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Abstract The evolution of hydrogen and oxygen gasses in
a 0.36-M KOH electrolyte was observed in a magnetic
field, and the void fraction was calculated by a hydrody-
namic model. Both gasses evolving on a platinum working
electrode formed a bubble layer which increased the ohmic
resistance. In addition to natural convection, magnetohydro-
dynamic (MHD) convection in a magnetic field improved the
electrolytic conductivity by supplying a fresh solution
(pumping effect) and removing gas bubbles. The MHD
convection reduced the void fraction of hydrogen gas more
than that of oxygen, which can be explained by the poor
wettability of the oxygen evolving electrode.
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Introduction

Water electrolysis has attracted much attention due to
fundamental electrochemistry [1, 2]. It plays an important
role in the development of soda electrolysis and alumina
refinement, so-called mature industries. The desire of a low
carbon emission society has now put electrolysis engineering
in the limelight. The electrolysis producing both hydrogen

and oxygen gasses can be applied to a clean energy storage/
conversion system [3, 4]. Furthermore, it is expected to be
used as a micro-actuator using a nano-bubble [5, 6].

The analysis of gas bubble evolution is still a challeng-
ing topic due to the intrinsic phenomena. The key issue
leading a highly efficient electrolysis is strongly connected
to the control of the gas bubble evolution. It is character-
ized by the wettability among the three phase interfaces
(solid/gas/liquid phases). The bubble growth and detach-
ment cause some microscopic convections on the electrode
surface [7, 8] as well as an upstream natural one due to
buoyancy (pumping effect) [9–13]. These convections
enhance the mass transfer of the dissolved gas and ionic
species. On the other hand, gas bubbles adhering on the
electrode reduce the reaction area [14–17] and dispersing
bubbles into the electrolyte creates a void area [18–22]
that increases the ohmic resistance between the cathode
and anode.

Some research groups have recently reported unique
approaches in order to overcome the negative factor by the
bubble. Polymer electrode membrane electrolysis is one of
the reasonable ways to solve the void problem, although the
conductivity and durability are still a concern [23–25]. The
other possibility is the utilization of an ultra-hydrophilic
(or hydrophobic) electrode assembly using a nano-wire
array [26–28]. Zhu et al. reported interesting phenomena
such that the contact angle among the three phases
changes depending on the nanoscale surface roughness
[28]. We believe that the hydrophilic wire array is a good
material for accelerating the bubble detachment in order to
maintain the active electrode area.

The gas evolution is analyzed by changing the external
environment, e.g., magnetic field [29–33], microgravity
[34–38], ultrasonic superimposition [39], and centrifugal
field [40, 41]. We operated the water electrolysis under a
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high magnetic field (∼5 T) and reported that the cell voltage
remarkably decreased from 3.8 V to 3.3 V at 1.5 A cm−2

[33] when the interelectrode distance was 5 mm. This
improvement was explained by the magneto-hydrodynamic
(MHD) convection induced by the Lorenz force. The
sticking and dispersing of the gas bubbles were forcedly
removed by the MHD convection as an additional pumping
effect, which became more noticeable with the increasing
current density. Moreover, Koza et al. reported that the
distorted electric lines of force around the gas bubble
created a vortex convection (microscopic MHD) that helped
with bubble detachment [31]. Although many interesting
results obtained in a magnetic field have been published,
the qualitative analysis of the gas-evolving electrode has
not been investigated very much because of the difficulty of
in situ observations in a high magnetic field.

Based on previous studies [33], the present paper is the
first study to carry out in situ observations of the bubble
dispersion layer using a high-speed camera and try to
quantitatively analyze of the gas evolution by calculating
the void fraction in a magnetic field.

Experimental

Figure 1 shows a schematic drawing of the electrode
arrangement. Three electrodes were fixed in the cell holder
which was placed in a rectangular glass cuvet maintained at

298 K. The working (0.28 cm2) and counter electrodes
(0.77 cm2) were platinum sheets (Nilaco Corp., 99.99%).
Their surfaces were polished using a no. 4000 grade emery
paper and subsequently rinsed with a nitric acid solution.
The reference electrode was Ag/AgCl. It was connected to
a Luggin probe mounted in the working electrode in order
to not disturb the MHD convection. The distance between
the probe and the working electrode could be adjusted by
the plastic screw. The electrolyte was a 0.36-M KOH
aqueous solution prepared from KOH pellets (Kanto
Kagaku, UGR) and ultra-pure water

The electrochemical studies of the gas-evolving elec-
trode were conducted by a computer-controlled potentiostat
(Hokuto Denkou Corp., HZ-3000). IR-drop was measured
by the current interrupter technique.

A static and uniform magnetic field (∼5 T) was
generated by a super-conducting magnet (Sumitomo Heavy
Ind., HF5-100VHF). It was applied perpendicular to the
electrode surface in order to induce an upward MHD
convection as indicated in Fig. 1. To observe the gas
motion in the magnetic field, a special optical arrangement
employing a parallel light was used (Fig. 2). The gas
evolution was recorded by a high-speed camera (Phantom,
V7) with 2,000 frames/s.

Results and discussion

The water electrolysis was run for 60 s in order to reach a
stable condition. The images of the high-speed camera
clearly demonstrated the transient behavior of the gas
evolution at the moment when the electrolysis was started.
Figure 3 shows the typical sequence of the video images
(0.05∼0.4 s) when a cathodic current (−1.6 A cm−2) is
applied to the working electrode at (a) 0 T and (b) 5 T. In
the absence of the magnetic field, many hydrogen bubbles
were created on the working electrode and then some of the
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Fig. 1 Schematic diagram of experimental cell. A, plastic cell (30×
10×5 mm3); B, working electrode (Pt, 4×7×0.1 mm3); C, counter
electrode (Pt, 11×7×0.1 mm3); D, contacting wire; E, Luggin probe;
F, plastic screw
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Fig. 2 Top view of optical arrangement for measuring bubble layer.
LS light source, L1–L3 lens, S slit, EC electrolytic cell, CE counter
electrode, WE working electrode, HC high-speed camera)
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bubbles began to detach from the surface within 0.15 s.
Along the cell holder, they formed a bubble curtain thus
inducing a natural convection (Fig. 3a (ii)).

The top part of the bubble curtain began to swirl like a
blown up smoke (Fig. 3a (iii)). The vortex formation
suggests the intrinsic velocity profile of the curtain layer.
That is, the velocity at the interface between the bubble
layer and the bulk electrolyte is slowed by the friction
resistance. Moreover, the inner bubbles rolling on the
electrode and the cell holder can stream more smoothly
than outer ones in the dispersion layer. The finer bubbles
reached the top surface and then formed a stable bubble
layer after 0.5 s (Fig. 3a (iv)).

Oxygen bubbles on the counter electrode took a longer
time to be observed (0.3 s) than the hydrogen ones due to
the larger electrode area. A few bubbles began to aggregate

with each other and detach from the electrode surface as
indicated by the arrow (Fig. 3a (iv)). The picture showed
that the size of the gas bubble forming the oxygen layer
was finer than the hydrogen one, which was different from
the results of a previous study [36, 37]. Some of the gas
bubbles evolved from the electrode edge rather than the
surface. This was probably because the edge side of the
counter electrode was not partially covered by epoxy resin,
and fine bubbles were created there. A small number of the
oxygen gas caused laminar natural convection without any
vortex.

In a magnetic field, an upstream MHD convection was
induced by the Lorenz force as soon as the electrolysis
started. Figure 3b (i) shows that hydrogen bubbles evolving
from the working electrode formed a very thin bubble layer
within 0.05 s. A more detailed study about the transient
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Fig. 3 Transient image of gas
evolution behavior in a no
magnetic field, and b a magnetic
field of 5 T at measurement time
of i 0.05 s, ii 0.15 s, iii 0.3 s and
iv 0.5 s. Electrolyte, 0.36 M
KOH, current density,
−1.0 A cm−2

0 1 2 3 4 5

B / T

δ  
/ m

m

0.1

0.2

0.3

0.4
(a) (b)

0
0 1 2 3 4 5

B / T

Fig. 4 Thickness of bubble
layer (δ) at a hydrogen and b
oxygen gas-evolving electrodes
in various magnetic fields at a
current density of 0.1 A cm−2

(circles), 0.3 A cm−2 (triangles),
0.6 A cm−2 (inverted triangles),
1.0 A cm−2 (squares).
Electrolyte, 0.36 M KOH
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phenomena of MHD convection shorter than 0.05 s will be
presented by the analysis of the high-speed camera images.
Some of bubbles detaching from the working electrode
remarkably scattered in the bulk solution (Fig. 3b (ii)), but
they did not vortex as seen in no magnetic field. The high-
speed movie demonstrated that the bubbles moved by both
the MHD and natural convection rebounded at the top and
then went downward at the outer side of the cell holder.
Therefore, many bubbles could be observed on the backside
of the working electrode (Fig. 3b (iii)). Hydrogen and
oxygen bubbles were mixture by the turbulent flow at the
liquid/air interface at 0.5 s. One third of the electrolyte from
the top side turned milky in color due to the many fine
bubbles formed during the electrolysis operation.

In contrast to taking a longer time to form an oxygen
bubble layer in the no magnetic field, a thin bubble layer
could be pictured at 0.15 s. The bubble size of oxygen
seemed as small as the hydrogen one, although the precise
measurement was difficult because of the optical arrange-
ment focusing only on the measurement of the dispersion
layer and the convectional effects.

The bubble evolution became stable at 10 s after the
electrolysis was started. The cathodic and anodic constant
currents (i=±0.1∼±1.0 Acm−2) were applied to the working
electrode to study the bubble evolutions of hydrogen and
oxygen gasses, respectively. The thickness (δ) of the bubble
layer of the hydrogen and oxygen gasses at the center of the
working electrode was measured in Fig. 4. The thickness of
both layers increased with the increasing current density.
Some plots of the data, e.g., 0.1 and 0.3 A cm−2 in Fig. 4a,
did not show the MHD effect, which might be experimental
error. The faster MHD convection reduced the thickness
more in the high current region.

The hydrogen bubbles were more dispersed into the bulk
than the oxygen ones, regardless of the magnetic field
intensity. This was attributed to the larger gas volume of
hydrogen. Moreover, a more detailed observation by the
high-speed movie demonstrated that the hydrogen bubbles
spontaneously jumped normal to the electrode, which was

similar to the gas motion in a microgravity environment
[38]. The hydrogen bubble was moved by the thermal [42,
43] or concentration (dissolved H2 gas molecular) [44]
capillary effect which induced a microscopic convection
flowing from the top to the bottom of a bubble. The
microscopic stream could help the jump motion by
attacking the junction between the bubbles and the
electrode. On the other hand, the oxygen bubbles always
adhered to the surface. The platinum surface covered with a
thin oxide film has a good affinity for the oxygen molecule,
therefore, which keeps oxygen bubble staying on the
surface by large adhesion force, although the capillary
convection is generated around the oxygen bubbles as well
as hydrogen ones.

The current interrupter method can determine the
electrolytic resistivity between the reference and working
electrode by measuring the ohmic resistance [36]. Figure 5
shows the relative resistivity (ρ/ρ0) of the electrolyte
containing the gas bubbles (ρ) as compared with the free
electrolyte (ρ0). The resistivity of hydrogen depended on
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Fig. 6 Model of gas bubble distribution between the working and
reference electrodes. ε void fraction of bubble dispersion layer, εδ void
fraction of bubble layer, δ thickness of bubble layer, s distance
between working and reference electrodes
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Fig. 5 Relative value (ρ/ρ0) of
the electrolytic resistivity (ρ)
containing gas bubbles of a
hydrogen and b oxygen as
compared with that (ρ0) of the
free electrolyte in various
magnetic fields at a current
density of 0.1 A cm−2 (circles),
0.3 A cm−2 (triangles),
0.6 A cm−2 (inverted triangles),
1.0 A cm−2 (squares).
Electrolyte, 0.36 M KOH
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the magnetic field (MHD convection) rather than the
current density, which is different from the oxygen results.
The MHD convection as an additional pumping effect can
improve the conductivity, but the effect seemed to be
limited in the high magnetic field. This corresponded to the
layer thickness which was sufficiently compressed at the
high field intensity as seen in Fig. 4.

The applied current density affects the resistivity as both
positive and negative factors. Contrary to the hydrogen
bubble easily detaching and rolling on the platinum that can
induce both macro- (natural) and microscopic [7] convections
to accelerate the mass transfer, oxygen bubbles with a poor
wettability are likely to cover and adhere to the surface. At 0
and 0.5 T, in which the convectional effect could be less than
that of the surface factor, the reduction in the resistivity on
the oxygen evolving electrode was hardly seen, although we
still do not know the reason why the resistivity drops only
around 1 T independent of the current density.

In a previous study, we calculated the void fraction of
the bubble layer in a microgravity environment [36]. The
boundary between the bubble layer and the bulk solution
can be clearly separated because there are no macroscopic
convections dispersing the gas bubbles toward the bulk
side. However, the natural and MHD convections distort
the ideal situation and distribute the bubbles non-uniformly
as shown in Fig. 6 in which the bubble density becomes
more enriched closer to the electrode. Dr. Vogt paid
attention to the difference in the flow velocity and bubble
population between the bubble layer and the bulk part.
He proposed a mathematical model for calculating the
ohmic resistance of the two parts of the gas dispersion
layer; i.e., the bubble layer at the electrode being
enriched in gas (phase I) and the bulk flow with a lower
bubble population (phase II) [45]. In the present study, we
used his model for evaluating the effect of the MHD
convection on the void fraction of the two phases.
Although the flow velocity during natural convection
should be considered, we neglected the effect and focused
only on the results obtained in the magnetic field in order
to simplify the discussion.

The resistivity measured by the current interrupter
method is the sum of the mean resistivities of the two
phases. The following equation based on the hydrodynamic
model by Vogt [44] is able to calculate the resistivity (ρδ) of
the bubble layer.
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where s is the distance between the working and reference
(s=0.5 mm), and δ is the thickness of the bubble layer. The
relative velocity, a ¼ vL=vGð Þ, the gas velocity to the liquid
one ratio is calculated from the direct measurement vGð Þ by
the high-speed camera and the Navier–Stokes equation
vL ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2Bil=s
p� �

where B is the magnetic flux density, σ is
the electrolyte density, and L is the length of the working
electrode. The ratio (VG/VL) of the gas production volume
at the working electrode as compared with the bulk flow
one is obtained as follows:
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Fig. 8 Void fraction (εd) of bubble layer at (empty circles) oxygen
and (filled squares) hydrogen gas-evolving electrodes in various
magnetic fields
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Fig. 7 Dependence of relative
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(VL/VG) at a hydrogen and b
oxygen evolving electrodes in
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lines are fitted by Eq. 1
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where n is a stoichiometric number, p is the gas pressure,
and H is the width of the electrode.

The relative resistivity vs. VL/VG is plotted in Fig. 7. The
range of VL/VG in the magnetic field is around 102∼103,
which is much higher than that (100∼101) in the non-
magnetic field. This supports that the effect of natural
convection in the present study could be neglected as
already discussed. On the other hand, the range of the
relative resistivity showed a reasonable value as reported in
the previous study [45]. The present results of both gasses
show a lower resistivity at the higher ratio of VL/VG. The
bulk fluid (VL) reduces the resistivity by supplying fresh
electrolyte and removing the gas bubbles, contrary to the
gas production volume (VG) which increases the gas
coverage and the void fraction as a negative factor.
Compared with the hydrogen plots, the oxygen had a
higher resistivity over a wider range.

The experimental results were well fitted to the solid
curves of Eq. 1 as indicated in Fig. 7. The relative
resistivity, ρδ/ρ0, gives the void fraction of the bubble
curtain layer ("d) according to the Bruggeman equation,

"d ¼ 1� rd
r0

� �1:5

ð4Þ

The less coalescesing hydrogen bubbles are small and
fine particles, which leads to a lower void fraction than the
oxygen one as seen in Fig. 8 due to the existence of many
conductive passes among the bubbles. The MHD convec-
tion reduced the density of the gas bubbles. The effect of
the MHD convection was clearer for the hydrogen
evolution. On the other hand, the void fraction of the
oxygen one seemed to be saturated (at more than 3 T),
which might be attributed to the surface coverage by the poor
wettability. TheMHD convection compresses the thickness of
the bubble curtain layer and increases the bubble density,
while it supplies the bubble-free electrolyte from the bottom
side of the electrode. The present results suggest that the latter
is the dominant effect by the MHD convection to reduce the
bubble void for both gas evolutions.

Conclusions

Water electrolysis was investigated in a magnetic field
(0∼5 T) for the development of a high-efficiency electro-
lyzer. The bubble layer formed on a platinum working
electrode created the void fraction and increased the ohmic
resistance. MHD convection was confirmed as a promising
technique to reduce the ohmic resistance, because it could
remove the gas bubble and supply the bubble-free electro-
lyte as well as the natural convection. The hydrodynamic
model proposed by Vogt made it possible to quantitatively

analyze the void fraction of the bubble layer in a magnetic
field. It decreased from 0.40 to 0.28 for the hydrogen
bubbles and from 0.48 to 0.41 for the oxygen ones.
Compared with the hydrogen bubble, the oxygen one was
likely to stick to the electrode surface and actively coalesce
due to its poor wettability, even when it was exposed to a
fast MHD convection.
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