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Abstract: An oxygen pump sensor was constructed using yttria-stabilized zirconia, which is an oxide
ion conductor, and oxygen was discharged from steam to generate hydrogen. The oxygen pump
sensor consisted of a pump that discharges oxygen and a sensor that controls the oxygen partial
pressure by having electrodes in two places. Oxygen was discharged by applying a current to the
pump by controlling the potential of the sensor. Hydrogen was then generated from water vapor.
Furthermore, an oxygen pump sensor was installed in the second stage, oxygen was supplied by the
pump, and the amount of generated hydrogen was measured in situ. This measurement showed that
the oxygen partial pressure of the atmosphere decreased as hydrogen was generated. Specifically,
the partial pressure of the water vapor generated more hydrogen at 30.8 vol.% than at 12.2 vol.%.
Moreover, the amounts of oxygen discharged and hydrogen generated inversely correlated with
the potential.
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1. Introduction

Global warming is a serious current issue. Greenhouse gases, which are the cause of
global warming, are emitted in large quantities from fossil fuel-based power plants. There-
fore, a power generation method that does not rely on fossil fuels needs to be established.
To this end, hydrogen is now attracting attention as an alternative energy source to fossil
fuels [1]. However, hydrogen does not exist in nature and must be produced. Power is cur-
rently generated with renewable energy sources, such as solar power generation and wind
power generation, and hydrogen is generated by electrolyzing alkaline water using this
renewable energy. The hydrogen generated in this manner is referred to as green hydrogen.
Many methods for producing this green hydrogen have been reported, such as alkaline
water electrolysis [2-5] and steam electrolysis using a solid electrolyte. For alkaline water
electrolysis, Ni-Zn electrodes [6,7], Ni-Al electrodes [8-10], Ni-Mo electrodes [11], Raney-Ni
electrodes [12,13], Ni-Cu electrodes [14], Ni-Mn electrodes [15], Ni-Co electrodes [16,17],
Ni-Pt electrodes [18-20] and porous electrodes [21-23] have been reported. In particu-
lar, research on solid oxide electrolysis cells (SOECs) is being actively conducted [24-29].
SOECs use a solid electrolyte to produce water vapor, and oxygen in the water vapor is
discharged to generate hydrogen by applying an electric current. For SOECs, investigations
of polarization characteristics [30], planar SOFC technology [31], high-temperature water
electrolysis [32], deterioration of SOECs due to impurities [33], improvement of SOEC
electrode performance [34], hybrid-solid oxide electrolysis cells [35], and SOEC-SOFE
systems [36] have been reported. Many attempts have been made to produce hydrogen
with high efficiency. However, all studies have investigated the behavior of hydrogen
production by applying an electric current to the solid electrolyte, whose shape is a flat
plate. Therefore, the authors of this work proposed the construction of an oxygen pump
sensor using tubular yttria-stabilized zirconia, which is a solid electrolyte, to efficiently
generate hydrogen. Yttria-stabilized zirconia, which is an oxide ion conductor, was used to

Hydrogen 2022, 3, 463-473. https:/ /doi.org/10.3390/hydrogen3040029

https://www.mdpi.com/journal /hydrogen


https://doi.org/10.3390/hydrogen3040029
https://doi.org/10.3390/hydrogen3040029
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/hydrogen
https://www.mdpi.com
https://orcid.org/0000-0003-2993-4926
https://doi.org/10.3390/hydrogen3040029
https://www.mdpi.com/journal/hydrogen
https://www.mdpi.com/article/10.3390/hydrogen3040029?type=check_update&version=1

Hydrogen 2022, 3

464

discharge oxygen. An oxygen pump sensor using a tubular yttria-stabilized zirconia tube
consists of a pump that supplies oxygen and a sensor that controls the partial pressure of
the oxygen in the atmosphere. The advantage of this method is that changing the current by
controlling the potential using a potentiostat clarifies the behavior of hydrogen generation.
This oxygen pump sensor can also be used for hydrogen detection devices.

The authors of this work used oxygen pump sensors to control the oxygen partial
pressure of the atmosphere. Specifically, oxygen was discharged from water vapor to
generate hydrogen using this oxygen pump sensor. Furthermore, the authors then planned
to measure the hydrogen with a gas sensor (oxygen pump sensor) in the second stage.
Specifically, hydrogen was measured in situ using an oxygen pump sensor containing
yttria-stabilized zirconia, which is a solid electrolyte. These measurements showed that
even a small amount of hydrogen can be accurately measured [37-41].

Therefore, oxygen was discharged from the water vapor by controlling the potential
using an oxygen pump sensor to generate hydrogen in this study. Furthermore, the
generated hydrogen was measured in situ using an oxygen pump sensor installed in the
second stage. The effects of the water vapor concentration and potential during electrolysis
were investigated.

2. Experimental Procedure

Figure 1 shows a schematic diagram of the equipment used for hydrogen production
and the measurement of hydrogen generation. Water vapor was added to Ar, and the
gas was allowed to flow. The amounts of water vapor added in this experiment were
12.2 vol.% and 30.8 vol.%. The operating temperature of the oxygen pump sensor was
850 °C. Experiments were carried out at 850 °C, which is a high temperature for the
diffusion of oxide ions. For the oxygen pump sensor in (a), hydrogen was generated
from water vapor by controlling the potential using a potentiostat. For the oxygen pump
sensor in (b), the potential was controlled by a potentiostat to measure the generated
hydrogen in situ, and the amount of generated hydrogen was calculated from the amount
of supplied oxygen.

(a) Hydrogen Formation (b) Hydrogen Detection
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Figure 1. Schematic diagram of the oxygen pump-sensor. (a) Hydrogen formation and (b) hydro-
gen detection.

Figure 2a shows a photograph of the oxygen pump sensor, and Figure 2b shows the
principle diagram of the oxygen pump sensor. A tubular yttria-stabilized zirconia (8 mol %
Y,03-ZrO,) was used for the oxygen pump sensor. The Ar gas flowed at 30 cc/min into
deionized water at 50 °C and 70 °C to create the amount of water vapor 12.2% and 30.8%,
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respectively. Ar-H,O gas was then allowed to flow inside this tube. The oxygen pump
sensor consisted of a sensor and a pump, and Pt was used as the electrode. Because the
oxygen pump sensor is an oxide ion conductor, oxygen inside the pump section can be
discharged by reaction (1) inside and outside the tube by applying an electric current to the
pump section.

Inside the tube: Oy + 4~ — 202~ Outside the tube: 20>~ — O, + 4e~ €))

_ Inner Side

Platinum electrode

(b) Oxygen pump Oxygen sensor
I 1
| I | I
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@ :
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Figure 2. Photograph (a) and schematic diagram of principle (b) of oxygen pump sensor.

As a result, the reaction shown by Equation (2) occurs and oxygen is discharged to
generate hydrogen from the water vapor.

2H,0—0, + 2H, )

The measurement of the oxygen partial pressure at the sensor part of the second stage
was calculated using Nernst’s equation. The electromotive force measured by the oxygen
sensor was substituted into the Nernst equation, as shown in Equation (3), and the oxygen
partial pressure was obtained.

_ E In Poz(meas.)

E
4F POZ (ref.)

®)

where R is the gas constant (J K~1 mol~1), T is the temperature (K), F is the Faraday constant
(A s mol™1), E is the measured electromotive force (E), and Po, (ref.) is the reference gas
(atmosphere: 0.21 atm). For the second-stage oxygen pump sensor, the initial oxygen partial
pressure state was maintained in the sensor section. The potential was controlled by the
second stage potentiostat. When hydrogen was generated, the oxygen partial pressure in
the tube decreased. Oxygen was supplied to the inside of the tube by the pump to maintain
the initial state. As a result, the amount of hydrogen generated can be determined from the
amount of supplied oxygen [37-39]. The calibration curve in [37] shows that the amount of
hydrogen can be accurately measured by this method. If a large amount of hydrogen is
generated, a large amount of oxygen is supplied. The amount of hydrogen generated can
be found by measuring the current value of the oxygen supply. The supplied oxygen was
then calculated using Faraday’s law, as shown in Equation (4).

=1z (4)



Hydrogen 2022, 3

466

where F is the Faraday constant (A s mol 1), I'is the applied current (A), and | is the amount
of oxygen supplied to the measurement system by the oxygen pump (mol s~!). Therefore,
the amount of generated hydrogen can be measured in situ based on the current value.

3. Results and Discussion
3.1. Relationship between Discharged Oxygen, Oxygen Partial Pressure, and the Amount of
Generated Hydrogen due to a Potential Change

Figure 3 shows the change in oxygen discharge over time by applying a current to the
pump part of the first-stage oxygen pump sensor. Furthermore, the change in the oxygen
partial pressure measured by the sensor part of the oxygen pump sensor of the second
stage is also shown. Oxygen was discharged by applying an electric current to the oxygen
pump sensor of the first stage. These data show that oxygen could be linearly discharged
by controlling the potential and applying an electric current, and that current did not flow
even if the potential was swept for up to 7 min. In other words, oxygen was not discharged
unless a certain potential was exceeded. In addition, oxygen emissions linearly increased.
Based on this result, the relationship between the oxygen partial pressure of the atmosphere
and the amount of discharged oxygen could be clarified.

Ar-12.2vol.%H,0

100mV min't
0 , 2
v 1 1-4
E 5408 [
— -4 -6 —
I qa07| . S
S =
g o 10 '~
E 15107 | 1410 '3
& 3
] 12 =
S R T
>
o 114
2 25407 L
5 1418
® T »
&S 3407 [ ‘ . ; ; ]-18
0 5 10 15 20 25

Time, t/ min

Figure 3. Time dependence of oxygen emission and oxygen partial pressure by the oxygen pump
sensor in the first stage when the amount of water vapor is 12.2 vol.%.

When the amount of discharged oxygen was 5.0 x 10~ mol s}, the oxygen partial
pressure sharply decreased. Therefore, this amount of oxygen emission was concluded
to allow for hydrogen generation. Furthermore, when the amount of oxygen discharged
exceeded 2.5 x 1077 mol s~ !, the decrease in the oxygen partial pressure slowed, which
suggested that the amount of hydrogen generated also gradually decreased. When the
current was stopped and the oxygen discharge was stopped, the oxygen partial pressure
gradually increased, which shows that the generation of hydrogen was suppressed. Finally,
the oxygen partial pressure returned to the initial levels.

Equation (5) shows the reaction between the water vapor, hydrogen and oxygen.

H,O—H, + 1/202 (5)
The equilibrium constant of this reaction equation is given by Equation (6).

K=Py, x Po,'? x Pg,0 ! (6)
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where K is the equilibrium constant. The results in Figure 3 clearly show that Pg, is reduced
due to oxygen discharge. Therefore, since Py, 0 is constant, Py, is generated.

Figure 4a shows the applied current value of the pump section of the first-stage and
second-stage oxygen pump sensors as a function of time. In addition, Figure 4b shows the
amount of discharged oxygen and the amount of generated hydrogen calculated from the
current value as a function of time. Figure 4a shows that a negative current was generated
in the oxygen pump of the first stage because oxygen was discharged. Equation (2) shows
the reaction that occurs both inside and outside the tube.
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Figure 4. Time dependence of current value when water vapor amount is 12.2 vol.% (a) and time
dependence of oxygen emission amount and generated hydrogen amount (b).

Conversely, a positive current was applied to supply oxygen in the second-stage
oxygen pump. Equation (7) shows the reaction that occurs inside and outside the tube.

Inside: 20°~ — O, + 4e~ Outside: O, + 4~ — 207~ )

When the amount of water vapor was 12.2 vol.%, the current for discharging oxygen
was —0.11 A, and the oxygen supply current was 0.03 A. A positive current did not flow
with a small discharge current, and a positive current was generated near —0.04 A. This
result suggests that hydrogen was generated near —0.04 A. Subsequently, Figure 4b clearly
shows that hydrogen emissions of 1.5 x 107 mol s~ were generated when the oxygen
emission amount was 3 x 10~7 mol s~ !. In addition, as shown in Figure 3, hydrogen was
not generated unless oxygen was discharged. The generated hydrogen was linearly gener-
ated in conjunction with the oxygen discharge. When the oxygen discharge was stopped,
the amount of hydrogen generated was sharply suppressed, which showed that the amount
of oxygen discharged directly correlated with the amount of hydrogen generated.

Figure 5a shows the oxygen partial pressure measured by the second stage oxygen
pump sensor when oxygen was supplied and discharged by the first stage oxygen pump
sensor. In addition, Figure 5b shows the amount of generated hydrogen measured by
the oxygen pump sensor of the second stage as a function of time. Figure 5a shows
that the oxygen partial pressure increased when oxygen was supplied until it reached
10~2 atm. When oxygen was subsequently discharged, the oxygen partial pressure sharply
dropped. Specifically, the amount of oxygen discharged was 1.0 x 10~7 mol s~ !, resulting
in a sharp decrease in the oxygen partial pressure until it reached 107" atm. When the
oxygen discharge was gradually reduced, the oxygen partial pressure also increased until
it ultimately returned to the initial oxygen partial pressure. Conversely, the amount of
hydrogen generated did not change, as shown in Figure 5b, even when oxygen was supplied
by applying the anode current, which demonstrates that hydrogen was not generated even
if oxygen was supplied. Notably, hydrogen was gradually generated when the amount of
discharged oxygen increased.
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Figure 5. Relationship between exhausted oxygen and oxygen partial pressure (a) and generated
hydrogen amount (b) when the amount of water vapor is 12.2 vol.%.

Using Equation (6), the hydrogen partial pressure can be calculated from the oxygen
partial pressure given in Figure 5a. The gas was assumed to be ideal, and Equation (8)
consequently holds [42,43].

PV =nRT 8)

where P is the hydrogen partial pressure (atm), V is the flow velocity (40 mL min~1), R is the
gas constant (0.082 atm L K~! mol~!), and T is the flow velocity measurement temperature
(298 K). The number of moles, 1, of the generated gas was then calculated, and the results
are shown in Figure 6. The amount of hydrogen calculated using the partial pressure of
hydrogen and the amount of hydrogen measured using the oxygen pump sensor were
almost identical, and any difference was considered to be due to the gas flow velocity. The
amount of hydrogen generated from the oxygen pump sensor can be accurately measured
because it is not affected by the flow velocity. Moreover, even a small amount of hydrogen
can be detected with an oxygen pump sensor. Therefore, high-sensitivity measurements
are possible.
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Figure 6. Relationship between the amount of generated hydrogen measured by the second stage oxygen
pump sensor and the amount of generated hydrogen calculated from the oxygen partial pressure.
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3.2. Amount of Hydrogen Generated at Water Vapor Amounts of 12.2 vol.% and 30.8 vol.%

Figure 7a shows the relationship between the oxygen emission and oxygen partial
pressure when the first stage oxygen pump sensor was set to —1.1 V with a water vapor
content of 12.2 vol.%. In addition, Figure 7b shows the relationship between the amount
of discharged oxygen and the amount of generated hydrogen at this condition. Based on
the relationship between the exhausted oxygen and the oxygen partial pressure shown in
Figure 7a, the oxygen partial pressure was 10~ 1¢ atm when the exhausted oxygen amount
was —1.3 x 1077 mol s~!. Hydrogen was generated, and the oxygen partial pressure
decreased because oxygen was discharged. The oxygen partial pressure reached 10~1¢ atm
and remained constant due to the discharge of oxygen. In addition, when the current of
the pump section of the first stage was set to zero and oxygen discharge was stopped, the
oxygen partial pressure gradually increased. Five minutes after the current was turned
off, the initial oxygen partial pressure was restored. Moreover, Figure 7b shows that ap-
proximately 0.85 x 10~ mol s~ hydrogen was generated when the amount of discharged
oxygen was 1.0 x 10~7 mol s~!, which indicates that hydrogen was produced when oxygen
was discharged. Furthermore, the generation of hydrogen gradually decreased when the
current was stopped.
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Figure 7. Oxygen exhausted amount and oxygen partial pressure measured in the second stage
(a) and relationship between exhausted oxygen and generated hydrogen (b).

Figure 8a shows the relationship between the amount of discharged oxygen and the
partial pressure of oxygen when the amount of water vapor was 30.8 vol.% and the potential
was set to —1 V. Figure 8b shows the relationship between the amount of discharged oxygen
and the amount of generated hydrogen. Specifically, the oxygen partial pressure decreased
when oxygen was discharged by the oxygen pump sensor of the first stage. Notably, a large
amount of hydrogen corresponding to the discharged oxygen was generated; this amount
was nearly constant at 2 x 1077 mol s~!. A comparison of Figures 8a and 7a showed that
the amount of oxygen discharged increased as the amount of added water vapor increased.

3.3. Potential Dependence of the Amount of Hydrogen Generated at 12.2 vol.% and 30.8 vol.%
Water Vapor

Figure 9 shows the relationship between the amount of generated hydrogen and the
potential. Specifically, Figure 9a shows the amount of hydrogen generated at a water vapor
content of 12.2 vol.%, and Figure 9b shows the amount of hydrogen generated at a water
vapor content of 30.8 vol.%. As shown in Figure 9a, more hydrogen was generated at
—1.2'V, and the amount of hydrogen generated remained constant over time. When the
potential was below —1.1 V and more oxygen was discharged, twice as much hydrogen was
generated. Conversely, the amount of hydrogen generated did not depend on the voltage
when the water vapor content exceeded 12.2 vol.%., as shown in Figure 9b. Therefore, the
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amount of generated hydrogen was also high when the amount of water vapor supplied
was high.
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Figure 8. Oxygen exhausted amount and oxygen partial pressure measured in the second stage
(a) and relationship between exhausted oxygen and generated hydrogen (b).
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Figure 9. Amount of discharged oxygen and partial pressure of oxygen measured in the second stage
(a) and relationship between discharged oxygen and generated hydrogen (b).

Table 1 shows the amount of discharged oxygen, the amount of produced hydro-
gen, and the hydrogen generation efficiency at each condition. The amount of hydrogen
generated at 12.2 vol.% water vapor was 1.38 x 10~% mol at —1.1 V. Furthermore, it
was 2.25 x 10~# mol at —1.2 V. Hydrogen was generated by lowering the potential and
discharging a large amount of oxygen, but the efficiency of water vapor generation was ap-
proximately 40% because the amount of water vapor was low. However, when the amount
of water vapor was increased to 30.8 vol.%, a large amount of hydrogen was generated. At
—1.2V, the hydrogen production efficiency was approximately 66%. It showed a higher
current efficiency than the lower current values in [29]. In the future, increasing the amount
of added water vapor will be necessary to further increase the hydrogen efficiency. The
oxygen could be discharged and hydrogen could be generated by controlling the potential
using an oxygen pump sensor. The amount of discharged oxygen could then be obtained
from the current value. In addition, the amount of hydrogen generated by the oxygen
pump sensor of the second stage could be accurately measured.
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Table 1. Relationship between the amount of discharged oxygen and the amount of generated

hydrogen under each condition.

Exhausted Generated Hydrogen
Oxygen (mol) Hydrogen (mol) Pfo.d uction
Efficiency (%)
12.2 vol.% H,O (—1.1V) 1.84 x 10~ 1.38 x 1074 37.5
12.2 vol.% H,O (—1.2V) 2.86 x 10* 225 x 10~* 39.3
30.8 vol.% H,0 (—1.1V) 3.00 x 10~* 3.42 x 1074 57.2
30.8 vol.% H,O (—1.2V) 2.99 x 10~* 393 x 1074 65.7

4. Conclusions

Hydrogen was produced from water vapor by controlling the potential using an
oxygen pump sensor. The experiment was conducted by changing the water vapor con-
centration and the sensor potential. Furthermore, the generated hydrogen was measured
in situ by the oxygen pump sensor in the second stage. For the oxygen pump sensor,
electrodes were placed at two locations using yttria-stabilized zirconia, which is an ox-
ide ion conductor. This oxygen pump sensor consisted of a pump unit that discharged
oxygen and a sensor unit that controlled the partial pressure of the oxygen. Oxygen was
discharged by applying a current to the pump by controlling the potential of the sensor,
which showed that more hydrogen was generated when the partial pressure of the water
vapor was 30.8 vol.% than when it was 12.2 vol.%. As hydrogen was generated, the oxygen
partial pressure in the atmosphere further decreased. Furthermore, the potential inversely
correlated with the amount of oxygen discharged and the amount of generated hydrogen.
When the water vapor concentration was 12.2 vol.%, the hydrogen change efficiency was
39.3% at —1.2 V. When the water vapor concentration was increased to 30.8 vol.%, the con-
version efficiency was 65.7% at —1.2 V. Thus, the potential and water vapor concentration
significantly contribute to the generation of hydrogen.
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