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ABSTRACT: In this study, Gd2O3 was used to investigate the conductivity in H2O and D2O mixed with argon (Ar) 

atmospheres, and also in pure Ar and oxygen atmospheres ranging from 773 K to 1373 K to understand its possible 

application in the fusion reactor’s tritium permeation barrier and purification system. The investigation shows that the 

conductivity of Gd2O3 is higher in both hydrogen-containing Ar atmospheres (Ar+ H2O and Ar+D2O) than that in pure 

Ar. The obtained proton conductivity of Gd2O3 was about two orders lower in magnitude than that of a typical proton 

conductor CaZr0.9In0.1O3 [1]. Therefore, Gd2O3 could be a potential material, but much improvement is required for the 

tritium recovery and purification system of nuclear fusion reactors. 
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1. INTRODUCTION  

Deuterium and tritium are used as fuel for nuclear 

fusion reactors [2]. From the viewpoint of safety and fuel 

loss of the fusion reactors, it is necessary to prevent the 

leakage of deuterium and tritium [3,4]. Therefore, it has 

been studied to use materials that do not readily pass 

hydrogen and could be suitable for the coating of metal 

piping in a fusion reactor for the tritium permeation 

barrier (Fig. 1(a)) [5–7]. It is also necessary to find 

materials through which hydrogen isotopes selectively 

pass through and purify the unused deuterium and tritium 

in fusion reaction [8,9]. Fig. 1(b) shows a conceptual 

diagram of tritium's purification system for a fusion 

reactor. T2 is supplied to the fusion reactor, and neutrons 

(n) generated by the fusion reaction are reacted with 

lithium oxide (Li2O). Then, by using a proton conductive 

oxide from the generated T2, T2O, He, and O2, only T2 is 

permeated and resupplied to the fusion reactor [10]. 

The application of proton conductive oxides to fuel 

recovery analysis and production systems is being 

Fig. 1. Schematic diagram of (a) coating in inside the pipe of the tritium 

moving path, and (b) tritium purification system of a fusion reactor. Reprinted 

from Ref. [10]. 
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studied by researchers [7,11,12]. It is known that oxide 

materials have the property to dissolve the hydrogen 

inside it and the diffusion coefficient is very small so that 

they can be used to prevent hydrogen permeation and 

leakage. Since some rare earth oxides have a small 

amount of dissolved hydrogen and are impermeable to 

hydrogen, they have been studied as candidates for this 

tritium leakage prevention coating material [6,7]. In 

actual use, even if the amount of dissolved hydrogen and 

the diffusion coefficient is low, if the amount used is 

large, the total amount of dissolution increases and it 

cannot be said that the hydrogen isotope tritium is not 

accumulated. At present, the amount of accumulated 

hydrogen such as the amount of dissolved hydrogen and 

the diffusion coefficient of each rare earth oxide is 

insufficient. 

Lattice constants and crystal structures are considered 

to be factors that make hydrogen easier to dissolve in 

proton conductive oxides, and the relationship between 

hydrogen and oxygen diffusion is also considered [13]. 

Our previous studies reveal that rare earth oxides with a 

monoclinic crystal structure can easily dissolve hydrogen, 

and gadolinium oxide (Gd2O3) provides higher hydrogen 

solubility and diffusivity among seven rare-earth oxides 

at high-temperature atmospheres [11]. Therefore, Gd2O3 

could be expected as a proton conductive material to 

purify and recover the unused deuterium and tritium in 

the fusion reactor's fuel cycle.  

In this study, we measured monoclinic gadolinia's 

conductivity, which was easy to dissolve hydrogen, and 

investigated the conductivity of gadolinia in hydrogen, 

deuterium, and oxygen atmospheres. 

 

2. EXPERIMENTAL 

 

2.1 Sample preparation  

 After gadolinia powder was molded using a die press and 

cold isostatic pressure (200 MPa), it was heated in air at 

1650 °C for 20 h to obtain the sintered sample [11,14,15]. 

 

2.2 Sample crystal phase identification by XRD  

The crystal structure of gadolinia powder and sintered 

body were analyzed using Rigaku Corporation powder 

X-ray diffractometer XRD (MultiFlex) at the Central 

Analysis Center of Kyushu University. The crystal 

structure of the sample was identified from the obtained 

peak. The measurement conditions were a tube current of 

40 mA, a 40 kV voltage, a scan speed of 4 ° / sec, and a 

light-receiving slit of 0.15 mm. The sample's crystal 

structure changed when the sample was changed from 

powder to a sintered body was examined using XRD. 

 

2.3 Density measurement of sintered body sample  

The apparent density and the relative density (apparent 

density with respect to the theoretical density) of the 

obtained sintered body sample were obtained by using 

the Archimedes method. The apparent density is 

determined by the following Eq. (1). 

ρs =
Wdry

Wwet−W𝑑𝑟𝑦
× Dw   (1) 

Here, Wdry and Wwet are the dry weight and underwater 

weight of the sample, respectively, and Dw is water 

density. The dry weight is the weight of the sample taken 

out of the furnace after sintering. After leaving it for a 

minute and taking it out, it was suspended in water to 

obtain a measured weight. An electronic balance 

(AUY220, manufactured by Shimadzu Corporation) was 

used for weight measurement. 

 

2.4 Gadolinia conductivity measurement  

Fig. 2. Schematic diagram of conductivity measuring device. 
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The sintered body sample was polished with abrasive 

paper 1000 # (model).  After polishing, the sample had a 

diameter of about 7.5 mm and a thickness of about 0.7 

mm.  Thereafter, a Pt paste was applied as an electrode 

and baked at 1000 °C for 1 h in an air atmosphere.  Fig. 

2 shows a schematic diagram of the experimental 

equipment used in this study. A Pt foil and a Pt lead wire 

were brought into close contact with the Pt paste applied 

to the surface of the sample, and the conditions were 

measured at an applied voltage of 1.0 V.  The atmosphere 

was measured with Ar, Ar + H2O, Ar + D2O, and O2.  All 

the flow rates were 100 mL/min, and the temperature was 

measured from 1000 °C to 100 °C by decreasing the 

temperature every 100 °C.  The conductivity σ (S/m) was 

calculated from the current value when a voltage was 

applied to the sample and it became steady. 

Fig. 3. XRD results of powder and sintered gadolinia. 

Fig. 4. Arrhenius plot of conductivity in Ar, Ar + H2O, Ar + D2O atmospheres. 
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3. RESULTS AND DISCUSSION 

 

3.1 Identification of the sample crystal phase by 

XRD  

Fig. 3 shows the XRD results of gadolinia in powder and 

sintered bodies. From this result, it was confirmed that 

the powder was cubic, but the crystal structure of the 

sintered body was changed to monoclinic. From the 

result of Archimedes' method, the density of the sintered 

body sample was 95% of the theoretical density. 

 

3.2 Conductivity measurement of gadolinia  

Fig. 4 shows an Arrhenius plot of conductivity measured 

in an atmosphere of Ar, Ar + H2O, and Ar + D2O. 

Increased conductivity was observed in Ar + H2O and Ar 

+ D2O atmospheres compared to the Ar atmosphere.  

Fig. 5. Conductivity when the atmosphere changes between Ar + H2O and Ar + D2O 

at 1000 ° C. 

Fig. 6. Arrhenius plot of conductivity in Ar, and O2 atmospheres. 
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Fig. 5 shows the atmosphere in which Ar + H2O and 

Ar + D2O atmospheres were exchanged at 1000 °C 

during measurement. Compared with Ar + H2O, a 

decrease in conductivity was confirmed with Ar + D2O.  

In addition, the conductivity of Ar + D2O was lower than 

that of Ar + H2O at all measured temperatures.  This is 

due to the isotope effect, gadolinia is a proton conductor, 

and the reaction mechanism in the water vapor 

atmosphere follows Eq. (1) [16], 

 
H2O + Oo

× +  Vo
∙∙ ↔  2OHo

∙  (1) 

 However, this conductivity difference became 

smaller as the measurement temperature was lowered. 

This suggests that the diffusion mechanism changes at 

low temperatures.  Compared with the conductivity of 

CaCe0.9In0.1O3 having a CaZrO3 structure showing proton 

conductivity and the conductivity was about two orders 

of magnitude lower in a hydrogen atmosphere [13,17].  

Fig. 6 shows an Arrhenius plot of conductivity 

measured in an Ar, O2 atmosphere. In the O2 atmosphere 

compared to the Ar atmosphere, the conductivity 

increased, and the higher the temperature, the higher the 

conductivity. This is thought to be due to hole 

conduction, and the reaction mechanism in the oxygen 

atmosphere is considered to follow Eq. (2) [18], 

 
O2 + 2Vo

′′  ↔  2Oo
x + 4h∙ (2) 

4. CONCLUSIONS 

The conductivity was measured in an Ar, Ar + H2O, Ar 

+ D2O, and O2 atmosphere. A comparison of conductivity 

in Ar, Ar + H2O, and Ar + D2O atmospheres show that 

the conductivity of Ar + H2O is higher than Ar + D2O 

atmospheres are.  Also, the Ar + D2O atmosphere's 

conductivity was lower than that of the Ar + H2O 

atmosphere.  Besides, isotope dependence in the 

conductivity was observed, especially at high 

temperatures in the steam-containing atmospheres. This 

suggests that Gd2O3 is a proton-conductive oxide 

following the Grotthus mechanism of proton transport 

[17,19]. 
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