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Abstract

The supersaturated concentration of hydrogen in electrolyzed water obtained from a flow-type electrolytic cell was
studied under various electrolysis conditions. The degree of supersaturation was found to decrease as the solution
supply rate to the cell increased. The ratio of observed hydrogen concentration to the theoretical hydrogen
concentration obtained from the electrochemical equivalent, as calculated from the transfer of charge in the cell, was
found to increase with the solution supply rate. The concentration of hydrogen in solution has a maximum at a
current density of approximately 0.3 A dm)2. This maximum was found to be independent of the flow rate,
indicating that the hydrogen concentration is related to both the diffusion of dissolved hydrogen from the electrode
surface to the bulk solution and hydrogen bubble growth.

1. Introduction

The electrolyzed water obtained from the cathode
chamber of an electrolytic cell is supersaturated with
hydrogen. Many electrochemical studies have been
conducted concerning the characterization of hydrogen
evolution, and various mass transfer models have been
proposed to explain gas bubble formation behavior
during the water electrolysis [1–11]. Such studies have
targeted cathodic reduction of water in alkaline aqueous
solutions. Bendrich et al. [12] estimated the mass trans-
fer at the hydrogen gas-evolving electrode, taking two
effects into account; microconvective and macroconvec-
tive mass transfer. In their study, they assumed that the
microconvective effect due to bubble growth was the
dominant factor affecting the mass transfer of hydrogen
under conditions of high current density and low flow
velocity, whereas macroconvective mass transfer, or
hydrodynamic flow along the electrode, is the primary
factor at high electrolyte velocity and low current
density. Shibata [13, 14] reported on the supersaturation
of hydrogen in a solution near a gas-evolving electrode,
as determined by a current-interruption method, and
proposed a relationship between the degree of supersat-
uration at the electrode surface and current density.

Electrolyzed water from the cathode chamber of
electrolyzers has recently been shown to have a range

of beneficial effects on health when ingested, including
the anti-oxidative property of dissolved hydrogen gas in
ethyldocosahexanoeate solution [15–17]. Previous inves-
tigations have involved the examination of electrolytic
solutions only the vicinity of the electrode surface,
and the properties of electrolyzed solutions after elec-
trolysis remain unclear. In the present study, the
supersaturation of hydrogen in electrolytic solution is
characterized at low current density and low solution
velocity along the electrode surface, and the relationship
between the velocity and concentration of hydrogen is
examined.

2. Experimental

All chemicals used were of reagent grade. The size of the
platinum powder used ranged from 0.2 to 2 lm, and
water was purified by ultra-filtration of deionized and
distillated water before preparing solutions. The elec-
trolysis device consisted of a tank, two pumps, a 25-nm
pore filter (Millipore), an electrolytic cell, and Teflon
pipes. A schematic of the electrolytic cell used in the
present study is shown in Figure 1. The electrolytic cell
had two electrodes and a membrane diaphragm sepa-
rating the cathodic chamber from the anodic chamber.
The electrodes were 0.2 cm from the membrane, and the
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height of the chamber housing the electrolytic cell was
10 cm. The volume of the chamber was 10 cm3, and the
effective surface area of the electrodes was 50 cm2.
The current density ranged from 0.02 to 1.60 A dm)2.
The electrodes used in the present study were titanium
electroplated with platinum (Tanaka Kikinzoku Ko-
gyo), titanium coated with sintered platinum (TDK
Corp.), titanium coated with iridium–platinum alloy
(TDK Corp.), and aged platinum. The aged platinum
electrodes were prepared by aging a platinum plate in an
argon atmosphere at 1500 �C for approximately 3 h.
Nafion 117 (Du Pont Co.) was used as the separator.
This electrolytic device is similar to a commercial
Alkali–Ion–Water electrolyzer. The electrolytic solution
was prepared by adding an electrolyte to purified water,
and was then stored in a tank. The dissolved oxygen in
the solution was purged by bubbling a pure gas
(nitrogen, hydrogen or helium gas) through the solution
for approximately 1 h. Two pumps were used, to supply
solution to each chamber of the electrolytic cell at a
fixed rate between 10 and 40 ml min)1. Electrolysis was
performed at a constant current controlled using a
potentio-galvanostat (HA-105, Hokuto Denko Corp.).

The concentration of hydrogen in electrolyzed solu-
tion was determined as follows: A volume of a solution
(50 ml) of 3 M (3 mol dm)3) sulfuric acid and 0.01 M

K2CrO4 was poured into a glass-stoppered flask of
300 ml capacity, to which 3 g of platinum powder was
then added. The oxygen inside the flask was exchanged
with nitrogen by bubbling nitrogen through the solution
for 1 h. A sample of electrolyzed solution from the
cathode chamber was then poured directly into the flask
and stirred for approximately 30 min in order to oxidize
the hydrogen with K2CrO4. A fraction of the solution
was then titrated with an iron(II) solution in order to
determine the amount of K2CrO4 that was consumed.
The concentration of hydrogen was calculated based on
the decrease in K2CrO4.

3. Results and discussion

The validity of the method used to determine the
concentration of hydrogen was evaluated by construct-
ing a calibration curve, as shown in Figure 2. The plots
lie on a straight line, however, the error bars indicate a
fairly low reproducibility and an error of approximately
5%. The saturated concentration of hydrogen obtained
by bubbling hydrogen gas through water analyzed using
this method gave 0.75 mM at 25 �C, which is in
good agreement with the previously reported value
[18]. The present analytical method was thus found to be
adequately accurate for the purpose of the present
study.

Figure 3 shows SEM images of the surfaces of the
electrode materials. The roughness factors of the elec-
trodes used in the present study are listed in Table 1.
The roughness was estimated by measuring the adsorp-
tion wave for hydrogen [19]. As the roughness of the
aged and electroplated electrodes was low, the actual
current densities of these electrodes were higher than
those of the other electrodes.

Figure 4 shows the effect of electrode material on the
concentration of hydrogen in the solution. In this case,
the current density was obtained by dividing the
electrolytic current by the apparent surface area of the
electrode (50 cm2). The electrode materials were found
to have a significant influence on the concentration.
Electrodes of titanium coated with sintered platinum
yielded the lowest hydrogen concentration, while elec-
trodes of titanium electroplated with platinum and aged
platinum resulted in higher concentrations. In all cases,
the concentration of hydrogen was greater than
the saturation concentration of hydrogen at 25 �C

Fig. 1. Schematic of electrolytic cell.

Fig. 2. Calibration curves of the concentration of hydrogen. [H2]cal is

concentration of hydrogen obtained from the reference [12] and [H2]obs

is concentration of hydrogen obtained using the present analysis

method. Weight of platinum powder used in analysis: 5g (—);

3g (- - -).
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(0.75 mM), indicating that the solutions were supersat-
urated with hydrogen. The mass of hydrogen produced
by electrolysis was determined from the electrolysis
current at fixed current efficiency. Most of the hydrogen
produced at the electrode surface through the electro-
lysis of water diffuses into the bulk solution as dissolved
hydrogen, and the remainder form bubble nuclei and
subsequently escape the system as hydrogen bubbles
grew from the nuclei. This phenomenon is expressed by
the following equation:

kj
2F

¼ KS
@C
@x

� �
x¼0

þ f ðCÞ ð1Þ

where j is current density, F is Faraday’s constant, k is
current efficiency, K is the average mass-transfer coef-
ficient, C is the hydrogen concentration, S is the surface
area of electrode, x is the distance from the electrode
surface, and f(C) represents the growth of hydrogen
bubbles. The first term (diffusion term) on the right-
hand side of Equation 1 expresses the diffusion of
dissolved hydrogen away from the electrode surface into
the bulk solution, and the second term (bubble growth
term) represents the growth rate of hydrogen bubbles.
The concentration of dissolved hydrogen in the electro-
lyzed solution is calculated according to the following
equation:

CB � CB0ð ÞvSC ¼ KS
@C
@x

� �
x¼0

¼ SKH ð2Þ

where CB is the average bulk concentration of hydrogen
at the exit of cell, CB0 is the initial bulk concentration of
hydrogen, v is the average velocity of the solution, SC is
the cross-sectional area of the cathode chamber, and KH

Fig. 3. SEM images of the surface of the electrodes materials. (a) aged

platinum electrode; (b) titanium electrode electroplated with platinum;

(c) titanium electrode coated with sintered platinum; (d) titanium

electrode coated with iridium–platinum alloy.

Table 1. Roughness factor of electrode surface

Electrode materials Roughness factor

Aged platinum 1.4

Titanium, electroplated with platinum 1.9

Titanium, coated with sintered platinum 21

Titanium, coated with iridium–platinum alloy 68

Fig. 4. Effect of electrode materials on the concentration of hydrogen

in the solution containing 1.70 mM NaCl. Current density is the

apparent current density. (s) aged platinum electrode; (n) titanium

electrode electroplated with platinum; (h) titanium electrode coated

with sintered platinum; (d) titanium electrode coated with iridium–

platinum alloy.
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is the flux of hydrogen from the electrode surface to bulk
solution, giving the concentration of dissolved hydro-
gen. If the solution does not contain bubbles, the
laminar flow theory can be used for the electrolysis
system [26]. The flux of hydrogen, KH, is expressed as
follows:

KH ¼ 0:646
D
L

Lvq
l

� �1=2 l
qD

� �1=3

ðCS � CB0Þ ð3Þ

where D is the diffusion coefficient of hydrogen, L is the
length of the electrode, l is the viscosity of the solution,
q is the density of the solution, and CS is the concen-
tration of hydrogen at the electrode surface. Introduc-
tion of Equations 2 and 3 to Equation 1 gives
Equation 4.

kj
2F

¼ 0:646
D
L

Lvq
l

� �1=2 l
qD

� �1=3

ðCS � CB0ÞS þ f ðCÞ

ð4Þ

Janssen reported a similar mass-transfer coefficient for
the diffusion term [21]. The presence of bubbles in a
solution causes agitation, resulting in large K value [21].
For a given apparent current density, the actual current
density on electrodes decreased in the order of aged
platinum, platinum-electroplated titanium, titanium
coated with sintered platinum, and titanium coated with
iridium–platinum alloy. Higher current density results in
an increase in the concentration of hydrogen at the
surface of the electrode, as reported by Shibata [13] and
Vogt [20, 22]. CS decreases in the same order. Electrodes
of titanium electroplated with platinum and aged
platinum produced higher hydrogen concentrations
than the other electrodes. High current density and high
hydrogen concentration cannot be achieved using the
sintered platinum or iridium–platinum alloy electrodes
because the higher electrolysis current required to
produce higher current densities elevated the tempera-
ture of the electrolyzed water. Therefore, the dissolution
rate of hydrogen from the electrode surface to the bulk
solution depends strongly on the concentration of
hydrogen at the electrode surface.

For the electrodes of aged platinum and titanium
electroplated with platinum, the hydrogen concentra-
tion–current density curve has a maximum at about
0.6 A dm)2. Janssen and Barendrecht [23] reported a
similar phenomena for oxygen evolution in alkaline
aqueous solution. An increase in the current density to
0.6 A dm)2 results in an increase in hydrogen con-
centration at the electrode surface, in turn increasing the
hydrogen content in bulk solution. Higher current
density increases the supply of molecular hydrogen
from the electrode surface, resulting in a higher bubble
population density. An increased bubble population
density causes the rate of absorption of dissolved
hydrogen by bubbles to increase, resulting in a lower
dissolved hydrogen concentration. This phenomenon

is described by an increase in the bubble growth
term.

The effect of solution flow rate on hydrogen concen-
tration was then examined. The flow rate was controlled
by varying the solution supply rate. As shown in
Figure 5, the concentration of hydrogen decreased with
increase in flow rate. The effect of concentration of
sodium chloride on the hydrogen content can be seen in
this figure. The concentration of hydrogen in a 1.57 mM

(100 ppm) NaCl solution is lower than that in a 15.7 or
157 mM solution. Hence, an increase in the concentra-
tion of NaCl may lower the magnitude of the bubble
growth term.

The relationship between the solution supply rate and
the ratio of the observed hydrogen concentration to the
theoretical, as obtained from the electrochemical equiv-
alent calculated from the amount of charge passing
through the electrolytic cell, is shown in Figure 6. The
ratio corresponds to the current efficiency of hydrogen
production in terms of the hydrogen concentration in
the bulk solution. The ratio increased to 0.45 as a result
of increasing the supply rate. An increase in flow rate
results in an increase in the diffusion term in Equation 2
in the absence bubbles. The existence of bubbles not
only makes the diffusion term larger but also decreases
the thickness of the concentration boundary layer.
Bubble nuclei are expected to form primarily within
the boundary layer and grow in the middle region of the
diffusion layer, as evidenced by the range of bubble
diameters (4–120 lm) [24, 25]. A higher flow rate
reduces the thickness of the boundary layer and results
in an increase in the magnitude of the diffusion term in
Equation 1. This, in turn, lowers the concentration at
which bubbles grow and reduces the value of the bubble
growth term in Equation 1. Then, the ratio of the

Fig. 5. Effect of the flow rate of the solution to the electrolytic cell on

the concentration of hydrogen with titanium electrode electroplated

with platinum at a current density of 0.6 A dm)2. [NaCl] (mM):

(s) 1.57; (n) 15.7; (h) 157.
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observed hydrogen concentration to the theoretical,
increases with the flow rate.

Figure 7 shows the relationship between the solution
flow rate (v1/2) and the hydrogen flux from the electrode
surface to the bulk solution (KH). An increase in the
current density can be seen to increase the slope of the
line because the effect of bubble convection increases
with current density. However, these plots fall on very
straight lines, indicating that the flux (KH) is more
dependent on the solution flow rate than bubble
convection. These observations are similar to those
reported by Bendrich et al. [12]. They reported that the

macroconvective mass transfer due to hydrodynamic
flow along the electrode surface is the primary factor
governing mass transfer in the case of low current
density and high electrolyte velocity. In the present
study, the primary factor was also observed to be
hydrodynamic flow, described by Equation 2 for fixed
current density.

Figure 8 shows the effect of flow rate on the concen-
tration of hydrogen in a solution of 157 mM sodium
chloride. These plots form a maximum at approximately
0.3 A dm)2. The rate of dissolved hydrogen absorption
by hydrogen bubbles increases with current density,
giving a peak at current densities about 0.3 A dm)2. The
current density indicating the maximum value is inde-
pendent of the flow rate. The profile of hydrogen
concentration in the vicinity of electrode surface is
expected to behave analogously, as evidenced by the
similarity of the relationship between the diffusion and
bubble growth terms.

The effect of cations on the dissolved hydrogen
concentration is shown in Figure 9. The plots have a
maximum at 0.25 A dm)2 for NaCl and KCl solutions,
and a maximum at 0.5 A dm)2 for LiCl. Significant
differences in the concentration of hydrogen were
observed among these solutions. These differences may
be due to the stability of the supersaturated hydrogen at
the surface of the electrode solution, with stability
decreasing in the order of lithium, sodium and then
potassium ions.

Figure 10 shows the effect of the species of anion on
the concentration of hydrogen. The concentration of
hydrogen decreased in the order of chloride, nitrate and
then sulfate ions, indicating that the rate of nucleation
of hydrogen bubbles increases in the same order.

Fig. 6. The relation between the supply rate and the ratio of the

observed to the theoretical hydrogen concentration. [NaCl] (mM):

(s) 1.57; (n) 15.7; (h) 157.

Fig. 7. Relation between the solution flow rate (v1/2) and the hydrogen

flux from the electrode surface to the bulk solution (KH) in a solution

of 0.010 M NaOH.

Fig. 8. Effect of the flow rate on the concentration of hydrogen in a

solution containing 157 mM NaCl. Flow rate (ml min)1): (s) 16.4; (n)

35.9; (h) 55.5.
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The effect of the type of purge gas before electrolysis
was also examined, with the finding that purge gas has
no significant effect on the concentration of hydrogen at
current densities over 0.03 A dm)2.

5. Conclusion

The relationship between the hydrogen concentration in
electrolyzed solution from a flow-type electrolytic cell
and the electrolysis conditions was clarified. The change
in hydrogen concentration as a function of current
density gave an indication of the maximum concentra-
tion achievable in the solutions examined. The concen-
tration of hydrogen was found to depend strongly on
both the diffusion of hydrogen from the electrode
surface to the bulk solution and bubble formation and
bubble growth rates, as evidenced by the dependence of
the maximum hydrogen concentration on current den-
sity and not the solution supply rate.
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Fig. 9. Influence of cations on the concentration of hydrogen at a

supply rate of 16.4 ml min)1. (h) 1.57 mM LiCl; (s) 1.57 mM NaCl;

(n) 1.57 mM KCl.

Fig. 10. Effect of the species of anion on the concentration of

hydrogen at a supply rate 16.4 ml min)1. (s) 1.57 mM NaCl; (n)

0.52 mM Na2SO4; (h) 1.57 mM NaNO3.
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