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a b s t r a c t

The electrochemical behavior of dissolved hydrogen (H2) was investigated at a Pt electrode in a high
temperature LiOHeH3BO3 solution. The diffusion current of the H2 oxidation was proportional to the
concentration of the dissolved H2 as well as the reciprocal of the temperature. In the polarization curve, a
potential region in which the oxidation current decreases despite an increase in the applied potential
between the H2 oxidation and the water oxidation regions was observed. This potential region was
interpreted as being caused by the formation of a Pt oxide layer. Using the properties of the Cl� ion that
reduces the growth rate of the Pt oxide layer, it was confirmed that there is a correlation between the Cl�

ion concentration and the transient current of the H2 oxidation.
© 2023 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Hydrogen gas (H2) is one of the most important chemical ad-
ditives in the nuclear reactor coolant system [1,2]. H2 dissolved in
the coolant mitigates the corrosion of structural materials by sup-
pressing the radiolysis of water molecules and keeping the coolant
in the reducing condition. The dissolved H2 can also affect the
cracking of the Zircaloy cladding [3e5], the stress corrosion of
steam generator tubes [6,7] and the deposition of corrosion prod-
ucts [8,9]. As described above, it is clear that dissolved H2 has
various effects on the safe operation of the reactor coolant system
and is an essential additive.

On the other hand, Pt is a stable noble metal and has been used
as a reaction catalyst and an electrochemical sensor material for a
long time because it has unique surface reaction characteristics.
Although many studies [10e13] have been conducted on various
electrochemical reactions involving dissolved H2 on the Pt surface
at room temperature, they are still insufficient in terms of providing
experimental data and electrochemical behavior. This is due to
by Elsevier Korea LLC. This is an
difficulties in maintaining conditions and applying electrochemical
techniques at high temperatures. Since Pt is very stable in high
temperature water, the high temperature electrochemical behavior
of the dissolved H2 at Pt electrodes will be useful for developing Pt-
based sensors along with an understanding of high temperature
water chemistry.

We have previously reported [14] on the high temperature
oxidation behavior of H2 at Pt electrodes. In the 473 K experiment, a
peculiar potential region with a minimum current value was
observed between the dissolved H2 oxidation and the water
oxidation potential regions at the Pt electrode. This phenomenon
was explained by the formation of a Pt oxide layer [14]. We also
mentioned the possibility of Cl� concentration monitoring using
the transient behavior of H2 oxidation [15]. However, the previous
studies only briefly reported the observation of this peculiar phe-
nomenon and the possibility of Cl� concentration monitoring, so
therewas not detailed analysis on the high temperature behavior of
H2 oxidation, the formation of the Pt oxide layer, and the effects of
the Cl� ions. Actually, not only Cl� ions but also halide ions such as
bromide and iodide will make it difficult to form a Pt oxide layer,
but we first investigated Cl� ions which may exist in a nuclear
reactor coolant system.

In this study, the oxidation behavior of H2 was analyzed in more
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detail in the temperature range of 298e553 K and the H2 concen-
tration of 0e4 � 10�4 M. Through this, a relationship between the
diffusion current of H2 and the temperature was derived, and
additional analysis was performed on the potential region to form a
Pt oxide layer that inhibits H2 oxidation. In addition, the Cl� ion
concentration and dissolved H2 oxidation current were compared
in steady-state and transient conditions, and the correlation be-
tween the Cl� concentration and transient current was newly
interpreted by reflecting the formation of the Pt oxide layer. This
study will help to understand the effect of impurities such as Cl�

ions on the oxidation behavior of dissolved H2 and the formation
rate of Pt oxide layer at high temperatures.
2. Materials and methods

A loop system was used to investigate the high temperature
behavior of dissolved H2 on a Pt surface. The loop system basically
consisted of a high temperature electrochemical cell, a potentiostat
system, and a rod-type electric heater, as shown in Fig. 1. The linear
flow rate and pressure of the loop solution were adjusted to
0.5 cmmin�1 and 15 MPa, by using a metering pump (Teikoku) and
a back pressure regulator (Tescom). The loop solutionwas prepared
by mixing the reagent grade LiOH and H3BO3, and the solution
temperature was controlled in the range of 298e553 K with a rod-
type electric heater. The solution temperature was only controlled
between the electric heater and the water cooling jacket, and the
other parts were controlled at room temperature.

Before the electrochemical experiments, we confirmed the
dissolved H2 concentration in the loop could be controlled in the
range of 0.32e4.0 � 10�4 M by using H2/Ar mixed gas with H2
Fig. 1. Scheme of high temperature electrochemical measurement loop system: a) Pt workin
cooling jacket; e) back pressure regulator (BPR); f) solution reservoir; g) H2 gas bubbler; h
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fractions of 0%, 4%, 10%, 20%, and 50%, respectively. The H2 con-
centration values (in loop) measured by a hydrogen analyzer
(Orbisphere) were compared to the H2 concentration values
calculated from the H2 partial pressure (in reservoir). By the com-
parison, it was confirmed that the dissolved H2 concentration in the
loop was accurately proportional to the H2 partial pressure in the
reservoir. After confirming this proportional relationship, the dis-
solved H2 concentration in the loop was calculated by the H2
fractions of the mixed gas.

In the electrochemical system, a Pt rod and a Pt wire with a
diameter of 1mmwere used as theworking and counter electrodes,
respectively. The exposed areas of the working and counter elec-
trodes were respectively 0.1 cm2 and ~2 cm2. And a 0.1 M KCl Ag/
AgCl electrode (Cormet) was used as an external reference elec-
trode. Potentiodynamic polarization and potential transient tech-
niques were employed to investigate the electrochemical behavior
of the dissolved H2 and to detect chloride ions in the hydrogenated
solution. Electrochemical measurements were performed using a
potentiostat system (Bio-Logic SAS) and controlled by application
software (EC-Lab). All the electrochemical potentials used in this
study represent the actual applied potentials based on the external
reference electrode without correcting the thermal liquid junction
potential.
3. Results and discussion

3.1. Effect of temperature on the electrochemical behavior of
dissolved H2

Fig. 2a shows the potentiodynamic polarization curves of the Pt
g electrode; b) Ag/AgCl external reference electrode; c) Pt counter electrode; d) water
) diaphragm injection pump; i) electric heater; j) potentiostat system.



Fig. 2. a Potentiodynamic polarization curves of the Pt electrode in a 32 mM H3BO3 solution containing 0.43 mM LiOH hydrogenated with 4.0 � 10�4 M H2; at 553 K (�), 493 K (,),
433 K (△), 373 K (▽) and 298 K (>); scan rate, 1 mV s�1; exposed electrode area, 0.1 cm2 b Arrhenius Plot: Reciprocal of temperature and logarithm of diffusion current obtained
from Fig. 2a.
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electrode in LiOHeH3BO3 solutions hydrogenated with
4.0 � 10�4 M H2 at temperatures of 298 Ke553 K. In this figure, the
x-axis represents the applied potential value based on the external
reference potential. The applied potential was scanned in the
anodic direction between �0.8 VAg/AgCl and 2.0 VAg/AgCl at a scan
rate of 1 mV min�1. Based on the polarization curve at 493 K, the
potential region of water reduction was observed below �0.7 VAg/

AgCl, the potential region of dissolved H2 oxidation was observed
between �0.6 VAg/AgCl and þ1.2 VAg/AgCl, and the potential region of
water oxidation was observed above þ1.2 VAg/AgCl. In the polari-
zation curves, reduction and oxidation currents increased overall
with an increasing temperature.

In the reduction reaction of water molecules at the Pt electrode,
the Volmer step (Hþ þ e/Had) determines the reaction rate, so the
reduction reaction rate is basically affected by the activity of the
proton ion (Hþ). As the temperature increases, the dissociation of
water increases, so the Hþ activity increases. Therefore, it can be
understood that as the temperature increases, the water reduction
starts at a lower reduction potential and the reduction current
increases.

The oxidation potential region of the dissolved H2 can be further
divided into three sub-potential regions. In the first sub-potential
region, as the potential increases, the H2 oxidation current also
increases. That is, in the H2 oxidation reaction (Reaction (1, 2)),
Reaction (2) controls the overall reaction rate. In the second region,
since the H2 oxidation current is constant as the applied potential
increases, the diffusion of the dissolved H2 is the rate determining
step (RDS). In other words, it is the potential regionwhere Reaction
(1) controls the reaction rate in the H2 oxidation (Reactions (1,2)). In
addition, the boundaries of the first and second potential regions
for the H2 oxidation shifted towards the anodic potential with an
increasing temperature. This can be interpreted as a phenomenon
that occurs because the diffusion current of H2 increases with the
increasing temperature. The third sub-potential region is a peculiar
potential region in which the H2 oxidation current decreases as the
applied potential increases. This can be interpreted that the
oxidation current of H2 is reduced by the formation of a Pt oxide
(Pt-OHad, PtOad, or PtO2) layer like Reaction (3) in this potential
region.

H2 þ 2 Pt / 2 Pt-Had (1)

Pt-Had þ H2O / Pt þ H3Oþ þ e (2)

Pt þ H2O / Pt-OHad þ Hþ þ e (3)
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As the solution temperature increases, the oxidation current in
the H2 diffusion-controlled potential region increases. Since this
current increase is due to the increase in H2 diffusion with the
increasing temperature, the increase in the diffusion current can be
expressed as a function of temperature. In general, mass diffusion
such as the diffusion of dissolved gas can be expressed by the
Arrhenius equation [16,17], in which the diffusion current is pro-
portional to the reciprocal of the temperature. As shown in Fig. 2b,
the diffusion current of H2 fits the Arrhenius equation. This result
confirms once again that the oxidation of H2 in the plateau po-
tential region is controlled by the diffusion of H2.

On the other hand, in the oxidation potential region of H2O, the
increase in the oxidation current based on the increase in applied
potential greatly increased with the temperature increase. The rate
of electron transfer reaction, such as the H2O oxidation, increased
exponentially with the temperature, and the dissociation constant
of H2O also increased with an increasing temperature. Therefore, it
can be interpreted that these temperature influence factors
contribute to the increase in the oxidation reaction rate of H2O.
3.2. Effect of dissolved H2 concentration on the high temperature
polarization behavior at the Pt electrode

Fig. 3 shows the potentiodynamic polarization curves of the Pt
electrode in the 553 K LiOHeH3BO3 solution under various H2
concentration conditions. The x-axis represents the applied po-
tential value based on the external reference potential. The po-
tential was applied from�0.8 VAg/AgCl to 2.0 VAg/AgCl at a scan rate of
1 mV min�1 in the positive direction. The polarization curves in
Fig. 3 shifted in the direction of the reduction potential as a whole
compared to the previous curves (Fig. 2a) because the pH of the
solution was adjusted higher than before.

As mentioned in Fig. 2a, the polarization curve of the Pt elec-
trode can be divided into three potential regions, (i.e., water
reduction, H2 oxidation, and water oxidation), as the applied po-
tential increases. In addition, the H2 oxidation can also be divided
into an electron transfer control region, an H2 diffusion control
region, and an H2 oxidation reduction region by the formation of Pt
oxide layer according to the potential increase. These regions
slightly shifted toward the oxidation potential as the H2 concen-
tration increased. The oxidation of the dissolved H2 started at
about �0.6 VAg/AgCl, and the oxidation current of the H2 increased
overall as the H2 concentration increased.

As shown in Fig. 3, the oxidation reaction rate of the dissolved
H2 is controlled by the electron transfer reaction in the low
oxidation potential region and is controlled by the H2 diffusion in



Fig. 3. Potentiodynamic polarization curves of the Pt electrode in a 32 mM H3BO3

solution containing 0.43 mM LiOH hydrogenated with hydrogen gas at a solution
temperature of 553 K; 4 � 10�4 M H2 (B), 1.6 � 10�4 M H2 (,), 0.8 � 10�4 M H2 (△),
0.32 � 10�4 M H2 (▽) and 0 M H2 (>); scan rate, 1 mV s�1; exposed electrode area,
0.1 cm2 [15].
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the sufficiently high oxidation potential region. In addition, as the
concentration of the dissolved H2 increases, the diffusion current
increases, and accordingly, the potential region controlled by the
electron transfer reaction becomes wider. As shown in Fig. 4, it can
be confirmed again that H2 oxidation proceeds as a diffusion-
controlled reaction from the linear relationship between the dis-
solved H2 concentration and the diffusion current (denoted by open
square symbol: ,).

As the applied potential further increases, the oxidation current
of dissolved H2 decreases, and a valley potential having a minimum
current value appears. As the H2 concentration increases, the
minimum current value at the valley potential increases, which
indicates that the H2 oxidation proceeds through the Pt oxide layer
even after the formation of the Pt oxide layer is completed. If the
thickness and characteristics of the Pt oxide layer are constant
regardless of the H2 concentration, the H2 concentration and the
Fig. 4. Oxidation current values according to dissolved H2 concentration (current data
obtained from Fig. 3); diffusion current at plateau (,), current at valley potential (�).
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minimum oxidation current value at the valley potential will have a
linear relationship. However, the minimum current value (denoted
by open circle symbol: �) shown in Fig. 4 increases exponentially
as the H2 concentration increases. This means that as the H2 con-
centration increases, the Pt oxide layer is modified so that H2
oxidation becomes easier. In other words, this means that when the
H2 concentration increases, the H2 oxidation causes local environ-
mental changes, such as a decrease of pH on the Pt electrode sur-
face, which consequently affects the properties of the Pt oxide layer.

3.3. Transient current change of H2 oxidation according to Cl�

concentration

Before the transient experiment, the potentiodynamic polari-
zation curves of the Pt electrode were obtained in 553K hydroge-
nated LiOHeH3BO3 solutions with different Cl� concentrations. The
applied potential was scanned in the direction of the oxidation
potential from �0.8 VAg/AgCl to 1.2 VAg/AgCl at a scan rate of
1 mV min�1. As shown in Fig. 5a, the polarization curves observed
at the Pt electrode that was in the high temperature hydrogenated
aqueous solutions were obtained. The influence of the Cl� con-
centration was hardly observed on the polarization curves.

The diffusion-controlled current of H2 oxidation was almost the
same regardless of the change in Cl� concentration. The minimum
current value at the valley potential affected by the H2 concentra-
tion showed a slight difference at a high Cl� concentration, but a
current difference at a low Cl� concentration was difficult to
distinguish. In conclusion, it was difficult to confirm the effect of Cl�

ions concentration on the H2 oxidation reactionwith a steady-state
measurement technique such as potentiodynamic polarization.

Fig. 6 shows the current-time transient curve measured after
applying the oxidation potential to the Pt electrode in the same
solution as in the experiment in Fig. 5a. Here, the transient current
is the current measured after momentarily shifting the potential of
the Pt electrode from the potential without an oxide layer (�0.65
VAg/AgCl) to the valley potential where a Pt oxide layer is formed
(þ0.55 VAg/AgCl). For all Cl� containing solutions, the transient
current of the dissolved H2 oxidation showed an exponential
decreasing shape with time. In addition, as the Cl� ion concentra-
tion increased, the initial maximum current and the accumulated
oxidation charge up to 1.0 s increased, respectively.

When a valley potential was applied to the Pt electrode, the
oxidation of the dissolved H2 and the oxidation of the Pt surface
took place simultaneously. Therefore, this rapid decrease in tran-
sient current can be understood as a result of the H2 oxidation
slowing down significantly as the formation of the Pt oxide layer
was completed. It is known that the surface oxidation process of Pt
is that a thin Pt oxide layer such as Pt-OHad is formed first, and then
a thick PtO2 oxide layer is formed as a bilayer on top of the thin
oxide layer [18]. In addition, during the formation of the Pt oxide
layer, the Cl� ions hinder the bonding of Pt and OH� (or H2O), so the
growth of both thin and thick Pt oxide layers will be delayed. From
the relationship among the Cl� ion, Pt oxide layer, and H2 oxidation,
it is possible to clearly understand the phenomenon that the
transient current changes significantly according to the Cl� ion
concentration.

During the growth of the Pt oxide layer, a difference in oxidation
current was observed depending on the Cl� concentration as
shown in Fig. 6, whereas after the oxide layer growth was
completed (at 0.5 s) on the Pt surface where the current was con-
stant, the oxidation current was the same regardless of the Cl�

concentration. This means that Cl� ions affect the growth rate of the
Pt oxide layer, but unlike H2, they do not significantly affect the
thickness or characteristics of the Pt oxide layer.

In Table 1, the initial maximum oxidation current after applying



Fig. 5. a Potentiodynamic polarization curves of the Pt electrode in a 32 mM H3BO3 solution containing 0.43 mM LiOH hydrogenated with 1.6✕ 10�4 M H2 and with chloride ion at a
solution temperature of 553 K: 2.8 ✕ 10�3 M (B), 2.8 ✕ 10�4 M (,), 2.8 ✕ 10�5 M (△), 2.8 ✕ 10�6 M (▽) and 0 M Cl� ion (>); scan rate, 1 mV s�1; exposed electrode area,
0.1 cm2 b An enlarged view of the current in the valley potential region of Fig. 5a.

Fig. 6. Chronoamperometric curves obtained at Pt in a 32 mM H3BO3 solution con-
taining 0.43 mM LiOH hydrogenated with 1.6 ✕ 10�4 M H2 at 553 K, the potential shift
from �0.65 VAg/AgCl to þ0.55 VAg/AgCl. Chloride ion concentrations of 2.8 � 10�3 M (�),
2.8 � 10�4 M (,), 2.8 � 10�5 M (△), 2.8 � 10�6 M (▽) and 0 M Cl� ion (>), exposed
electrode area of 0.1 cm2.

Fig. 7. Relative current or QEC (quantities of electric charge) according to Cl� con-
centration, calculated from data in Table 1. Initial current value (�), QEC of 0e0.01 s
(,), 0e0.1 s (△), and 0e1.0 s (▽).
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the valley potential and the quantities of electric charges after
0.01 s, 0.1 s, and 1.0 s were compared according to the Cl� con-
centration. In Fig. 7, the calculated values obtained according to the
Cl� concentration are compared based on the value when the Cl�

concentration is 0, and the log-log relationship is shown. The
shorter the cumulative time, (in the order of initial maximum
Table 1
Initial current (t ¼ 0 s) and quantities of electric charges according to Cl� ion
concentration.

Cl� conc. (mM) Current (mA) at t ¼ 0 Quantity of electric charge (mC)

0e0.01 s 0e0.1 s 0e1.0 s

0 1.57 0.0167 0.1303 0.9166
2.8 1.60 0.0173 0.1341 0.9328
28 1.69 0.0179 0.1391 0.9594
280 2.740 0.0266 0.1765 1.1055
2800 12.844 0.0884 0.4699 1.5538
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oxidation current, quantities of electric charges for 0.01 s, 0.1 s, and
1.0 s), the more sensitive the transient current (or charge)
responded to the Cl� concentration. This indicates that Cl� ions are
more affected in the initial stage of oxide layer growth, which is the
formation of a thin Pt oxide layer, than in the stage of forming a
thick oxide layer.

From our experimental results, it is difficult to quantitatively
identify the effect of Cl� concentration on the growth rate of the Pt
oxide layer and the relationship between the growth of the Pt oxide
layer and H2 oxidation current. However, our current transient re-
sults clearly show that the Cl� concentrations in high temperature
hydrogenated solutions can be detected up to at least 2.8 � 10�5 M.
4. Conclusions

The potentiodynamic polarization curve of the Pt electrode in a
hydrogenated high temperature LiOHeH3BO3 solution was largely
divided into three potential regions: Water reduction, dissolved H2
oxidation, and water oxidation. The current in these three potential
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regions increased with an increasing temperature up to 553 K.
There was a diffusion-controlled region in the oxidation potential
region of the dissolved H2. In addition, the logarithmic value of the
diffusion current of the dissolved H2 showed a linear relationship
with the reciprocal of the temperature. It was confirmed that there
was a potential region in which the H2 oxidation current decreased
evenwhen the applied potential increased due to the Pt oxide layer
that formed in the valley potential between the H2 oxidation and
the water oxidation region.

The H2 oxidation current at the Pt electrode increased as the
concentration of dissolved H2 increased in the high temperature
LiOHeH3BO3 solution. The diffusion current of the H2 showed a
linear relationship with the concentration of the dissolved H2, but
the current value at the valley potential did not show a linear
relationship with the H2 concentration. This means that the
thickness or characteristics of the Pt oxide layer that formed in the
valley potential differs depending on the concentration of the dis-
solved H2.

It was difficult to detect Cl� concentrations below 2.8 � 10�3 M
with the polarization curves measured at a steady-state condition
in hydrogenated high temperature solutions. However, the tran-
sient currents of H2 oxidationmeasured during the growth of the Pt
oxide layer were able to detect Cl� concentrations as low as
2.8 � 10�5 M. This is because even a very low concentration of Cl�

ions can affect the growth rate of the Pt oxide layer.
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