fluxes

kinetics at the bubble–solution interface). This problem is not

treated here and will be investigated in the future by using

computer simulations. As an approximation, hydrodynamics

equations (concerning the pressures and the velocities) may

be separated and, in the following, we show that a simplified

model based on the mass balance, diffusion, and interface

fluxes equations may explain—at least qualitatively—most of

the above observations.

In our previous paper,8 we showed that the bubble pro-

duction is nanolocalized (at the apex of the nanoelectrode)

when the potential v (applied to the dielectric layer, at the

electrode–electrolyte interface) reaches a threshold value v0.

Similarly, we expect that the chemical reactions of electroly-

sis will be also nanolocalized for a (lower) threshold value

v00. According to our model,8 this implies that, in the

potential amplitude–frequency plane, the domain for the

nanolocalization of the electrolysis reactions is shifted

toward higher frequencies, with respect to that for the nano-

localization of bubble production. Thus, after the increase in

frequency needed for the immobilization of the bubble, the

new present amplitude–frequency values correspond to con-

ditions of no bubble production,8 but we here assume that

they correspond to nanolocalization conditions for the elec-

trolysis reactions: i.e., these reactions still occur and are

nanolocalized at the apex of the electrode, although the rate

of production of H2 and O2 molecules is not enough to gen-

erate bubbles. These molecules, produced at the apex of the

electrode, thus remain and diffuse in the solution, without

generating any bubble. In our model, the immobilized bubble

is considered as an open system, which may exchange H2

and O2 molecules with the solution through its surface. The

whole system (solution and bubble) is considered in a steady

state.

The bubble contains H2 and O2 molecules, and the gen-

eral model for a bubble containing these two components is

given in the supplementary material.11 This model shows

that, in the steady state (and for not too small diameters), the

bubble contains nearly the same number of moles of H2 and

O2 (although the production of O2 molecules is lower than

that of H2, and the solubility of O2 is higher than that of H2;

this is due to the low diffusion coefficient of O2).11 In the

following, for the sake of simplicity, we present the model

for a bubble containing only one component, e.g., H2. Let us

FIG. 2. Immobilized bubble, slowly

decreasing with time (Vm¼ 3.43 V,

�¼ 1000 Hz): t¼ 0 (a), t¼ 2 min 6 s

(b), t¼ 3 min 55 s (c) and t¼ 4 min 33 s

(d). Same scale for all the images.

FIG. 3. Diameter D0 of the bubble versus time t, for the experiment shown

in Fig. 2.

FIG. 4. Relation between rC (distance between the center of the bubble and

the apex of the electrode) and D0 (diameter of the bubble), for the experi-

ment shown in Fig. 2. The dashed line represents the equation rC ¼ D0=2.
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use the subscript i¼ 1 to denote the H2 component in the

solution and the subscripts i¼ 2, 3,… for the other compo-

nents of the solution (such as O2, H2O, Hþ,…). The diffusion

flux of H2 is given by Fick’s law

j1 ¼ q1ðv1 � vÞ ¼ �D1 gradq1 (1)

(qi and vi are, respectively, the volume mass density and the

velocity of the component i; v is the barycentric or convec-

tion velocity defined by q v ¼ q1 v1 þ q2 v2 þ :::, q being

the mass density of the solution; D1 is the diffusion coef-

ficient¼ 4.6� 10�9 m2/s for H2 in water at 20 �C). In the

solution, the H2 mass balance equation

@q1

@t
þ div q1 v1ð Þ ¼ _m1d (2)

( _m1 is the mass production per unit time at the apex of the elec-

trode, which is considered as the origin point; d is the Dirac

measure—in space—at this origin point; _m1, averaged on a

period, is considered constant in this simple model) leads to

�D1Dq1 þ v � gradq1 ¼ _m1d (3)

(with the help of Eq. (1),
@q1

@t ¼ 0—steady state—and

div v¼ 0—incompressibility).

At each point of the surface S of the bubble, the flux of

H2 entering the bubble is

jS ¼ q1ðv1 � vSÞ � n ¼ qðv� vSÞ � n (4)

(assuming only exchanges of H2 between the bubble and the

solution; n is the unit vector normal to S, oriented towards

the interior of the bubble; vS is the normal velocity of the

surface, parallel to n; obviously, vS¼ 0 for an immobile bub-

ble), which gives, according to Eq. (1)

�D1 @nq1 ¼ 1� q1

q

� �
jS � jS: (5)

We assume that the exchange of H2 between the solution and

the bubble is controlled by the simple kinetic law

jS ¼ Kðq1 � H p0Þ; (6)

where p0 ¼ pa þ 2c
R0 is the pressure in the bubble (pa the atmo-

spheric pressure, c the surface tension, R0 ¼ D0=2 the bubble

radius), H the Henry’s constant, and K the mass transfer

coefficient (c¼ 7.28� 10�2 N/m, the water–air value at

20 �C; H¼ 1.62� 10�3 kg/(m3 atm) for H2 in water at 20 �C
(Ref. 12)).

As a simple model, we use the q1 field produced only by

diffusion (i.e., satisfying to Eq. (3) with v¼ 0), without tak-

ing into account the presence of the bubble (i.e., the condi-

tion Eq. (5))

q1 ¼
_m1

4pD1

1

r
; (7)

where r is the distance to the origin point O (which is the

apex of the electrode). If r0 denotes the distance at which

q1ðr0Þ ¼ H pa (corresponding to the equilibrium of H2

between the solution and H2 gas at the atmospheric pres-

sure), Eq. (6) takes the form

jS ¼ KHpa

r0

r
� 1þ 2~c

R0

� �� �
; (8)

where ~c ¼ c
pa

. A simple calculation then gives the variation

of the mass m0 of the bubble

dm0

dt
¼
ð

S

jS da ¼ jS rCð Þ aS; (9)

where da is the area measure, aS ¼ 4pR02 the area of S, and

jSðrCÞ the value of jS (from Eq. (8)) at r ¼ rC (and for the

radius R0; C is the center of the bubble, rC the distance OC).

Eq. (9) expresses that the mass or the diameter of a bubble

(the center of which is) situated at rC ¼ r0=ð1þ 2~c
R0 Þ remains

constant, whereas that of a bubble situated at rC > r0=ð1
þ 2~c

R0 Þ (respectively, at rC < r0=ð1þ 2~c
R0 Þ) decreases (respec-

tively, increases).

Note that, although Eq. (5) is not strictly satisfied

with the approximate expression Eq. (7), it is however

“qualitatively” satisfied if rT (i.e., the distance OT) is equal

to r0=ð1þ 2~c
R0 Þ; T being a point of S such that OT is tangent

to S (see Fig. 6). Indeed, at T, we have @nq1 ¼ n � gradq1

¼ 0 (since gradq1 is directed from T to O, according to Eq.

(7)) and jS ¼ 0 (since rT ¼ r0=ð1þ 2~c
R0 Þ), so that Eq. (5) is

satisfied at T, i.e., on the horizontal circle C of S generated

by these points T. Let us denote S� the part of S situated

below the circle C, and Sþ that situated above C. At any

point M of S�, we have @nq1 ¼ n � gradq1 < 0 (gradq1 being

directed from M to O) and jS > 0 (since rM < r0=ð1þ 2~c
R0 Þ),

so that the two members of Eq. (5) have the same positive

sign. In a similar way, the two members of this equation

have the same negative sign, if M belongs to Sþ. With

respect to the sign of the two members of Eq. (5), we may

then consider that this equation is “qualitatively” satisfied.

Thus, H2 molecules enter the bubble through S� ðjS > 0Þ and

leave the bubble through Sþ ðjS < 0Þ. Note that the main

assumption is here the approximate expression Eq. (7)

(which does not take into account either the velocity field or

the presence of the bubble).

A first consequence of this situation is that rC > r0=
ð1þ 2~c

R0 Þ (since rC > rT) which, as noted above, indicates that

the diameter of the bubble decreases with time. This is

FIG. 5. Diameter decreasing rate dD0=dt versus D0=D00 (D00 ¼ initial diame-

ter at t¼ 0) for the experiment shown in Fig. 2 (solid circles), another exper-

iment with Vm¼ 27.5 V, �¼ 500 Hz, and D00 ¼ 63 lm (crosses), and a third

experiment with Vm¼ 21 V, �¼ 500 Hz, and D00 ¼ 260 lm (empty circles).

064101-3 Hammadi et al. Appl. Phys. Lett. 109, 064101 (2016)
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consistent with the experiments, since bubbles decreasing in

diameter with time are the most frequently observed. Another

consequence is the following relation between rC and R0

rC ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R02 þ r0

1þ 2~c
R0

0
@

1
A

2
vuuut (10)

(according to the value of rT; see Fig. 6), which is in agree-

ment with the observations: see Fig. 7, drawn with

r0¼ 9.5 lm, for comparison with the experimental points of

Fig. 4. Note that, according to Eq. (7) and q1ðr0Þ ¼ H pa, this

value of r0 corresponds to _m1=M1 ¼ 4pD1r0H pa=M1

¼ 4:4� 10�13 mol H2=s (produced at the apex of the

nanoelectrode; M1 being the molar mass of H2) and an effec-

tive electrolysis current intensity—averaged on the half

period during which the nanoelectrode is cathode—Ie ¼ 2

� 2NAqe _m1=M1 ¼ 0:17 lA (NA the Avogadro constant, qe

the elementary charge). These values of _m1=M1 and Ie are

divided by 2 in the general model with both H2 and O2

components.11

From the relation m0 ¼ M1

RT pað1þ 2~c
R0 Þ 4p

3
R03 between R0

and m0, and Eq. (9), one easily obtains

dR0

dt
¼ K �HRT

r0

rC

� 1þ 2~c
R0

� �

1þ 4~c
3R0

; (11)

R being the gas constant, T the temperature, and �H ¼ H=M1.

If R0 is not too small, this expression (with rC given by Eq.

(10)) leads to a relatively constant value of dR0=dt as R0

decreases. This may explain the relatively constant value of

dD0=dt during a large first part of each experiment (see Figs.

3 and 5). In addition, for large values of R0, i.e., also large

values of rC (according to Eq. (10)), Eq. (11) leads to a

“universal” limit value of dR0=dt

dR0

dt

� �
lim

¼ �K �HRT; (12)

which seems to be in agreement with the observations.

Indeed, for large values of D0, we observe that dD0=dt has

nearly the same value, of about �0.15 lm/s, in very different

experiments (see Fig. 5). By applying Eq. (12), this value

leads to a mass transfer coefficient K� 4 lm/s (at 20 �C)

which may be considered as a qualitatively acceptable value:

indeed, in the literature, the value of this coefficient is not

well known and ranges from some lm/s to some hundreds of

lm/s.5,13,14 Note that the decreasing behavior of dD0=dt for

the small diameter values (Fig. 5) is not explained with this

model. We currently try to improve the present model and to

automate the experimental procedure in order to completely

determine the conditions in which this surprising immobili-

zation phenomenon occurs.

The presented experimental setup, i.e., the immobilized

bubble and the nanoelectrode microdisplacement actuator,

constitutes a point probe of acoustical pressure,15 as well as

a promising tool for sizing microbubbles.16
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