
 
 
Introduction 

Nuclear fusion utilizes hydrogen isotope as a fuel, 
and thus the efficient methods for hydrogen isotope sensing 
and separation have to be developed. This study has dealt 
with hydrogen separation using electrochemical hydrogen 
pumps and steam electrolysis. Proton conducting oxide is 
used for this purpose. In addition, electrolyte and electrode 
are investigated for the development of highly sensitive and 
selective hydrogen isotope sensors. Through these 
researches, establishment of hydrogen isotope separation 
and sensing methods will be directed. 

Proton conduction occurs in ABO3 perovskites to 
which aliovalent cation doping is conducted; typically 
A=Ca, Sr, Ba, B=Ce, Zr, and In, rare earth element as 
dopant. Particularly for the application to steam electrolysis 
SrZr0.5Ce0.4Y0.1O3-α (α is the molar amount of oxygen 
vacancy caused by the aliovalent cation doping and 
incorporation of water molecules into the oxide ion 
vacancies) has been the optimized composition: denoted 
below as SZCY541 [1]. In this work, a thin film of 
SZCY541 was fabricated on the substrate made of 
NiO/SZCY541composite to reduce the ohmic resistance 
and hence the energy efficiency. Steam electrolysis 
performance was examined for the thin-film cell. 
 
Experiment 

SrCO3, ZrO2, CeO2, Y2O3 were used as starting 
materials to prepare SZCY541. The appropriately weighed 
amounts were mixed and fired in air at 1200°C. The 
obtained SZCY541 powder was mixed with NiO powder 
by a ball mill, pressed into pellet shape and fired at 1200°C 
to obtain a cathode substrate in pellet form with 14 mm 
diameter and 0.5 mm thickness. Another portion of the 
SZCY541 powder was immersed in ethanol dispersant and 
ethyl cellulose (as a binder) and ball milled to obtain 
precursor paste. The obtained paste of SZCY541 was 
screen printed on to  the NiO/SZCY541 cathode substrate 
and co-fired at 1400°C to prepare thin SZCY541 layer on 
the substrate. The thickness of the electrolyte layer 
Sm0.5Sr0.5CoO3 was about 20 micron. A paste of 
Sm0.5Sr0.5CoO3 was hand painted as the anode in 6-mm-
diameter circle on the surface of SZCY541 thin film 
(opposite to the substrate). The specimen was attached to 
the electrochemical cell housing (NorECs ProboStat) with 
Pylex glass gasket and heated at 950°C to obtain the final 
chemical cell of steam electrolysis. The cell was the kept at 
600°C and the cathode substrate was reduced by 20% 
Hydrogen (Ar base plus moisture) to prepare Ni/SZCY541 
cermet, in which nickel took the form of porous body. 

Steam at 20% diluted with Ar gas was supplied to the 
anode at 600°C and a direct current was sent to the cell. 
Hydrogen generated at the cathode was swept on Ar gas 
containing 1% hydrogen and 2% moisture. Hydrogen 
generation was evaluated by gas chromatography and 
overvoltage character was measured by a current interrupt 
method, respectively. 
 
Results and Discussion 

SEM observation confirmed a 20-micron film of 
SZCY541 formed on the NiO/SZCY541 substrate. In the 
experiment of steam electrolysis, 100% current efficiency 
was achieved up to the current density 100 mA/cm2, i.e., 
the rate of hydrogen generation determined by gas 
chromatography and the flow rate of the cathode sweep gas 
agreed with that calculated from the Faraday law. At the 
current density of 100 mA/cm2, the overvoltage consisted 
of 0.18 V by ohmic loss and 0.24 V by the electrode 
overpotentials, both being satisfactorily low. This result 
suggests that the present steam electrolysis cell can well 
extract hydrogen from water molecule electrochemically. 

 

0 100 200 300 400 500 600
0.0

0.2

0.4

0.6

0.8

1.0

1.2

 

 
Te

m
in

al 
vo

lta
ge

/ V

Current density/mA cm-2

 

 

  IR         η
     

 
Fig. Ohmic loss, IR, (filled square) and electrode 
overpotential, η, (open square) of steam electrolysis 
(600°C). Anode: Sm0.5Sr0.5CoO3 (SSC55); electrolyte: 
SrZr0.5Ce0.4Y0.1O3-α (SZCY541); cathode: cermet of porous 
nickel and SZCY541.  
 
 
[1] T. Sakai, S. Matsushita, H. Matsumoto, S. Okada, S. 
Hashimoto and T. Ishihara, "Intermediate temperature 
steam electrolysis using strontium zirconate-based protonic 
conductors", International Journal of Hydrogen Energy, 34, 
56 (2009). 

 
 

In a future nuclear fusion plant, hydrogen isotope gas 
of deuterium (D) and tritium (T) is used as fuel. The 
developments of hydrogen process technologies for fuel 
cycle are one of the important issues. An electrochemical 
hydrogen pump using a proton-conducting oxide is one of 
the candidate materials for hydrogen recovery. The 
application of electrochemical hydrogen pump by a proton 
conducting oxide instead of the palladium membrane 
diffuser has been proposed. In our previous research, we 
have chosen CaZr0.9In0.1O3-α, which was used for the one-
end closed tube of the test pump. Then, the hydrogen pump 
performances were investigated under various conditions. 
During the hydrogen pump experiments over a long period 
of time, the variations of applied current or voltage and 
hydrogen extraction rate were observed. It is likely that the 
proton conductor as oxide material is reduced by the 
extracted hydrogen. Then, the properties such as 
conductivity and solubility of proton might be changed by 
the reduction reaction. To realize the hydrogen recovery 
system using proton conductor, it is necessary to maintain 
the hydrogen pumping performance at a constant value. 
Therefore we propose the application of a feed back control 
system to hydrogen pump.  

We carried out the performance tests by use of the 
one end closed tube made of CaZr0.9In0.1O3-α under water 
vapor electrolysis condition. The shape of the test tube was 
12 mm inner diameter, 0.75 mm thickness and 200 mm 
length. Platinum electrodes were attached on both sides of 
the test tube by paste-baking on the surface. The test tube 
was heated from 873 K by an electric furnace. Wet argon of 
1.2 kPa was fed to the anode and dry argon was fed to the 
cathode. These flow rates were 100 cm3/min. The hydrogen 
pumping experiments was conducted by the constant 
current method using a galvanostat. Then, the gas in the 
stream was measured by a gas chromatograph and a chilled 
mirror hygrometer. To maintain a hydrogen extraction rate, 
a standard proportional-integral-differential (PID) control 
method is introduced. The block diagram of PID control is 
shown in Fig.1. When the dew point at the outlet of anode 
compartment is changed, the PID controller generates the 
control output signal of the difference between set and 
present dew point in order to change applied current. The 
control output signal m(t), which represents applied current, 
is a sum of three terms, the proportional term, the integral 
term, and the derivative term. Each of these terms is a 
function of the error signal e(t), which represents difference 
between set and present dew point. Mathematically 
proportional-integral-differential (PID) control is expressed 
as follow: 
 
 

dt
)t(deKd)(eK)t(eK)t(m d

t

0ip +ττ+= ∫  

To prevent the proton conductor from deterioration by 
extremely high current and voltage, the upper limit of 
current or voltage as a saturation block was set under PID 
control operation. The PID control and data acquisition 
system was produced by NI-DAQ and LabVIEW program. 

Figure 2 shows the variations of applied current, 
voltage, hydrogen concentration at cathode, dew point at 
anode under the feedback control. The control period was 
15 seconds. The control parameters of Kp, Ki, Kd estimated 
by the Ziegler-Nichols step response method were 10, 4, 
0.25. The upper limits of current and voltage were 0.3A 
and 5 V. When the set value of dew point was changed in 
steps, the applied current was changed by PID control 
according to the difference between the dew point of set 
and present value. Then, the dew point and hydrogen 
concentration in the cathode compartment were reached at a 
constant after few minutes. In this case, the over and under 
shoot in the applied current was observed immediately after 
changing the set value. However, the range of over and 
under shoot was not large in these steps. It is likely that 
good current control can be obtained on the whole. On the 
other hands, when the set value of dew point was changed 
from 10 oC to 2 oC by one step, the applied current reached 
the upper limit and the protective circuit of saturation block 
worked. The parameters of PID control have to optimize 
and are properly used depending on the operation. 

 

 
 
Fig. 1. A schematic flow diagram of PID feedback 
control system. 
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Fig. 2. Variations of voltage, applied current, dew 
point at the anode, and hydrogen concentration at the 
cathode under the feedback control. 
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