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Abstract
Modification of the plasma facing surface of LHD and its effects on the retention and
desorption of He were examined by exposing 316L stainless steel coupons to LHD plasmas. In
the erosion dominant area, formation of dense He bubbles and mixing of deposited impurities

(C, O, Fe, Cr, Ni) occurred in a subsurface region of about 20 nm-thick. In the deposition
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dominant area, the surface was covered by a porous carbon rich layer. Retention of He was
saturated in both areas. In the erosion dominant area, He was trapped by the radiation-induced
defects formed in the very thin subsurface region. The concentration of He trapped in the

impurity deposition (He/C) in the deposition dominant area was estimated to be 0.9%.

1. Introduction

Large Helical Device (LHD) at National Institute for Fusion Science (NIFS) is a
world-largest heliotron-type plasma confinement machine equipped with a superconducting
helical coil system. Therefore, achievement of steady-state plasma discharge is one of the
highest priority missions of the LHD project. Stainless steel and isotropic graphite are used in
LHD for the first wall (protection plates for helical superconducting coils) and divertor plates,
respectively. Usually, helium (He) has been used as the discharge gas for long-pule
discharges aiming steady state operation.

Though the plasma duration time is increasing year by year, termination of the plasma has
occurred often with a sudden increase in impurity radiation [1]. As pointed out by Tokitani et
al., this phenomenon is attributed to certain types of plasma-wall interaction (PWI), such as
arcing between the plasma and the wall, gas impurity emission and exfoliation of the
deposited impurity layers [2]. Termination of long-pulse plasma occurs often not only in LHD
but also in many other machines. In case of TRIAM-1M, for example, which has the world
record of the discharge duration time more than 3 hours [3], control of discharge gas
(hydrogen) desorption from the wall surfaces due to gradual increase of the wall temperature
was a key factor to keep discharges long [4,5]. Loss of the particle balance is a common
reason for the unexpected termination of long-pulse discharges.

In order to keep the particle balance, one should know influx and outflux of plasma particles
through the plasma-facing surfaces of the first walls and the divertors. The plasma particle
outflux, however, has been treated often as a “black box”, because the data are so limited. It
depends on the properties of plasma-facing surfaces modified by many types of PWI depending
on the geometrical relation with the plasma. In case of LHD, modification of the plasma-facing
surfaces are various, because the internal shape of the vacuum vessel is very complicated due
to the three-dimensional helical configuration. For example, thickness and microscopic
structure of impurity deposition on the plasma-facing surfaces have strong poloidal and
toroidal dependence [1,6]. Modification of divertor surface is also very inhomogeneous [7].

One should know the details of the thermal behavior of the discharge gas in the

plasma-facing materials to understand the outflux phenomena under long-pulse discharges.
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Simultaneous studies on the physical and chemical properties of the modified surfaces are
also essential to understand the underlining microscopic mechanisms and to extrapolate this
information to other machines.

In this paper, surface modifications in LHD due to PWI will be described at first, and then
retention and desorption of He will be discussed aiming better understanding of the particle

balance of He under long-pule operation.

2. Experimental procedures

Since the LHD campaign Cycle 12 (denote as C12) in 2008, several sets of metallic
coupons have been regularly placed for PWI study on the surface of the inner wall near 8I and
91 ports. The positions of the coupons near 91 port are shown in Fig. 1 by numbering in the
figure. In the present work, the coupons of 316L stainless steel (316LSS), material of the
plasma facing wall of LHD, and those of W were used. The W coupons were employed to
observe deposition of impurities including constituent elements of 316LSS (Fe, Cr and Ni).
Because the inner wall of LHD is close to the main plasma and the divertor made of isotropic
graphite is not so far away, PWI in this area seems stronger than that at the outer wall, in
general. Surface modification of the outer wall has been reported already [2]. In LHD, He

plasmas were often used for both long-pulse discharges and glow discharge cleaning. The

r'ﬂ,;f,.‘d}‘,
| w8 w1

Fig. 1 Cross-sectional view of LHD at 91 port. Positions of the coupons are indicated
by numbers.
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temperature of the inner wall measured from the back-side using a thermocouple changed
from 300 K to 310-350 K under long-pule He discharge [8].

In each experimental campaign the coupons were set before starting and taken out after
finishing. Microstructure and morphology of plasma-exposed surfaces of the coupons were
examined by means of transmission electron microscopy (TEM) and scanning electron
microscopy (SEM). Chemical compositions were analyzed using glow discharge optical
emission spectroscopy (GD-OES) and X-ray photoelectron spectroscopy (XPS). Retention of
He was measured by thermal desorption spectroscopy (TDS). GD-OES analysis was carried

out at University of Toyama under the framework of NIFS bilateral collaboration.

3. Experimental results and discussion
3.1 Macroscopic change of the plasma facing surfaces

Pictures of PWI-coupons placed near the 91 port at positions 3, 4 and 5 (Fig. 1) and exposed
to the LHD plasmas in the campaigns C15 (2012), C16 (2013) and C17 (2014) are shown in

Fig. 2. Some coupons

C15-91-3 . C15-914 C15-91-5
- -’

< pp—

discolored remarkably but

others keep well their
original metallic gloss. As

described later in detail, on

the dark area the impurity
deposition rate exceeds C16-9I1-3 | C16-914

the erosion rate (position
4), while on the metallic AL
gloss area the inverse

situation ~ takes  place v

(positions 3 and 5). In this

. Cc17-91-3 c17-91-3 - c17:913
paper, modification of the | . —

plasma-facing surfaces is

discussed by classifying Pl

S
.

'y

into  two  categories,

deposition dominant area

(DD area) and erosion . . )
Fig. 2 Pictures of coupons placed near 9I ports in the LHD

dominant area (ED area).  campaigns C15, C16 and C17.
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3.2 Change in microstructure

Fig. 3 shows typical TEM images of the microstructure formed in the near-surface region
of the 316LSS coupons placed at 91-3 position during the C16. Name of the coupons is noted
as C16-91-3-SS hereafter. Micrographs (a) and (b) are the top-view of the pre-thinned coupon
about 50 nm-thick and the cross-sectional view, respectively. Micro-specimens for the
cross-sectional observation were manufactured by using a focused ion beam (FIB) machining.
As can be seen in Fig. 3 (a), very dense white dot images, which are He bubbles in nano-size
[9-11], were observed near the plasma-facing surface. Large white images of 5-20 nm in
diameter are well-grown He bubbles and/or dimples formed by the exfoliation of nano-blisters.
Dislocation loops with black images were also formed densely. The cross-sectional view (Fig.
3 (b)) shows that the visible bubbles in nano-size are formed in the subsurface region at
depths up to ~50 nm and larger ones (~10 nm in diameter) concentrate in shallower depths up
to 20 nm. These are typical microstructures formed at the plasma-facing surfaces in the ED
area due to He bombardment. As previously mentioned, He plasmas are often used for both

long-pulse discharges and glow discharge cleaning in LHD.

(a) (b) PEC

Fig. 3 TEM images of the microstructure formed in 316LSS coupons placed at erosion
dominant 91-3 area in C16 (C16-91-3-SS). (a) and (b) are top-view of a pre-thinned coupon
and cross-sectional view, respectively.

The plasma-facing surface of the coupon C16-91-4-SS located on the DD area is
characterized by dark brown color. Cross-sectional TEM micrographs of C16-91-4-SS are

shown in Fig. 4. The surface is covered by an impurity deposition of about 140 nm in
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thickness. Diffuse rings in an electron diffraction pattern (not shown) indicate that it is
amorphous. The deposition is not homogeneous; the surface is very rough and a lot of pores
up to a few 10 nm in diameter are observed in the matrix. Estimated porosity is 24 vol. %. As
can be seen in the magnified picture in Fig. 4 (b), subsurface region of the original 316LSS
substrate was highly damaged just as that in the ED area. It seems that this damage was

formed by long He glow discharge clearing performed at the beginning of the campaign.
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Fig. 4 (a) a cross-sectional TEM image of impurity deposition on 316LSS (C16-91-4-SS) ,
and (b) a magnified image showing the interface between substrate and deposition).

3.3 Change in chemical composition

It should be reminded that the W coupons were placed on the inner wall to observe effects
of impurity deposition. GD-OES data of W coupons placed at ED area (C16-91-3-W and
C16-91-5-W) are shown in Fig. 5 (a) and (b), respectively. Working gas and anode diameter
for these measurements are Ar and 4 mm, respectively. The sputtering rate of W in the present
measurement condition is about 30nm/s. In case of C16-91-3-W, impurities from the divertor
plates (C) and the protection plates (Fe, Cr and Ni) were penetrated into the W substrate and
formed mixed material at depths up to 30 nm. Similar mixed layer of about 15 nm in
thickness was formed in C16-91-5-W.

The plasma-facing surface of C16-91-4-W located at DD area is covered by a thick C
dominant layer, as shown in Fig. 5 (¢). Content of metallic impurities is very small. XPS

analysis indicates that the Fe concentration is about 0.5 at%. Heavily damaged subsurface



LD 5 R~ (2l L= AT o L AGHO R &~V v 5OV - Hie

region of the W coupon is very clear, namely yields of Fe, Cr and Ni increase locally due to

the strong redeposition under the initial glow discharge cleaning.

Intensity

Sputtering Time (s) Sputtering Time (s)

| C16-91-5-W (Ar, 4mm)

100 \-.____________-

Intensity

0144

0.01 i i i i
0.0 05 1.0 15 20
Sputtering Time (s)

Fig. 5 Results of GD-OES analyses of the W coupons placed on the ED area (a, b) and the
DD area (c) and exposed to the LHD plasmas during the campaign C16. In these GD-OES
measurements, Ar plasma was used, size of anode was 4 mm in diameter, and the
sputtering rate of W was about 30 nm/s.

3.4 Depth profiles of He

Depth profiles of He in 316LSS coupons were examined by means of GD-OES. For this
analysis Ne plasma was used to get higher sensitivity for He [12]. Yields of each element in
C17-91-3-SS, C17-91-4-SS and C17-91-5-SS are plotted in Fig. 6 against sputtering time.
Diameter of the anode used in these measurements is 10mm. Sputtering rate of 316LSS is
about 20nm/s.

In case of the ED area (C17-91-3-SS and C17-91-5-SS), intensity of He signal increases
abruptly up to about 0.3 and then decreases exponentially with increasing sputtering time and
keeps constant above 3 s. Judging from the yield assigned to He in the deeper area, where no
He exists in actual, background of He signal in 316LSS is 0.075. The background of He
signal in W is 0.02 [12] and much lower than that in 316LSS. The rather high background in
316LSS seems to be due to partial overlapping of emission spectrum of He (587.562 nm) with
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G17-91-4-SS (Ne,10mm)

Intensity
Intensity

0 10 20 30 40 50 60
Sputtering Time (s) Sputtering Time (s)

T T
C17-91-5-SS (Ne. 10mm)

Intensity

Sputtering Time (s)

Fig. 6 Results of the GD-OES analyses of the 316LSS coupons placed on the ED
area (a, b) and the DD area (c) and exposed to the LHD plasmas during the campaign
C17. Ne plasma was used to increase sensitivity in detection of He [12]. Size of
anode was 10 mm in diameter, and sputtering rate of 316LSS was about 20 nm/s.
that of a constituent element of 316LSS most likely Cr. These results indicate that He in the
plasma-exposed coupons concentrate in the narrow subsurface region of about 60 nm in depth,
and the amount of He diverging into the deeper area is little. By subtracting the background,
the peak value of He in ED area is about 0.23. Very good agreement between depth
distribution of damages and that of He indicates that He are trapped by the radiation-induced
defects such as bubbles.

In case of C17-91-4-SS located on the DD area, on the other hand, signal of He near the top
surface is about 0.015 but it increases with increasing sputtering time in proportional to the
yield of Cr. It is mentioned above that detection of the He emission is not only due to
presence of He itself but also due to presence of Cr. Though it is difficult to detect He at low

concentration in the impurity deposition by means of GD-OES, one can say at least that He is

not highly concentrated as observed in the ED area.

3.5 Thermal desorption of retained He

Retention and desorption of He in the protection plates are very important to understand



LHD7 T X2 LI AT v L AOREEE &~V 7 LOWE « i

particle recycling in LHD under long-pulse He plasma operation. In the present work, thermal
desorption of He from the 316LSS coupons exposed to LHD plasmas (C16-91-3-SS and
C16-91-4-SS) were measured. In order to understand the repetition effects of plasma
discharges, He ions (2keV He®, 3x10?' He"/m”) were injected into the C16-91-4-SS coupon
additionally and then TDS spectrum of He was measured. Thermal desorption of He injected
into virgin 316LSS [13] were also plotted together for comparison.

Judging from the very defective microstructure (see Fig. 3) and also from the discussion by
Bernard et al. on He-plasma irradiation effects in LHD [14], it is expected that not only
damage but also He retention in the plasma-exposed coupons have already reached the
saturation level. In Fig. 7, TDS spectra of He from the coupons mentioned above are plotted.
Ramping rate of the temperature is 1.0 K/s. The amount of desorbed He from each coupons
are summarized in table 1. It is notable that the total retention of He in C16-91-3-SS is
7.5%10" He /m?, which is only 10% of the saturation level with 2 keV He" ion irradiation. It
looks that short penetration length of He under exposure to the plasmas with much lower
average energy and formation of nano-blisters are the possible reasons for the lower retention.
The desorption of He from C16-91-3-SS occurs mainly in the two temperature range, 400-600
K and 900-1200 K. Noticeable differences from the 316LSS coupons irradiated with 2 keV

1E19 5

—m— 9]-3-SS

—e— 91-4-SS

91-4-SS (+He 3E21)
S, 1E19 He/m2
M —— 1E20 He/m2
——1E21 He/m2

1E18 -

1E17—5«r .\I
1
i

1E16 -

Desorption Rate of He ( He/m’s)

T T T T 1
800 1000 1200 1400
Temperature ( K)

Fig. 7 Thermal desorption of He from 316LSS coupons placed on the ED area
(C16-91-3-SS) and DD area (C16-91-4-SS) and exposed to the LHD plasma during the
campaign C16. Desorption spectra for virgin 316LSS irradiated with 2 keV He" ions at
300 K [13] are also plotted for comparison.
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Table 1 Amount of desorbed He from each coupons.
Coupons Total desorption Desorption < 400K | Desorption < 450K
(1x10"° He/m?2) (1x101® He/m?) (1x10"® He/m?2)
91-3-SS 7.5 0.18 0.93
91-4-SS 14 1.4 2.8
91-4-SS (+ 3x102"He*/m?) 10 0.84 1.8
SS (1x102'He*/m?2) 76 3.5 6.4

He" ions is the lack of two desorption processes; desorption below 400 K and large
continuous desorption up to 900 K. The former indicates that weakly trapped He, which
contribute to desorption below 400 K, behave as dynamical retention under the long-pulse He
discharges, because the wall temperature is <350 K. The weakly trapped He desorbs quickly
after finishing the discharge. Judging from the small total retention, number of the trapping
sites contributing to the dynamical retention is also much smaller than that estimated from the
2 keV He' ion irradiation  (3.5x10"/m?, see table 1). One of the possible mechanisms of the
large He desorption up to 900 K observed for the heavily injected 316LSS is the blistering.
In case of C16-91-3-SS, however, nano-blisters have already exfoliated and/or He has already
desorbed due to nano-clacking. SEM observation of heating effects on the surface
morphology is necessary to confirm the mechanism.

Total retention in the impurity deposited coupon (C16-91-4-SS) is 1.4x10*° He/m?, which is
about two times larger than that for C16-91-3-SS placed on the ED area. Influence of the
additional injection of 2 keV He" ions to 3x10*' He”/m? on the TDS spectrum is little. This
means that the retention of He in the deposition has reached the saturation. It is likely that He
was codeposited with C and distribute homogeneously in the deposition having average
thickness of 160 nm. The average concentration of He in the amorphous deposition (He/C) is
estimated to be about 0.9%. It seems that this value is close to the detection limit of GD-OES.
Retained He desorbs constantly between 340 K and 1200 K. It is notable that retention below
400 K is 1.4x10" He/m?, which is about 9 times larger than that of the ED area coupon
(C16-91-3-SS). These results indicate that thick deposition layers play an important part in the
dynamical retention and also additional desorption due to gradual increase of the wall

temperature under long-pules operation.

4. Conclusions

Plasma-induced surface modification of 316LSS and its effects on the retention and
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desorption of He were examined by exposing many 316LSS and W coupons to the LHD
plasma at the inner plasma-facing wall of LHD. The surface modification can be classified
into two types as follows: (1) erosion dominant area and (2) deposition dominant area. In the
erosion dominant area, subsurface layer of coupon about 20 nm in thickness is damaged
heavily by He bombardment under He discharge experiments and glow discharge cleaning
with He gas. Extremely dense He bubbles in nano-size and dislocation loops, which induce
very strong internal stress, are formed there. Deposited elements such as C and even Fe, Cr
and Ni were mixed with substrate elements due to the collision with energetic particles from
the plasma. In the deposition dominant area, wide area of the inner wall was colored by the
deposition of carbon dominant materials. Content of metallic impurities is only about 0.5 at%.
Its structure is amorphous and porous.

Retention of He in the erosion dominant area is saturated at 7.5x10'° He /m”. Most of them
are trapped strongly by the He bubbles formed in the 316LSS substrate. Weakly trapped He,
which can desorb below 400 K, does not remain because the surface temperature under the
discharge is <350 K. It is considered that these He play roles in the dynamical retention.

Retention of He in the C-rich deposition is also saturated. It seems that they are gradually
codeposited with C as much as possible under He discharges. Average concentration of He,
He/C, is about 0.9%. The retained He desorbs almost constantly between 340 K and 1200 K.
This indicates that thick deposition layers play an important part in the dynamical retention
and also additional desorption due to gradual increase of the wall temperature under long-pule

discharges.
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Abstract

Pt nanoparticles sputter-deposited on a-Al,Os support were investigated by FE-SEM
measurements and CO chemisorption studies. Pt nanoparticles formed in the early stages of
sputter deposition were well isolated, and the particle size distribution of Pt nanoparticles
evaluated by FE-SEM measurements was narrow. Longer sputter deposition resulted in
growth and coalescence of Pt nanoparticles. Such a transition of Pt from nanoparticles to

film by sputter deposition was properly evaluated by CO chemisorption studies.

13
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1. Introduction

Sputter deposition, a “dry” impregnation method that does not use any solvent or liquid
for catalyst preparation, has gained attention because it has several advantages as compared
to the conventional “wet” impregnation method. For example, dry processes enable
efficient waste handling, which reduces the waste released to the environment. Further,
sputter deposition from a source target allows the deposition of desired components on a
substrate without impurities. Another advantage of using sputter deposition for catalyst
preparation is that the nanoparticles are formed in appropriate conditions [1-5]. To achieve
these principal benefits, novel sputter deposition systems for three-dimensional surfaces of
powder substrates, rather than for conventional two-dimensional flat surfaces, have been
developed by several research groups [6-15]. Au [11-13], VOx [14,15], Pt-Ru alloy [6,7,9]
and Ru [8] were chosen as active species, and the catalysts obtained had certain intrinsic
properties resulting from the dry impregnation method. For example, Veith et al. reported
that Au/TiO, obtained by dc magnetron sputtering was structurally stable when heated to 500
°C in air, whereas that obtained by the wet method was easily deactivated [13].

Among these publications [6,8,13] thermal treatment of sputter-deposited nanoparticles
was used to control the particle diameter, although other research indicates that appropriate
conditions for sputter deposition allows the control of the particle diameter of nanoparticles
[5,10,16]. Here, we have investigated the growth of Pt nanoparticles on Al,O; powder
substrates as a function of the duration of sputter deposition. Change in the morphology of
Pt nanoparticles were investigated by FE-SEM measurements. CO chemisorption studies

were performed to estimate the Pt dispersion and Pt nanoparticle diameter.

2. Experimental
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2.1. Preparation

The catalyst support, a-Al,Os, was kindly supplied by Sumitomo Chemical Co., Ltd.,
Tokyo (AA-18, surface area; 0.1-0.6 m%/g in catalog). This was used after being dried
overnight in an oven at 180 °C. The metal plates (50 x 100 mm?) used as a sputtering target
were Pt (purity; 99.99 %).

Sputter deposition was conducted by using a barrel-sputtering system [6,10,17,18]. To
the hexagonal barrel, 10.0 g of powdery a-Al,O; was loaded in this study. A vacuum
chamber equipped with the hexagonal barrel and powder substrate was evacuated to 8.0 x
10 Pa. High purity argon gas (99.995 %) was gradually introduced to the evacuated
chamber up to 0.8 Pa, and this pressure was maintained during the sputter deposition. RF
(13.56 MHz) magnetron sputtering was performed with an RF power of 25 W for an
appropriate time (see Table 1), allowing Pt target to deposit on the surface of the catalyst
supports. During the sputter deposition, about 4 times of back-and-forth (swinging) motion
per 1 minute with + 75° was applied to the hexagonal barrel to stir the powder substrates.

2.2. Characterization

Characterization of the obtained samples was carried out by using X-ray diffraction
(XRD; Philips, PW1825/00), inductive coupling plasma analysis (ICP; PerkinElmer, Optima
3000XL) and field emission scanning electron microscopy (FE-SEM; JEOL, JSM-6701F).
It should be noted that no further coating of the specimen, which is known to maintain the
electron conductivity, was carried out in the FE-SEM measurements for samples.

The Pt dispersion of the prepared Pt/Al,O; was measured by CO chemisorption method
at atmospheric pressure. These studies were performed in a continuous flow reactor system
with a quartz reactor (6 mm inner diameter). The Pt/Al,O3, typically loaded at 0.2-0.5 g,
was heated to 250 °C at a ramp rate of 5 °C/min under He flow. At this temperature, fluid

gas was changed to a mixture of H, (50 %) and He balance, and this temperature was
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maintained for additional 1 h. After purging the gas to He, the catalyst in the reactor was
cooled to room temperature. Then the catalyst bed was cooled to 0 °C in an ice bath and
maintained for 2 h. An appropriate amount (1 ml) of mixed gas of CO (0.5 %) and He
balance was then injected into the catalyst in the reactor, and the concentration of CO in the
outflow was detected by a thermal conductivity detector (TCD). The injection of CO was
repeated until the amount of CO in the outflow became constant, where the CO adsorption
was in saturation. The dispersion of Pt, hereafter denoted as Dco, was calculated by

assuming a 1:1 stoichiometry of CO:Pt, using the following equation:

Do number of CO molecule adsorbed
co number of Pt atom loaded

The above CO chemisorption was measured twice for each catalyst. The gas flow rate

shown above was set to 30 ml/min.

3. Results

The amount of Pt deposited by various sputtering durations (4, 5, 7, 9 and 20 min) was
evaluated by ICP measurements. The values were found to be 0.021, 0.032, 0.056, 0.075
and 0.136 wt%, respectively, as listed in Table 1. A linear correlation between the duration
of sputter deposition and the amount of Pt was observed, which agreed with previous reports

[6,10]. Hereafter, samples are denoted as Pt(x), where x represents the Pt deposition amount.

Table 1 Duration of sputter-deposition for preparation of Pt/Al,O; and the summary of Pt particle

diameter evaluated by FE-SEM measurements and CO chemisorption studies

Sputter-depos CO chemisorption study
Sample ition Pt deposition Pt diameter CcO Pt Pt
ID time amount (FE-SEM) adsorbed  dispersion diameter
(min) (Wt%) (nm) (/g) ) (nm)
Pt(0.02) 4 0.021 1.8 2.18x10" 0.70 1.7
Pt(0.03) 5 0.032 2.7 1.57x10" 0.50 2.5
Pt(0.06) 7 0.056 3.9 0.95x10" 0.31 4.5
Pt(0.08) 9 0.075 4.5 0.77x10" 0.25 6.0
Pt(0.14) 20 0.136 5.1 0.57x10" 0.18 8.2
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Fig. 1 FE-SEM images of the surface of the unmodified and Pt-modified samples. (A) unmodified
Al,Os, (B) Pt(0.02), (C) Pt(0.03), (D) Pt(0.06), (E) Pt(0.08) and (F) Pt(0.14). The diagrams shown in
(B)—(F) show the distributions of the size of Pt nanoparticles obtained from more than 200 nanoparticles.

The color of the sample was changed from white to gray by Pt deposition, and became

continuously darker with the increase of Pt deposition. XRD measurement was attempted

but diffraction signals from metallic Pt were not observed, even in the sample Pt(0.14),
because the most of the diffraction lines from the Pt were overlapped by those from a-Al,Os.

Fig. 1 shows the FE-SEM images of unsupported Al,O3; and Pt/Al,0;. The surface of

the unsupported Al,O3 is smooth (Fig. 1 (A)). A terrace-like structure seen in the upper

right corner is an adhered fragment of Al,Os; that was used for focusing. The FE-SEM

image of Pt(0.02) is shown in Fig. 1 (B), where Pt nanoparticles with circular shape are

observed in the entire surface of the Pt/Al,O;. It was also found that the individual Pt

nanoparticles were isolated on the Al,O3; surface. The distribution of the diameter of Pt

nanoparticles, which was obtained from more than 200 nanoparticles, is overlaid in Fig. 1 (B).
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The particle diameters ranged from 0.9 to 4.1 nm, and about 85 % of the Pt nanoparticles
were in the range of 1.0-2.5 nm. The mean diameter, obtained from the peak in the
Gram-Charlier fitting function (Origin 7.5 software; OriginLab Co., MA, USA), was
calculated to be about 1.8 nm (Table 1). These findings indicate a good uniformity of the Pt
nanoparticles on the powder substrate prepared by the barrel-sputtering technique.

In Pt(0.03), as shown in Fig. 1 (C), the mean diameter of Pt nanoparticles was
determined to be 2.7 nm, which was larger than that of Pt(0.02). It was also found that the
particle size distribution became wider (1.4-5.1 nm) than Pt(0.02). This indicates a growth
of Pt nanoparticles with an increase in the duration of sputter deposition. However, it
should be noted that each nanoparticle still maintained a circular shape, and was isolated.
One interesting feature in dry impregnation, especially in the barrel-sputtering method, is that
the Pt nanoparticles formed were free of facets [10]. This is consistent with data from
typical two-dimensional sputter-deposition used for epitaxial film growth [19-21]. For
example, Zhao and Wong reported that Pt deposited on a SrTiO3(100) substrate under high
temperature conditions (700 °C) resulted in a highly crystalline Pt platelet film, whereas Pt
deposition at a low temperature (25 °C) resulted in an indistinct crystalline film [19].

In the sample of Pt(0.06), in Fig. 1 (D), a coalescence of Pt nanoparticles appeared to be
started. The shape of the Pt nanoparticles was no longer circular: The Pt nanoparticles grew
in size, with the result that some of the near neighbors came into contact to form irregular
lengths and shapes. This resulted in the shifting and the widening the particle size
distribution (2.1-5.9 nm), which was obtained in the elementary nanoparticles, as compared
to Pt(0.03). The mean diameter of the Pt nanoparticles was 3.9 nm. These findings
support to start the transition of Pt from nanoparticles to film. By long sputter deposition,
the Pt nanoparticles grew in size, remarkably coalesced and formed worm-like structures

which indicated a transition between isolated nanoparticles to film. In the sample Pt(0.08),
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however, FE-SEM observation revealed that the coalescent particles in the worm-like
structure consisted of several distinct elementary nanoparticles, as seen in Fig. 1 (E). The
mean diameter of such elementary nanoparticles was estimated to be 4.5 nm. In addition,
the distribution of the diameter of elementary nanoparticles became wider and shifted to
larger values (2.6-6.6 nm) as compared to sample Pt(0.06). Such a growth and coalescence
of Pt nanoparticles, in other words, the agglomeration of Pt nanoparticles was obvious in the
case of Pt(0.14), as seen in Fig. 1 (F). The particle diameter ranged between 3.5 and 7.7 nm,
and the mean particle diameter was about 5.1 nm.

CO chemisorption studies of unmodified a-Al,O3 showed no significant CO uptake (less
than 2 % in the first injection). This suggests that CO molecules chemisorbed on Pt under
these experimental conditions. The Pt dispersion obtained (Do) is listed in Table 1 and is
plotted in Fig. 2 as a function of the mean particle diameter of Pt obtained from FE-SEM
measurements. It can be clearly seen in Fig. 2 that the dispersion decreased drastically with
an increase in particle diameter.

The changes in the idealized dispersion (Dca1), which depends on the particle diameter, is

also plotted in Fig. 2. Here, D is

1.0
calculated for a hemispherical crystallite of sk
Pt particle as follows. From the unit cell _§ 06k
parameter of metallic Pt (JCPDS 04-0802, ay ,_%0_4 i
= 0.39231 nm), the value of Pt atomic Eoz
diameter, the number of Pt atoms per unit 0.0 .

0.0 20 4.0 6.0 8.0 10,0 12.0

area in a closed-packed plane and that per Particle diameter / nm

unit volume in a closed-packed lattice (fcc) Fig.2 Change in the dispersion of Pt nanoparticles

were found to be 0.277 nm. 15.01 atoms/nm?> 25 @ function of particle diameter. (®) values

obtained from CO chemisorption studies, (o)

3 .
and 66.43 atoms/nm’, respectively. ~ The theoretical values calculated from the hemispherical

crystallites.
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number of Pt atoms on the nanoparticle surface (Ptgy,fce) and that in the whole nanoparticle

(Ptparticte) can be represented as follows:

Pty e = %ndz x 15.01

Ptariicle = %nd3 x 66.43

Here, d represents the diameter of the Pt nanoparticle. Thus, D¢,. can be expressed as
follows:

D — Ptsurface
cal. Ptparticle

For particle diameters smaller than about 3.0 nm (Fig. 2), it is found that the value of D¢o
agrees well with that of Dg,. This means that the results from FE-SEM observation
appropriately capture the Pt dispersion. On the other hand, the value of Dco becomes
smaller than that of Dg,. When particle diameters are greater than about 3.0 nm (Fig. 2).
The divergence in the case of large particles is mainly attributed to coalescences of the Pt
nanoparticles because the Dco with agglomerated nanoparticles can easily cause the
underestimation of particle diameter. The FE-SEM observations described above also support

the coalescence of Pt nanoparticles with diameters greater than 3.0 nm, which corresponds to

Pt(0.06).

4. Conclusions

A novel “dry” impregnation method, named the barrel-sputtering method, was applied to
prepare a-Al,Os supported Pt catalysts. Isolated Pt nanoparticles with a mean diameter of
1.8 to 2.7 nm were observed by FE-SEM measurements of a sample of relatively short
duration of sputter-deposition. CO chemisorption studies revealed that Pt dispersion was
0.70 and 0.50, respectively. These values were in good agreement with the ones calculated

geometrically from the particle diameters. These findings indicate that the barrel-sputtering
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method can fabricate isolated Pt nanoparticles. Further, it suggests that the dispersion was
appropriately estimated on the basis of FE-SEM measurements when the nanoparticles were
well isolated. Moreover, longer sputter-deposition led to growth and coalescence of Pt
nanoparticles, which were clearly observed by FE-SEM. CO chemisorption studies also

supported the agglomeration of Pt nanoparticles.
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Abstract
The applicability of a freezing technique to the reduction of the volume of waste water contaminated with
radioactive materials such as 7Cs, 90Sr, and *°Y has been examined. Simulated waste water containing a
trace amount of added non-radioactive cesium (ca. 20 wt. ppm) was used in this study. A cooling pipe was
immersed in the simulated waste water, and the cesium concentration in the ice produced around the pipe
and the residual water were measured by an atomic absorption spectrometry after a given time. The
temperature of the cooling fluid flowed through the pipe was regulated below 273 K using a conventional
cooling device. The cesium concentration in the formed ice was found to be more 200 times lower than
that in the initial simulated waste water. The same results were obtained for waste water with added
radioactive cesium ('*’Cs), and similar phenomena observed for simulated water containing strontium,
yttrium, and NaCl with cesium. It was suggested that the cesium concentration is strongly affected by the

number of bubbles in the ice, crystal size of the ice, and the total impurity concentration in the waste water.

Our results indicate that freezing is a promising candidate technique for the processing of radioactive waste
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B DY v 0 AR 9.500 wt. ppm T, UG OREHRE
&I 25.92 wt. ppm IZIRHE ST e, F72, KFOEY
7 APEFEIX 1.030 wt. ppm T o 7=, BrYREL (DF) % DF=
(RS RT D AKEEIR P D' > U NREBOKEOKP O+
VU LRE) OLIICERT D L, ARBROGA X DF=9.2
LD, ZORBAFER I VKF O T T AR KER
DBEEL VN2 VIELS o TEY, KOKEBERETEY Y
LEHERLCWDZ ERNMBND, 72121, FEEDIHEYIK
IZEEN D RIDIRE L ENLILO RICKTT HIRERE &
DO KMEIE 10°RETHY, 1 BOBHFKERIECBT S
DF DL L Tidd72< &8 100 BLEXLETH 5,

ZIT, HIZHEIT 0 7T AOUESIKO R % _ .
BT 5 bl A L ARMORBEIL, i 8 dmele S e podie
AREBR AR IR U7z, KDBIAER LT < BROIRFERZ RIC

Table 1. Typical example of freezing tests for contaminated water containing
non-radioactive cesium.

Run |Cooling temp. Weight| Weight| Total Concentration of cesium (wt. ppm)

N o of lig. | of ice [weight DF
0. (°C) (kg) (kg) (kg) initial liquid | non-freezing liqg. ice

28 -5.0°C 7.039 | 2.749 |9.787 21.67 36.39 1.997 1

29 -5.0°C 6.455 | 3.025 |9.480 24.32 38.18 0.258 94

30 -5.0°C 5.587 | 3.549 |9.135 23.19 44 .10 0.095 245

31 -45°C 7.801 | 1.988 |9.789 2212 34.35 0.135 164
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174 mm Table 2. Distribution of cesium in
M > the ice.
/ Location of sample Cesium Coc, DF
40 mm] (wt. ppm)
x Q164 (ice 1-1) 0.048 485
ice-130 mm|4 3 2z 1 _ ce1-2) | 0019 | 1191
/;Olnrn\ / 1 i 13) | oot | 1202
Y @ ¢156 (ice 1-4) 0.027 844
ice-230mm\4 3 2 1 / (ice 2-1) 0.061 381
0 , (ce22) | 0.027 846
50mm \ / ice-2 - -
(ice 2-3) 0.027 864
ice. 3 o 4 / & 145 (ice2-4) |  0.031 751
(ice 3-1) 0.107 217
90mm \/ o | (232) | 0039 599
\ (ice 3-3) 0.030 761
\ (ice 3-4) 0.023 988
Fig. 5 Analysis of cesium distribution in the ice. upper |ice-upper 0.093 249

X0, KEEOWEIIIRAIZ LR TS, TODKO EEHORIZME L 7220, HHEIFIK
O _EFICTRAIVAATZBREKNZDOEEHD Z L1220, KERE L TORRREKTIED
FIRE72D, ZOX I BRBRERORTEESTZOW =AO AT L AR O (Fig.2)
Z L 0O B A~OKDRREZIE LT, 2 DRRRBGE LT » 7o % IG B VTR OB E % Fig.
41ZRF, Fig 3ITR LIk KD b Riao@Epn@Emnicbial 2y, EHELELS > TWnH 2
WD, ZORER TOBMAERTO KR DO Y > 7 JEEEIL 7.540 wt. ppm, KT DE 7 4
1T 0.060 wt. ppm ThH o 72, HIH, DF=125 720, BRYMREIN 20 g Sz, 25 (4]
H LU OB AL R A Table 1 12”7, RE VB 603 K5 ICA B A S TE L 7= m &S
HHz25Z L2k DF%Z 100 LA EICT 252 ENAEETH D, 7eds, 28 [BIH ORER T DF O
EDME < 72 o 7o DITEOKHIOK D e FEIZIRME L 7o BB YK O —FB D RAVIAATE Z 1T &
LD ThHD, £72, 28 BILD 31 BHOHERBROFIZICK T B Y LAED Y ANT
A DR —FIIRBFER o T DR L7277 774 b Fa—TI2L 5 A ) —%RD
AREMER B B,

WIS, KF DT NEES 2D 12012, EROBHFRER & RS cHifi 2170,
Fig. 5 {29 X 22 SEOMROKZEI D H L, W\T, &MEEO—E 50 %2 KkOkEH
MZ A EI L2t O & REAREE LTRBL L, 7ods, SKOBIBHEZEIIEETITOK O fF
ZPIET D72, Mo F T 2 ORI EREICBE) L CHER Lo, SN
GENDELU LNREONER K% Table 2 (\2F L D7-, £HD Tupper) 1L Fig. 51T LT
e P D AT U AHIIRE FOKEZ R L TWD, BRIV SR K ST, DFfEE L TIE 1000
I EIFE N, OB A R I IOKDFEN TR S A, 15YK OB 2 s Bl o A
IMED R ST, ISR & L CUIMALOK THHMAZICEAL L Tz 1 FoOkTEY Y
LRENRbEL, 2B L3 FOME TR B 2Y, SMUD 4 FOME THOEL 2D
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i m 2~ LT,

1| HEFOMETEI U LRENESWVEB & L TIIKkD
FERIL E OBIEMENRE 2 5D, £ 2 TKOMEIR
DL i~ 2 72 DK Z 8wl V1T LT AR I < Al
D, W EZE L CEERE AT T2, Z OO
HH% Fig. 6 \Znd, WAEMEOH mm %RV C,
50 mm F2EO K X 2RRE AL DK DI R T AT VT
BO, BHHMEAN LT WDRESRLI R O mFE N FEF I/
EL 7o TND I ERbND, 7ok, KFEAEORMS
PR IT ROV & 2ok & 72> Tunie, KEF 51, *Na
(NaCl KI&iR) <2 %Cl (HCl KVEH) % & Te/KIRHE %
WO, KOFORMDOHAIRNE A — N T TF 7
7 7 4 T3], EDFER, Na = Cl 23K DR AL
RRKIEEFICRIT L TS Z 2 R Lz, 2D X 5 OKDORERHEIIOKT O& 0 AR
FESAT & AR & OFIZ HIRWVAHBEIMER H 5 Z & 2R L CTE Y, Table 2 (27~ L7 HIER
RERLS T D, - T, KFDEIVU LARELZKHNT 5 7-0I350EE2 & R VEH R
KEFESED L DI, MR OEBEN AR /NS <0 d X9 7emHll L UBRKES
HEHRETLHILENRD D,

Fig. 6 Photograph of polarized light
for the formed ice.

3.2 WGt = D LKEREIC L SR

T o 2 (BTCs) ARV A48 A U 7= SRS RRBR CI, BRI 1450 Bq/kg DOAEETG YLK 10kg
EIEL LT, 7ok, PTCs MIBB LR A S OBEL WS T D DO &R T2Is, iRk E LT 1wt
ppm OFEFBIHMEE U LTI LTz, B LA bl A gmd X Om A% I R o
BIEYOK TORBR E R CTH 5, AL, REFERES ZOUKT O PCs I/ NV~ =0 L E
R aR CHIE Sz,

FRERRE B0 & Table 3 1259, JKHF D PICs JREEIE, RS 0 ARBURE IR & [FIX L 7=
DL, WELABRE RN TKABAE S & T, BAFEZ R L7z b O Z2RE Lz, mlfRiR
-l BEO2 TORRYARENIA Y Table 3. Examination result for the contaminated water used
B 70, RIS, 4 BL O radioactive cesium ("*'Cs).

5TIEDF=100LL L& 72> TEY, Sample Weight | Conc. | Activity | Fraction

I (o) | (Baka) | (Ba) | (%) bF
Z DR DF OZEAIZIERUR (Cs) 9 | Cako)] ©9 :
S VAT KB R L initial water 9.97 1419 | 14147 -

U IR ORI R non-freezing water | 5.73 | 2450 | 14038 | 99.2
. - . 1] S 4¢

R<—EL7z, £z, ROKE®RO moltenice-1 | 0.88 | 143 | 126 | 0.89 10
oK 75_’?’%/%% TUIWr L C PICs D FE molten ice-2 0.75 58.9 44.2 0.31 24
DR A, KOKE molten ice-3 0.60 | 6.13 | 3.68 0.03 231
JFENZ A s> T DF fEIX 100 7> molten ice-4 0.77 | 4.48 | 3.45 0.02 316
5 300 ~ERXL A LA molten ice-5 122 | 11.0 134 0.09 130
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Table 4. Effect of additional impurities such as Sr and Y on decontamination factor of cesium.

Measurement by atomic abs. Measurement by conductivity
Run No. | Impurities Weight of ice — .Concentration fwt. ppm) DE — Concentraion (.wt.ppm) DE
(kg) initial | non-freezing . initial | non-freezing .
- S ice - S ice
liquid liquid liquid liquid
49 v 2.769 - - - - 20.1 25.8 0.51 39.2
50 2.985 - - - - 20.1 29.2 0.35 57.2
53 Sr 2.771 20.108 27.335 0.071 284 19.7 26.9 0.45 44.2
54-1 3.636 19.887 30.635 0.209 95.1 19.9 291 0.61 32.8
S
54-2 ' 0.868 0.216 0.199 0.003 64.3 T - - -
(5917)
56 Cs 3182 10.434 17.334 0.011 946 . . .
Sr ' 11.118 17.750 0.016 681

B, RS VU AKEE CTORBREE R L — Ui, Bl D, Rl L~UL Lt LT 6x10° wt.
ppm FL£E DMK E T HKDOMERHIZIIPER SN D Z ERH LN E o7z,

33X ,OF DL (Sr) FEETY FUDAL (Y) FELKBFETDERZAZE

] U 721G BRI AR AL N O H IR TR OSLE LRI CTH Y, RBROERITITA
10 kg OIEFRG YK % Hefif UT-, BieiEYeKIE, BHAICIEREED St 7213 Y LA % B
ERTIL, ZOWHRED 20 wt. ppm FLEIC/2 5 X H ICHHEE L CaiEB 21T - 72, 7,
Cs & Sr DEAFR (No. 56) OIGEITITA % OIEFEGHEAMP S 10 wt. ppm FREEIZ/2 D K 91T
T LT, 77, AR LKoo R KSR o Cs O Sr it EORIEEITLE LU TH S,
72, YIREITEERGHI L > THE Lz, RBRFERDOE L D% Table 4 1277, i, R
DFEBRFEF 49~54-2 13 Y F7213 Sr IR TORBRAERTH Y, 54-2 1% 54-1 THE LK E b
ML, TNEHERKELEZBEOMRRETH D, *EHZAT7- DF OfElL 2 BIOBEKE THE b~
PRYRE A R T,

Table 4 7253725 X 91T St VT Y DA% FLRHEHG YK TH Cs DS G L [F L~ L
DRYARE NG DN, £72, 54-1 & 542 TOREBRFERI/RT X DI, 2 [0k L7 Cs
KRR DOBAEIC X0 BRARERITR 6,000 3T< £ TEL, REOHIENHER SN, FIZ,
Cs & Sr DIRGKERIZENTY, ENENDOARMPORGARBIIRE B L 720, EED
TBY KD X 9 SRR L TV DIEGRKIZBW T L AREZ oIl Lo 2 & 23 HE
L7z,

3.4 NaCl ;REDFZE

FACIRARI= L D1, FLOBHY AT AEET 72O OEFERICEL RBEOMmEALEE L
THEKDBRHIEA DB TOIN, T O OIERKICITRIREOHAKNE TN TEY, KMk
(2 R DIG YR OB KT DK DB AR D UER S DH, & 2 THKPOEER
MRSy T D NaCl DFBIZ OV TR 21T 572, BV U AOPREITfEEH 20 wt. ppm
& L7, Fig. 713® 2 7 A DBRYUREIT % NaCl DI EEREME 27T, ME VAL AR X
912, NaCl DHEEED 50 wt. ppm LL EI272 5 & RS BRYLR I O T (DF=200 75 50 IZ/E )
DR BT, Z0D% 500 wt. ppm £ TIRIEIEF—E &R o7, 2, Fig. 8 ITRT LI, F
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Fig. 7 Effect of the concentration of NaCl
for decontamination factor of cesium.
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Fig. 8 Effect of the concentration of NaCl
for decontamination factor of sodium.

U T L DOBRYARENT NaCl JRE
DRI %t L C HLFH 72 8 i 1) %
RLUTE, T MU U LAOREAREIT
T U LADOBRYARED 1/2~1/4 T
HV, Nalx Cs LV HIKITHDIA
FNRTVZENHEBILE, 20
X 9 BRYRE O T Ik DR E
Btk & OBEMENREZE 2 BN D0,
ZDOFAITI A TH D, NaCl
D RITEE S KO FARI % Fig.
9 DEEIIRT, D DGR
TS R T EISAE itz
D3, ERLTOKICE EN KB D
BEIGEVWS RO, TR D

(Run No. 33)
(10 wt. ppm)

(Run No. 36)
(53 wt. ppm)

(Run No. 42)
(508 wt. ppm)

Fig. 9 Photos of ice formed for various concentration of

NaCl.

LREOHEME & HICRIABERHE R L TEY, KTFORKMY b I L TRRYLREE T L
borEZHND [3].
ZDX ) RBYRE O TORNA Na & ClOELHIZED DN EFDL DI, g
VHY I FTE 80D NaOH F 7213 HCl O A2 N L 72 K ER 208 L ¢, &2 v A DOBRYAIRE

Table 5. Effect of Na or Cl ions on the decontamination factor of cesium.

Noanre.ezi ng Wnght of litial weight Con(?l.\,t(.)fpl:?n?r cl Conc. of Cs (wt. ppm) DF
Run No. liquid ice (ka) . (Cs)
(k) (k) HCl | NaOH | initiallig. “°”'f|22‘_az'”9 ice
59 6.889 2.865 10.002 0 0 21.36 32.71 0.100 | 213.8
60 6.505 3.281 10.000| 50 0 20.59 29.60| 0.497 41.4
61 6.309 3.405 10.000 0 50 19.95 30.31 0.520 38.4
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ZH Tz, T ORER & Table 5 1278
T, BV U LDOROEE, YR
BiE 200 DLl 720 2 ETOR
Ré&—H L7, —7J7, Na X Cl
A F 2 EIN LT KR T 2
LU KRE KT Lz AintEo
BV RESERTAONR
nolo, AlG, Fig. 7 TSz
BRYAERI DR T 1L HFE O AT
L BAEETIIR L, Ry owg Run No. 59 Run No. 60 Run No. 61

. (Cs) (Cs + HCI) (Cs + NaOH)
JEIZRE HKMFT D T LIRS
iz, FAREBR AR L=k  Fig. 10 Photos of ices formed in the contaminated
G % Fig. 10 1057, GEL 0 Y water mixed with HCl or NaOH.
MR I DT, R ORENENT 5 Z EICL VKB EOHE KN AL, Fig. 9 04
ERBRICRIBRBDE T2 b 72b LI b D LEZZ HND,

4. F&&b

&S5 — R I EIT OB NI STV D KEDO BEEB YK OWELIZ D 5 £
T A BR9 & LT, FEBURTED & > 0 L& B Te RS ek 2 F N COKRE ik o @ FVE 2 1
Pt LTz, TORER, HEHGRKTIZAER LTOKTICEEN BT U MREITREYICHHE L
BHEHE YR O 7 LRE (8 20 wt. ppm) K D@0 < 725 (DF>200) 2 & A3 F1H 4
o ZOBBIIHSEE T T & (PCs) EETEEEOK CHRBORRE ThH o, A
FRYTFULARA v U T LFEOMORHY TS 26 ORI % PEBR L7203 HOKSAET
HZERMBNTZ, BIZEY U AL R M UF U LARKTET D L9 BRKBEROGAEIZEB N T
& B — R Hli & [FIRR O AP O PERRBIG 3 iR C & 7=, 7272 L, NaCl DA 50 wt. ppm LA
RIZ72 % LRt Y U AORBLREOIRT (DF=200 775 50 IZIRT) 2AR.Hi, BAHY
REDOWEBNHR SN, ZNOLORRLY, FYRKEFEOHEAZGDOS & THLE D Z
XY, IBYKT O E IR T, AR L7IOKZRY RS Z 212X 0 iEYRKD
WAL AKIVED Z EAVHI LTc, 7ok, IRMED G WG YK TR O A Hi e & K O RIS
R E L, [Ia % B £ RO R ZVOKEZ T 2 Z LIC K 0 BRREE RE S TE 5,
F7o, BRBREIT T 5 A OFEE ORAFIEIIRE S RN Z LRGN L RoT2, Th
HORBFEIR LV, 1HYK OB KT 2K L 0w AR TRWART vy L
BHLTWD EffamI iz,

5. Bi%
ARIFIEIL L 24 F- 88 1R FF R SR 1 OV 25~26 £ JE H AR FLS B2
e BRI 2 - PRERAYEE EFZE (25550053) OB A= T, 7, HL T FY U LADEE
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RIERIgE v % — RS - EREFROBAIC L - TiFbi, B, it s
DK A U B s, (BR) (RO IRARPER, BF B2 0C, Hfh BERCH L OYEA
FAERLOBMNC L 0 fFbhi, = ZICHEa T,

3R

[11 T&&EE R BN EMRERE (AL PS) OIS, B REER,
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Abstract
In liquid scintillation counting, quenching correction of the sample is indispensable for

measuring radioactivity. The chemical quenching is corrected by a quenching correction
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curve obtained with a quenched standard set. In this work, the applicability of a quenched
standard set to various chemical substances was studied using angle distributions in 2D
scintillation spectra. The quenching dependence of the angle distributions measured from
various chemical quenchers was found to coincide. Namely, the relationship between the
chemical quenching and the angle distribution is maintained whatever chemical substances is
used. This result indicates that a single quenched standard can be used to correct for the effect

of various chemical quenchers.

1. 5

ik FLr—rarhhy e Z2BUF, LSO MU F 7 A0RIEICIALS FIH S L
TWo, LL, LSCIZ& D MU FULAGETIE, MBHRICy =0 F 0 7 OB %4
ETHUERNHL(], V2 F o WM F 2 F o T e T — 0 2 F T D2
HEN S D, KT v F L—F ORIRBELG T 20087 2 F o 7 Thhd, —
5, T = o F IR K0 R LT R P I R A bRl L Y
WINENTLEIBIRTH DL, 20D, hT7—7 2 F U TI3AEORE T &
N5,

W AL o F U ST 2T RAZ U — REEHT 2 HE THIERN Thi T
WhH, ALFET = F U T EGIE R I IHEFRITERICH Y, Ko biEEs =T
TERBIERIT, 20D, KKk FL—R IR B ERREG LIy v FL—F BT
M, ALF T = F o T OB ORIZZIT TV, fLFRIC L0k = F T
DI|RS TR > TEY, KIZEDIWFET = F o T ORBITTHON, = br A X 0%
FVMEF 7 = F U TR SR I THEMNNLN TV D, — I, stk =
CF U EBERE TN TRO = F RAZ A= R THO LR TV AL
FRE LRI o TWThH, IR 2o F RAZ U F— RNy = F o FRIEICHH &
N5,

X F G| R IR RS TY, filRO 7 2 F U FAF o Z— R
WEATED0ERF LZ, 720 F v 7 ORBETMT 572012, RS Lz H



WRIR v TFL—2a By ZICBTHERmANRT MA~OLF T =0T 7 D%

TEDLSC21T & 0 2 KD I E - HAEE (PMT)Z IVE M B D7V A D i 2 VL T

QIRITEDY > FL—a AT MAEHIE LT,

2. EBR

@7 o F o7 eilizvrFL—ya W7 T VvERM L bR =T
THRBIEEIT /2 Frx—L LTK TR KROP=ba 22X 2EHL, v F
L —#|Z1% Ultima Gold AB & N e, /XA T IVITIE AT T AL T vz iz, L
72717 7V DFRZ Table 1 IRT, WTNDH 7 T/TEBWNTS, HOEEHITR N
T, HEAOY)—HHEREF LT,

2WIED Y v FL— g AT MVORIEICIE, L L7 BED LSC % A
L72[2], ZO¥EETIE, ZNED PMT 226 D)0 A ) % R R B2 @5
VRO N T—E5E24ER LTS, 2O N T—E5E2ZIFTF VLA
YBAA—=FZEY 2KD PMT O/ IV AEHZRERL, WEEE RO TW\D, 556
NEWEELY 2RO FL—2a AT MLEETWS,

M LSC Tik2 = F o 7 ORI il 2 DI, SMNBOT o~ #RR & 0 ik
ENFmarFhUoBEFOYTFL—a AT MLVEEHLTWS, 207, K
FEBRTIT PNa OBEBFZ AR 7 T roar 7 hEFDY v FL—g
VARG MVERIE L, 72U F U T OMSOIIEL LT, B ~RBEIZL 0
bl v FL—a AT MLE 3 2O EIT 5 EEA ESCR (External
Standard Channel Ratio) & U CaHli L7=, BEARBUIZIE, 2 KD PMT LB 67
EEME L, 2EEMEEPMTI+HPMT2)DOE 2 7' AE2ER L, Y FlL—i g R
X7 MVESE, ZOVUFL—ya AT MLVOERBEDS 31 5 EEE
ESCR fE & LT\ 5%, Z @ ESCR fllix ALOKA #H DO ik D LSC (2 X %7k & 7 U F
EThHDH, —F, 2Ty FL—a v A7 MUTIEMEE, ARSI PMT 202
NOWEMEEZIY, 2RILE A N T LEEHR LTy FL—va VAR ML A
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Table 1. Specification of samples

Sagljple Reagent as quencher Scintilator /g Quencher /g

Al Water 14.623

A2 Water 13.633 1.005
A3 Water 12.663 1.999
A4 Water 11.690 2.981
A5 Water 10.696 3.997
A6 Water 9.724 4.979
D1 Acetone 14.661

D2 Acetone 13.655 0.691
D3 Acetone 12.720 1.533
D4 Acetone 11.743 2.366
D5 Acetone 10.727 3.146
D6 Acetone 9.754 3.925
D7 Acetone 8.740 4.612
D8 Acetone 7.741 5.438
N1 Nitromethane 14.830

N1.2 Nitromethane 14.781 0.027
N1.3 Nitromethane 14.771 0.049
N1.4 Nitromethane 14.760 0.085
N1.5 Nitromethane 14.855 0.113
N1.6 Nitromethane 14.733 0.131
N1.7 Nitromethane 14.740 0.147
N2 Nitromethane 14.670 0.170
N3 Nitromethane 14.599 0.253
N4 Nitromethane 14.477 0.340
N5 Nitromethane 14.374 0.425
N6 Nitromethane 14.271 0.512

TWA, TRV FL—a AT MLV E2WRIEY L TFL— g A7 RLD

%% Fig.1 \Z/~,

3. ERLEEBE
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-
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Fig. 1. 1D and 2D scintillation spectra of various chemical quenchers.

31 S FL— g AND L

Fig. LIZ ®NalC X VBN WL DDy v FLb—3 g A7 hLZERd, BB
IF2WILy > FL—a VP AXRT ML, FERIZTO L RLy »FL—a VAT b
NTHDHL2IRILY U TF L= g AT MVT 45 5 BRI > TW DRG0
Ho UL, ENENO PMT LV FREOHE S/ LAZHI L TWAEEZRT. 7
= F v —IL Fig. 1(a-)TIIAK, O-DET7E I, (D= ArAZ o Ths. 7=
YT BRI o TH ZOMANCE DY BN, 7 F U TRIRL Te DI
EED/ NS IR TCODENGND, 7285, TILH AT FLIE 30000 [EIOFH LY
B, 72 F U T OBANE TED 1 Ry T L—a VAT MUVZHERTE
W, 7 F TR IR DITHEW S EIMEN TR ER STV D,

3.2 FHDAE

VT L= a AR MV RIETREA 72 =T v — DB TS 5 729
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12, TIRIEKRDR 2 Ry v FL—a A7 MLEAFEHT 5, filko LSC Tl 1
KDY F L= g AT FMLEDFHL TV 23, SEITE I 2 /D>~
FL—va AT Vb HWTEHET 5, sHliFIEIE, 1| IRocD A2 hL XY
ESCR fEZR®D D, 2IRTLDOV > T L—1 g VAT ML LY, AT MLDIRIAY
RN 5, TNENONETFHEE L VEONTEEEL D 27 MO RN
DAEL LT, LFOX L0 EHE L7,

Hztan”(PMT2J (1)
PMT1

ZZT, PMT1 KOPMT2 IZZENENDOY T L—2 g UV ADOEETH D, 5
NI SV AEORED A& T L, A7 "MLDIRRY & LTz,

Fig 2Ic7 = F v —L LTCAkEAWEZEO® N Na ks nsar 7 EFO
L1 Rey v FL—a P AXRT MVERT, Al DD A6 IZ72 DITHEWN T = F o 7%
B o TS, ZHUTHEV Y U F L— 3 AT VR &R ER ST
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Abstract

Lithium phosphorous oxynitride (LiPON) electrolytes for solid-state lithium batteries were prepared using
the polygonal barrel-sputtering system. When sputtering was carried out at an N, gas pressure of 4 Pa and
an AC power of 100 W for 120 min using a Li;PO, target plate, a worm-like deposition was formed on the
planer silicon substrate. An Nls peak was observed at around 400 eV in the X-ray photoelectron
spectroscopy survey spectrum of the sputtered sample. This N1s peak was deconvoluted into two peaks:
one at 397.4 eV ascribed to P-N<P bond formation and the other at 399.0 eV reflecting P-N=P bond
formation. Based on these data, the formed deposit was assigned to LiPON. The ion conductivity of the
prepared LiPON was evaluated by impedance measurements. A semicircle was obtained in the Cole-Cole
plot, from which the ion conductivity was determined to be 1.8 x 10° S cm™, close to those of typical

LiPON films in the literature (1.7 x 10 °~6.4 x 10° S cm?). Thus, LiPON films can be prepared by the

polygonal barrel-sputtering system.
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MABENE <, BER [V F UL ZREM] 1%, BUE, HEHRRE00%0N0ET
FIHENTEY, bideHhks OEFICRKNERVERE2> TS, £, RITTIXEKEHH
OMZERE & Vo TEBEIBRICRIH SN TWA T TR, BAEMRETRALT—IZBITAEIO L
NY o THICbEAREIREENATWS, LL, AREMIKEZHEHL TWDLEROY F U LA A
¥ RTINSO K, ERRIR O R X D IER OB (NE LR, BERIE) 28 L[1],
FEE, ZOTREMAER LY =y MEDSRAFRIC L ETELEESA RO S B 5,
7z, AREMRRIINM LT, 2, REEENHIRINDET TR, ElHFMICHE
B bz 5[2],

ZOXIBREEND, T, AREMKRONRDY ICEFERELFEN L T2EEKY FU L8
) AER SHTWD[B], EOHTHEMME & EAFE IR A RS S [ AREERY F o
LFEM[3-5]) DIEFICHIESNTEBY, BRICEMBLVLIZEL TS, LhL, ZOVAT A
IXBRA LR DD ANV D BHERENMELS, SHIZIEEC LV ENHE T MELET 5, &
Dizh, @R FERY F 0 NElEBEERSCHAE TR XL X —~FEHNT 52 L IIRETH
Do ZAUCKIL, B, 3 X OEMEMRL T ORI D [0 7 BIEER Y 5 L FEH[3,6-9].
XIRENCERLS, MABLLAEETH L Z LMD, FHIEXK BB FHMBEER S L CORMHNHIR S
TN 5,

sV RILER Y F 0 NEMICIE, 2 OO AT ABREINTNS[3,6-8], 2D H L, ik
REIREWRL T % N2 AT AT R WO FERUARE 2 7R 97 03[3,6], KFIC LD HEFET A (i
fbAkF) OFAEPIPEE S, BEEOBLADRENER S TWD, 2L, Bk
BB % FAWTZ V2T A3 T8 ITEEHN ADRENL, BWREEEHET S, LvL, &
bR BRI I LRI AN 20D, BAF 7R 1 RO TR EE LV, 2l Bl
WRTIEYF VLA F L DEEENRZ L, TEEREDKWY,

FRE LB bR 7 RIAER Y U AR OB A R 5120, BRENIC B A A
NRENRAZRERET D ENARARTH D, TOMICE L, BRI R~ BMREEMNITE
e FEO—D2TH D, T T, FxITEEE Y 2T A CRIFRA A ARERHEZHIE L T D
A ¥ EY LY F A (LIPON) [3-5)1C & 2 Bk - Bt o R EAfIZEH L7z, LiPON
[X—MAIIZ LisPOs & % — 5 MIHWEER TR TICBIT OGRSy # ) o 7 T T &
5[4,5]c LU, FEROD ANy 2 Y o ZHEBITERM B O REEMIITENLTHD L OO, kL
T OY)— BTt T LV, —F, BILRFKERAER P E & — Tkl &
R EMTED [ ZMNNLILANy Z Y 7E[10-23]) LTS, 2FED, ZOFEEY
AW, BRI 3~ LiPON i vlRE & 72 5, ERCICHEVY, AR TIEZ AL LR
Ry 2 ZWEIZ L D LiPON ERR O BLpE F1 WL 245 2 72018, SR 2 JHV T LiPON il %
et L7z,
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S on L, BRI EAE %S (FE-SEM : JSM-7000F, JOEL) |2 L v 2 & #8153
L7z, HEREWIN DIt DAL FAE A IR R 1T X AOEE 72061 (XPS: ESCALAB 250Xi, Thermo Fisher
Scientific) TaiffiL (AlKa ) , 55N 7- A7 FLIZCls BE—72 (285eV) THIR(L LT-,

2.3 A A AR

BB DA A AEME X, A =& ZHE (3532-80, HEER) TIHEL7-, RABRIKIL, £
FNVLIVAR Y B o THEEEWT, A7V ARCEIC T, 3B, TiOEICA Sy XY 74
52 L TR L[24,25], In I X VEBKTH D Ti LICHFEZ EE®R, HEEE B LTz 4501
7 —7 ZHREICEWE, JIEIL S Hz~1 MHz OAGEE T, 54072 Cole-Cole 7' 11 »
2B BAE S > 72IEHUE (R, Q) VT, UTORITE Y A A BEE (6, Sem™) &3RD7=,

0 =1I/AR (1)
I Z°C, 1UEWiiE FE-SEM B4 CIIE L723BtOJE 7 (em) , A 3K 2.2em?) 28T,

3. fER
3.1 R RECE D ML AT
Fig. 1 (XA /8y & U > 7 Ri# O Si FEH D FE-SEM #4214, B TH - -alBbEmIciE, A%
v 2V 7%, worm-like HEEOHEREY (JEE 1 750 nm) MBI Sz, Z ORI OFMEE S
T T D72, XPSHEEIT-T2, fFHALZ
fi k& Fig. 2 127, sEEEI O Hr—f 2
7 bV (Fig. 2 (I-A) ) 1ZiF Lils (B — 7 [\ :
58eV) , P2p (134eV) , P2s (189¢V) , Ols
(532 eV) 233B® H72[26,27], 285 eV @ Cls S
B — 7 26,271 O F B L= — R .

F SR INDRETET 5 H— L AT Fig. 1 FE—SEM images of Si substrates before and
after sputtering.
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Fig. 3 Cole-Cole plot with a fitting curve (solid
line) obtained for LiPON prepared by the
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resistances, CPEyyx, CPEgyugce: constant phase
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Abstract

To understand the hydrogen absorption and desorption behaviors of Pd under air, we
performed real time measurements of the electrical resistance of Pd under gas mixture with
various oxygen contents. The hydrogen absorption rate was independent of oxygen
concentration. Conversely, the hydrogen desorption rate in the presence of oxygen was faster
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than that without oxygen, suggesting that the additional desorption path including water
formation reaction appears in the hydrogen desorption process in the presence of oxygen. The
hydrogen concentration in Pd at equilibrium decreased with increasing oxygen concentration
in gas phase because the hydrogen adsorption sites become partially occupied by oxygen

atoms.

1. Introduction

Various hydrogen sensing systems have been developed for application within a future
hydrogen energy system [1]. Pd metal and alloys are utilized in some hydrogen sensing
systems as a detecting material, because the adsorption and absorption of hydrogen on/in Pd
metal and alloys depends on the gas phase hydrogen partial pressure. In addition, the Pd
metal and alloys have an advantage to absorb hydrogen at room temperature in atmosphere.

The existence of oxygen in the gas phase influences the hydrogen absorption and
desorption properties of Pd [2]. It is important to understand quantitatively hydrogen
absorption and desorption behavior for Pd metal and alloys in the presence of oxygen because
the kinetics of hydrogen on/in Pd metal and alloys directly affects the characteristics of the
hydrogen sensing system such as response speed and the detection limits. For Pd metal, this
behavior has been investigated by many researchers [2,3]. However little has been reported
regarding the behavior with Pd alloys. Moreover, the hydrogen kinetics were investigated
through gas phase analysis technique, meaning that changes in the hydrogen concentration in
Pd metal and alloys was only tracked indirectly [4,5]. As a result of these indirect probes, the
quantitative analysis of the hydrogen absorption and desorption, especially the amount of
hydrogen absorbed in Pd metal and alloys, quickly becomes complex.

The electrical resistance is one way to estimate directly the hydrogen concentration in a
hydrogen absorbing metal in real time [6]. It is well known that the hydrogen concentration in
Pd is correlated with the electrical resistance of Pd [7], and this correlation can also be

applied within a gas phase hydrogen sensing system [8].
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In order to investigate directly the hydrogen absorption-desorption behavior of Pd metal
and alloys in real time, an electrical resistance measuring system combined with a gas phase
analysis system was constructed. We measured the electrical resistance of Pd in real time
under a flowing gas mixture of hydrogen and oxygen-nitrogen gases, and evaluated the effect

of the oxygen partial pressure on the hydrogen absorption-desorption behavior of Pd.

2. Experimental
2.1. Dependence of the electrical resistance on hydrogen concentration in Pd

To obtain a relationship between the hydrogen concentration in Pd and the electrical
resistance, the electrical resistance under a hydrogen gas environment was measured. The
measuring system is shown schematically in Fig. 1. Pd sheet (5 mm width, 100 mm length,
and 0.1 mm thickness) was purchased from Kojundo Chemical Laboratory Co. Ltd. The
sample chamber to contain the Pd sheet was attached to a conventional pressure-composition
isotherm measurement system. The atomic ratio of absorbed hydrogen in the Pd sheet
(denoted as [H]/[Pd]) was estimated by the volumetric method. Electrical wire leads were

attached to each end of the Pd sheet, and the electrical resistance was measured continuously

Capacitance

during the hydrogen absorption Ion gauge@

process using an electrical resistance

measuring instrument  (Keithley  standard volume
B ]

Pd sheet Resistance measuring instrument

Instruments Inc., type 2401). The

Fig. 1 Schematic view of the electrical
four-probe dc method was applied to

resistance measurement system under pure
measure electrical resistance. hydrogen gas.
The dependence of the electrical resistance on [H]/[Pd] is shown in Fig. 2. At low

[H]/[Pd], the resistance steeply increased. A slope of the resistance was changed at [H]/[Pd] =

0.02, after which the resistance increased linearly with increasing value of [H]/[Pd].
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Previously obtained data by other 2 : : : : : : :
. . . O Flanagan and Lewis [9]
researchers is also shown in Fig. 2 [8]. [0 Baranowski [10]
I B R Smith and Otterson [11] D&‘
. . . o Our work at R.T.
Although the resistance measured in this > 2 ?
- 1.6 —
. > oo
study was slightly larger than those = o
Z 09
. w14 —
measured by other researchers at higher &
o
2
[H]/[Pd] values, the resistance at [H]/[Pd] TE 1.2 - -
< 0.1 was in good agreement with other 1 | | | | | |
) 0 01 02 03 04 05 06 0.7
datasets. This results means that the [H]/[Pd]

[H]/[Pd] value can be estimated directly Fig. 2 Dependence of relative electrical

resistance on hydrogen concentration.

from the electrical resistance of the Pd

sheet in real time at [H]/[Pd] < 0.1. In general, the hydrogen sensing system requires the

measurement of hydrogen concentration less than 4vol%. In measurements taken under a

flowing mixture of hydrogen, nitrogen, and oxygen gases, therefore, the hydrogen

concentration in the gas phase was fixed to 2vol%, which is equal to 2 kPa of partial pressure.

The Pd-hydrogen system under 2 kPa of hydrogen partial pressure at 313 K shows a

hydrogen dissolved phase (a phase), within a region at about [H]/[Pd] < 0.05. This fulfills the

required condition to estimate [H]/[Pd] from electrical resistance measurements in this study.

2.2. Measurement system

The system used in this study is
schematically depicted in Fig. 3. The
system consisted of mixing gas
regulators, sample chamber, electrical
resistance measurement instrument,
and quadrupole mass spectrometer

(OMS). A mixture of nitrogen and

Mass flow controller

Outlet «—=
AT
Pd sheet Resistance measuring instrument

Fig. 3 A schematic view of the electrical
resistance measurement system, usable in real

time under flowing gas mixtures.
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oxygen gases was flowed as a carrier gas at the rate of 50 cm’/min. The flow rate and the
volume ratio between N, and O, for the carrier gas were controlled using mass flow
controllers (Fujikin Co. Ltd., FCS-T1000L). Hydrogen gas was added to the carrier gas, and
the hydrogen gas concentration was adjusted to 2vol% while the flow speed of the total
mixture was kept at 50 cm’/min. The mixture was flowed into the sample chamber
constructed of heat-resistant glass. The Pd sheet in the chamber was the same as that used in
the electrical resistance measurements shown in Fig. 2. The electrical resistance of the sheet
was measured continuously during the gas mixture flow. The temperature of the chamber was
kept at 313 K using a ribbon heater covering the outside of the chamber. The mixture was
exhausted to atmosphere through an outlet, indicating that the pressure in the chamber was
kept at atmospheric pressure. A part of the exhaust mixture was introduced into quadrupole
mass spectrometer (ANELVA, M-100QA-M), and measured continuously the amount of mass

number m/e = 2 in the mixture, which corresponds to the mass of a hydrogen molecule.

3. Results and Discussion

Fig. 4(a) shows the electrical resistance of the Pd sheet under a flowing mixture at room
temperature. The electrical resistance is already converted to [H]/[Pd]. After 2vol% of
hydrogen was added at + = 0 in pure N, as the carrier gas, the [H]/[Pd] began to increase
linearly at 100 s. The delay time is due to the substitution time of the gas in the chamber. The
[H]/[Pd] reached a constant value of 0.016 at about 500 s, indicating that the [H]/[Pd] came to
an equilibrium with hydrogen in the gas phase. The addition of hydrogen in the carrier gas
was stopped at 1200 s. The [H]/[Pd] decreased gradually, and returned to approximately zero
at 2500 s, indicating that hydrogen desorption from the Pd sheet was nearly completed at
2500 s. Fig. 4(b) shows the QMS current at m/e = 2 in the exhaust gas at various oxygen

concentrations. In pure N, (oxygen 0%), the QMS current was also similar in behavior to the
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[H]/[Pd]; the QMS current increased

0’02 1 1 1 1 1
smoothly after addition of hydrogen
into the carrier gas and reached a
saturated value. After the addition of E 0.01
hydrogen was stopped, the QMS =
current decreased gradually and
returned to an initial value at 2100 s. L L L L L
1 1 1 1 1
. 12.0 | ,
It should be noted that the time for < (b) 8;2 Oé
<
. . -~ 10.0 | -
the hydrogen desorption estimated o
I
QL
by QMS was faster than that 5 800t i}
=
estimated by the electrical resistance. § 6.00 | 7
: /
The discrepancy is probably due to % 4.00 [ daph ’ S YRR,
5 . e "Mﬂ“mirpw
the differences in the detection limit 2.00 L L . . .
0 500 1000 1500 2000 2500
for each measurement, namely the time, 7 / sec

. . Fig. 4 Time dependence on (a) hydrogen
electrical resistance measurement .
concentration in Pd and (b) QMS current at m/e
could detect smaller change in = 2 under various oxygen concentrations.
hydrogen than the QMS analysis.

The saturated value of [H]/[Pd] decreased with increasing oxygen concentration in the
carrier gas as shown in Fig. 4(a). The hydrogen concentration in the carrier gas was kept to be
a constant 2vol% for all experiments. When the oxygen concentration in the carrier gas was
5vol%, the saturated value reduced by a factor of about 0.9 in comparison with that in oxygen
0%. The saturated value of [H]/[Pd] decreased with increasing oxygen concentration because
of adsorption of oxygen atoms on the Pd surface. The concentration of hydrogen atoms on the

Pd surface depended on the ratio between hydrogen and oxygen partial pressures in the gas

mixture. Because the oxygen atoms occupy the adsorption sites of hydrogen, the
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concentration of hydrogen atom on the Pd surface decrease with the oxygen partial pressure.
In the saturated [H]/[Pd] region, the hydrogen atoms in the Pd bulk are equilibrated with
those on the Pd surface. As the result, the saturated value of [H]/[Pd] depended on the oxygen
concentration in the gas phase.

The hydrogen desorption rate from Pd increased with increasing oxygen concentration.
This indicated that an additional pathway for hydrogen desorption to the gas phase appears in
the presence of oxygen; water molecules are formed on the Pd surface. In the desorption
process, hydrogen atoms in the Pd bulk diffuse to the Pd surface and become adsorbed
hydrogen on the surface. The adsorbed hydrogen easily reacted with adsorbed oxygen atom
to form H,O, and the adsorbed H,O leaves the surface to the gas phase. The formation of H,O
on the Pd surface is inferred by the QMS analysis. The saturated value of the QMS current
reduced with increasing oxygen concentration, meaning that a considerable amount of
hydrogen was consumed to form H,O. If H,O formation reaction rate was comparable to
hydrogen atom recombination on the Pd surface at ambient temperature, the hydrogen
desorption rate from the Pd bulk could be accelerated by the water formation reaction. In
contrast, H,O formation did not affect the speed of hydrogen absorption. This can likely be
attributed to the surface coverage of adsorbed hydrogen being larger than that of the adsorbed

oxygen under a flowing gas mixture of hydrogen and oxygen-nitrogen gases.

4. Conclusions

The hydrogen absorption and desorption behavior in the presence of oxygen was
investigated through electrical resistance measurements of a Pd sheet in real time. The time
dependence of the hydrogen concentration in the Pd sheet was clearly observed using the
developed system. Under the existence of oxygen, the hydrogen concentration in the Pd sheet

at equilibrium decreased with oxygen concentration, and the hydrogen desorption rate was
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accelerated by the water formation reaction.
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