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Preface JCF7 Proceedings
Preface

This is Proceedings of the 7t Meeting of Japan CF-Research Society, JCF7, which was held at
Kagoshima University, 27-28 April 2006.

Japan CF-Research Society (JCF) was established in March 1999, with its first scientific and general
assembly meeting JCF1 at Osaka, aiming at the promotion of CF researches in Japan and sending
information to the world. CF researches stand for investigating new kinds of nuclear reactions which are
supposed to take place in the environment of condensed matter. In 1999 to 2005, we could successfully
organized JCF meetings JCF1 through JCF6, in almost every year. We started to issue the printed and

electronic (via internet) versions of Proceedings of JCF meetings since JCF4.

Submitted papers to JCF7 meeting were peer-reviewed by the JCF Editorial Board (Chairman; Professor
Hiroshi Yamada, Iwate University). One or two reviewers were offered to review each of submitted
papers, who kindly sent back comments, questions, corrections to authors via Editorial Board. After

receiving revised versions, papers were accepted to publish.

The book of Proceedings JCF7 does not necessarily contain all of presentations at the JCF7 meeting.

Abstracts of all presentations are available at our web-site http://wwwcf.elc.iwate-u.ac.jp/jcf/ . The

electronic version of the Proceedings is also available in the same web-site.

CF-Researches in the world is now called as Condensed Matter Nuclear Science (CMNS), since the

establishment of the International Society ISCMNS (http://www.iscmns.org/ ). Accumulation of research

efforts by researchers in the world since 1989, especially concrete results obtained in latest reports, has
revealed the existence of new nuclear reactions in condensed matter, under strong linkage between
nuclear physics and condensed matter physics and chemistry. Clean deuteron-related fusion with *He ash
and cold transmutations of host and added metal nuclei in metal-deuterium and metal-proton systems are
actual consequences of latest CMNS studies, both in experiments and theories. JCF has been keeping in

touch with linkage and collaboration with ISCMNS and world researchers.

We thank you all participants of JCF7.

Hiroshi Yamada (Prof., Iwate University), Chairman of JCF Editorial Board

September 2006



CONTENTS

Preface
H. Yamadg------==-=-==n=nssmmsemme oo oo oo e e i

EXPERIMENT

Energy Output and Material Balance During Plasma Electrolysis of Water
K. lizumi, S. Mitsushima, N. Kamiya and K.-I. Ota------=----===-=s==smmssmmsmmmenonnncnnceee 1

Microscopic Structural Change of Pd During Repeated Cathodic and Anodic Electrolysis in
Glycerin and Phosphoric Acid
H. Numata and M. Ban-- et

2]

Analysis of Nuclear Transmutation Yields for Pd-H Systems by SCS Model
Y. Toriyabe, T. Mizuno, T. Ohmori and Y. Aoki 16

Reproduction of Nuclear Transmutation in CaO/Sr/Pd Samples by Deuterium Gas Permeation
H. Iwai, R. Satoh, R. Nishio, A. Taniike, Y. Furuyama and A. Kitamura---------------------- 23

Producing an Element of Mass Number 137 on Multi-layered Pd Sample with Small Amount of
Cs by Deuterium Permeation

H. Yamada, S. Narita, S. Taniguchi, T. Ushirozawa, S. Kurihara,

M. Higashizawa, H. Sawada and M. Itagaki------------- ---28

Possibility of Inducing Selective Transmutation in Discharge Experiment
S. Narita, H. Yamada, D. Takahashi, Y. Wagatsuma, M. Itagaki and S.Taniguchi--------- 33

Electrochemical Compression of Hydrogen inside a Pd-Ag Thin Wall Tube,by Alcohol-Water
Electrolyte

F. Celani, A. Spallone, P. Marini, V. Di Stefano, M. Nakamura,V. Andreassi,

A. Mancini, E. Righi, G. Trenta, E. Purchi, U. Mastromatteo, E. Celia,

F. Falcioni, M. Marchesini, E. Novaro, F. Fontana, L. Gamberale,

D. Garbelli, P. G. Sona, F. Todarello, G. D’agostaro, P. Quercia----------=--==--==-=====--- 38




THEORY

Possibility of Control on Coulomb Potential
ST T T 1 47

Mechanism of Nuclear Reaction and Bose-Einstein Condensation in Solids
K. Tsuchiya 51

Brief Review on Fusion Rates of Bosonized Condensates —Part-I: Basic Theory—
A. Takahashiand N. Yabuuchi 56

Brief Review on Fusion Rates of Bosonized Condensates —Part II: EQPET/TSC Model—
A. Takahashiand N. Yabuuchi 63

Possible Nuclear Transmutation of Nitrogen in Atmosphere of Earth (II)
M. Fukuhara--------=-=======s==s==ssssmmmomana- ---71

Comments on Role of CaO-Layer in Iwamura Cold Transmutation
A. Takahashi and N. Yabuuchi 74

Formation of Tetrahedral, Octahedral or Hexahedral Symmetric Condensation by Hopping of
Alkali or Alkaline-earth Metal Ion

H. Miura-- ---79

Tetrahedral and- Cubic Forms¥ and Condensate Nuclear Fusion
N. Yabuuchi and A. Takahashi----- 84

iii






ENERGY OUTPUT AND MATERIAL BALANCE DURING PLASMA
ELECTROLYSIS OF WATER

K. Iizumi, S. Mitsushima, N. Kamiya and K.-I. Ota
Chemical Energy Laboratory, Yokohama National University
79-5, Tokiwadai, Hodogoya-ku, Yokohama 240-3501 JAPAN

Abstract

An accurate heat measurement is needed and difficult during plasma electrolysis, because the large
input power must be recovered as the same accuracy as a conventional electrolysis. In this study, a flow
calorimetric system has been developed for an accurate measurement. The energy output during plasma
electrolysis was ranged from 95 to 101 % of the input power. A clear excess output energy has not been
observed during plasma electrolysis with 0.3 mol dm™3 KeCOs light water solution and 0.3 mol dm3NazCO3
light water solution. The current efficiency of 0.3 mol dm3 K2COs light water solution were from 98 to
107 % and that of 0.3 mol dm™ Na2CO3 light water solution were ranged from 115 to 125 %. An excess
gaseous generation beyond the Faraday’s law was confirmed and the plasma might be related to the excess.

1. Introduction W cathode
Th cess heat and hydrogen generation (Teflon coating)
o oxcess . yerosen & L2 /99.95%,¢1.5mm
were reported during plasma electrolysis b 2. 1.5 cm in length

However, the detail of the heat measurement

Electrolyte
wasn't clarified; hence it’s hard to estimate the ~ outlet
accuracy of the measurement. Since the input AI """ lt

crylic plastic
and the output energy of the plasma electrolytic L / tub% g P
is large and the output energy is the sum of H Pt anode
latent and sensible heat, the heat and material 99.99 %
balance must be determined carefully. ® 2 cm,
I . . . 55 meshs
n this study, in order to obtain an accurate R 1.0 cm in length
. in leng
heat balance, we developed a flow calorimetric _._ﬁ
. Pt resistance
system using a flow cell system, and measured thermometers
the energy balance during plasma electrolysis. Electrolyte inlet

( Constant temperature of 26 °C )

2. Experimental . . .
Fig. 1 Schematic drawing of a flow

calorimetry cell.

M K2COs light water solution. The electrolyte
circulated in this system, passing through a

Figure 1 is a schematic drawing of the
electrolytic flow cell. The cell was composed of
acrylic tubing. It had an internal diameter of 2
cm, an external diameter of 5 cm, and was about ) )

) reservoir. The temperature difference between
30 cm in length. The anode was a 2 cm .

) o ) the inlet and outlet of the electrolyte was
diameter hollow cylindrical platinum mesh
(99.99% purity, 55 mesh). The cathode was a
1.5 mm diameter tungsten rod (99.95% purity).
It was placed at the center of the cylindrical

anode. The distance between the electrodes was

measured with Pt resistance thermometers.
Hydrogen and oxygen which were generated
during electrolysis were collected in a reservoir,
and the rate of total gas generation was

measured.
1 cm.

Table 1 shows the experimental conditions.
The electrolyte was 0.3 M (=mol dm*) or 0.3 P :



The run number of h 7 ~ 11 was carried out
using 0.3 M NazCO3 light water solution and
that of h 12 ~ 14 was performed using 0.3 M
K2CO3 light water solution.

During electrolysis, the cell voltage and the
current, the inlet and outlet temperatures of the
electrolyte, room temperature, and the
electrolyte flow rate were measured. The heat
loss through radiation from our system was
negligible, because the inlet temperature was
controlled at 26 °C, which is around the room
temperature, and the flow rate was controlled at
681 ~ 707 ml min! so that the outlet
temperature was not exceed 5 °C above the room
temperature.

The electrolysis was conducted at constant
voltage. The energy balances were determined
by the experimental operation times of 1 and 2
hours, respectively. The energy balances of the
run number h 7 ~ h 10 and h 12 ~ 13 were
measured during ‘plasma electrolysis, and that
of run number h 11 and h 14 were measured

during normal electrolysis.

Table 1 Experimental conditions of energy and material
balance measurements.

Operation Inlet temperature of Flow rate Cell

Run time/h  theelectrolyte/ °C /ml min! voltage/V
h7 2 26 680 95
h8 2 26 707 95
h9 2 26 681 105
h10 2 26 701 105
h11 1 26 702 25
h12 2 26 687 85
h13 2 26 691 85
h 14 1 26 690 18

The input energy was determined as the

product of the cell voltage and the current.

W,=U-I

)

Where, Wi, U and I are the input energy, the

cell voltage and the cell current, respectively.

The output energy was the sum of sensible

and latent energy.

/4

out

=H +H, @

Where, Wou, Hs and HL represent the output
energy, the sensible energy those were obtained
from the temperature increase of the electrolyte
and the latent energy of the Hz and Oz evolution,
respectively.

The sensible energy was determined by the
product of the electrolyte flow rate and the
temperature difference between the outlet and
inlet of the electrolyte.

Hg=v,-AT-d-C, ®)

Where, vi, AT, dand G, are the electrolyte flow
rate, the temperature increase between the inlet
and outlet of the electrolyte, the density of the
electrolyte and heat capacity of the electrolyte,
respectively.

The latent heat was determined from the flow
rate of the gaseous product. The energy
balances were calculated by the following

equations.
H, =v,-AH @

Where, vz and A H represented the generated
gas flow rate and the enthalpy change of the
water electrolysis, respectively.

Energy balance ( = EB ) was determined as
follows;

EB=W,

out

W, (5)

The current efficiency is the gas generation
amount per the theoretical amount by the
Faraday’s law.

f;h :n(I/F).(R.Tgas)/(Pair _pHZO) ®

Here, n, fin, F, R, Tgss, Pairand p H,0 AaTe gas

generation amount per electron, theoretical
generated gas flow rate, the Faraday constant,
gas constant, temperature of the Hz and O:
produced during electrolysis, atmospheric
pressure and vapor pressure, respectively.

The current efficiency () was follows;

n=fy|fu @



The theoretical generated gas flow rate was
determined from the Faraday’s law and the
ideal gas equation. The n was determined
based on the composition of the generated gas
with gas chromatograph. The composition was
assumed to be saturated with water. The ratio
of hydrogen to oxygen was 2 : 1 theoretically
(discussion in 3.2).

The gaseous pr>ducts were analyzed using a
Gas chromatograph equipped with a TCD
detector. Hz was measured with Molecular
Sieve 5A column and Ar carrier gas. Oz was
measured with Molecular sieve 5A column and
He carrier gas. CO:2 was measured with

Porapack Q column and He carrier gas.

3. Results and Discussion
3.1 Typical characteristics of plasma electrolysis
Figure 2 shows the cell voltage and the
current at the plasma electrolysis as a function
of time in 0.3 M NazCOs light water solution.
In the case, the cell voltage was controlled by a
step function which increased the voltage by 10
V at 30-second intervals. At the beginning, the
current increased with the voltage from 20 to 80
V. After that, the current decreased with the
increase of the voltage from 90 to 120 V.
Plasma discharge started in this region. The
bright plasma was observed above 130 V. Once
bright plasma was formed, it was maintained
above 90 V. Plasma discharge stopped if the
voltage dropped below 90V, and the current
increased from 2 to 10 A at this moment.

160 12
> 120 13 f
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3 40 S

Plasma discharge region
0 0
0 4 8 12 16
Time / min

Fig. 2 Trend of input voltage and current during
normal and plasma electrolysis in 0.3 M Na,CO,
light water solution.

Therefore, the resistance of the cell during
plasma discharge was higher than that of
normal electrolysis.

3.2 Energy and material balance during
plasma electrolysis

Hydrogen, oxygen and trace amount of carbon
dioxide were detected with gas chromatograph.
The ratio of hydrogen to oxygen was 2 : 1 and
the amount of carbon dioxide was below 450
ppm.

Figure 3 and 4 shows the current as a
function of time during the normal and plasma
electrolysis with 0.3 M Na2COs and 0.3 M
K2COs light water solution, respectively. The
plasma electrolysis of 0.3 M NazCOs light
water solution emitted reddish violet light and
that of 0.3 M K2COslight water solution emitted

3.4
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s 26
£
=
S 22
[}
3
1.8
14 : .

0 50 100 150
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Fig. 3 Cell currents during normal and

plasma electrolysis in 0.3 M Na,CO,
light water solution.
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Fig. 4 Cell currents during normal and
plasma electrolysis in 0.3 M K,CO,
light water solution.



bruise blue light. Before plasma electrolysis at
95V, the voltage increased to 130 V with a rate
of 10 V s1. After bright plasma formed, the
voltage decreased to 95 V by 50 mV s’!, and the
measurements were started. A decrease of the

current during plasma electrolysis was observed.

For h 7 operation, the current was ca. 2.2 A at
the beginning of the plasma electrolysis, and the
current decreased to 1.9 A after 100 minutes of
operation. After the plasma electrolysis, the
consumption of the tungsten cathodes was
observed. On the other hand, the current was
constant with the constant voltage during
normal electrolyéis without the electrode
consumption.

Figure 5 shows the photos of tungsten
cathodes before and after plasma electrolysis at
95V in 0.3 M Na2COs light water solution.
The tungsten cathodes were consumed during
plasma electrolysis. After a 2 h operation, the
cathode decreased 1.4 mm in length and 0.23 g
of the

consumption of a cathode was large, and the

tungsten was consumed. The

electrode surface area decreased during plasma
electrolysis.

(a) Before electrolysis

(b) After h 7 operation

Fig. 5 Photos of tungsten cathode before and after
plasma electrolysis.

(a) Before electrolysis (b) After h 7 operation

Figure 6 and 7 show the outlet temperatures
of the electrolytes during normal and plasma
electrolysis with 0.3 M Na2CO3 and 0.3 M
Ko2COs3 light water solution, respectively. The
inlet temperatures were 26 °C in all cases. The
outlet temperatures decreased due to the
current decreases during plasma electrolysis.
On the other hand, the outlet temperatures
were constant due to the constant voltages and
currents during normal electrolysis.

Figure 8 and 9 show the current efficiency

during normal and plasma electrolysis with 0.3
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Fig. 6 Outlet temperatures of the electrolyte
during normal and plasma electrolysis in
0.3 M Na,CO, light water solution.
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Fig. 7 Outlet temperatures of the electrolyte
during normal and plasma electrolysis in
0.3 M K,CO, light water solution.
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Fig. 8 Current efficiencies during normal
and plasma electrolysis in 0.3 M Na,CO,
light water solution.
M Na2COs and 0.3 M K2COs light water solution,
respectively. The current efficiencies of 0.3 M
Na2CO; light water solution were ranged from

115 to 125 % and that of 0.3 M KeCOs light
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Fig. 9 Current efficiencies during normal

and plasma electrolysis in 0.3 M K,CO;

light water solution.
water solution were from 98 to 107 % during
plasma electrolysis. On the other hand, the
current efficiency of 0.3 M NazCOs light water
solution was from 93 to 95 % and that of 0.3 M
K2COs light water solution were from 92 to 94 %
during normal electrolysis. During plasma
electrolysis, the amount of excess gases of 0.3 M
NazCOs light water solution was larger than
that of 0.3 M K2COs light water solution. No
significant difference between the current
0.3 M NazCOsz light water
solution and 0.3 M K2COs light water solution.

The excess gas generation could not be

efficiency of

explained by the Faraday’s law. Therefore, the
excess gas might be generated by the plasma
process.

Figure 10 and 11 show the energy balances
during normal and plasma electrolysis. The

energy balances of the plasma electrolysis were
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Fig. 10 Energy baiances during normal and
plasma electrolysis in 0.3 M Na,COj light
water solution.
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Fig. 11 Energy balances during normal and
plasma electrolysis in 0.3 M K,CO, light
water solution.

ranged from 95 to 101 % and that of the normal
electrolysis were from 95 to 99 %. No significant
difference between the energy balance of plasma
electrolysis and that of normal electrolysis was
observed. Also, a clear excess was not
confirmed in both cases.

4. Conclusions

The energy balance during plasma
electrolysis was from 95 to 101 %. Clear excess
energy could not be detected. The current
efficiency of 0.3 mol dm? KeCOs light water
solution were from 98 to 107 % and that of 0.3
mol dm3 Na2COs3 light water solution were from
115 to 125 % during plasma electrolysis. An
excess gases generation beyond the Faraday’s
law was confirmed and it might be due to a
plasma reaction. During plasma electrolysis,
the amount of excess gases of 0.3 mol dm?
Na2CO3 light water solution was larger than
that of 0.3 mol dm3 Kz2COs light water solution.
Therefore, the excess gases would have a
connection with the type of the electrolyte. A
gaseous generation reaction other than the
electrochemical process took place during the

plasma electrolysis, and generated excess gas.
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Microscopic structural change of Pd during repeated cathodic and anodic

electrolysis in glycerin and phosphoric acid

Hiroo Numata !t and Masanobu Ban? e-mail: numata.h.aa@m.titech.ac.jp
1 Tokyo Institute of Technology, 2-12-1, O-okayama, Meguro Tokyo 152-8552 Japan
2 Tokyo Metropolitan Leather Technology Center, 3-13-14, Higashi Sumida, Sumida Tokyo 131-0042
Japan

Abstract:  Electrochemical hydrogen evolution reaction for well annealed Pd rod (2.0 mm ¢) in
glycerin and phosphoric acid was performed. The physico-chemical properties of hydrogen dissolved in
Pd have been studied by in situ potentiometric, resistance and dilatometric measurements of repeated
hydrogen absorption/desorption electrolysis (x<0.02).

During the B applied pulse mode (x<0.02) the resistance increased with an increase in the H/Pd ratio
and the electrode potentials of the 1st through 4th absorption cycles exhibited Nernstian behavior. For
all the cycles except the 1st one, an induction period for the dilation appeared accompanying by a
fluctuation, which is attributed to the disorder-order transformation followed by the abrupt B phase

precipitation.

Keywords: electrolytic hydrogen absorption, Pd, phase transition, resistance, dilation, electrode

potential

Introduction

Fleischmann and Pons” and Jones et al. 2
reported the possibility of cold fusion during
electrolytic loading of deuterium in Pd at ambient
temperatures. They suggested!? that cold fusion is
caused by the absorption of deuterium in a Pd
electrode. One of the reasons for this phenomenon
might be a nuclear fusion reaction brought about by
the dissolution of deuterium within a solid by means
of high pressure. However in an equilibrium state,
the pressure is no greater than that of several tens
atm, and is not sufficient for this case. There has
been remained unsolved yet as to what takes place
in a non-equilibrium state, e.g., crack and void
formations from which miscellaneous phenomena
accompanied with cold fusion reaction might
originate. It has been shown that prolonged
discharge of deuterium on a Pd electrode gave
heavily worked features?®, which are different from
that obtained in a single absorption run. Since
repeated hydrogen absorption followed by
desorption (essentially same as deuterium case)
might result in an accumulation of the mechanical
stress generating miscellaneous structural defects,
In situ measurements of the electrode potential,
dilation and resistance under well controlled
hydrogen absorption are of interest in order to
evaluate the influence of absorption/desorption
cycles on the solid-state properties of Pd.

In this study, the electrochemical behavior, the

dilation and resistance of a Pd electrode have been
measured In situ using a computer-controlled
potentiostat connected to the measurement devices.
These measurements were made with respect to the
microstructure changes induced by hydrogen ingress
in a Pd electrode.

Experimental

The absorption and desorption of hydrogen in a
Pd electrode (2.0 mm ¢, 50 mm in length, purity
99.95%) were performed by applying galvanostatic
cathodic and anodic pulsed currents at low current
densities, < 2x103 Acm2. As received Pd rods were
annealed at 800°C for 3h under a flow of helium.
After heat treatment the surface of the rods was
polished with emery paper upto # 1000 and stored in
a desiccator. Before being used annealed samples
were maintained in vacuo at 300°C overnight to
eliminate the influence of residual hydrogen on the
measurements. The experiments of in situ
potentiometric, resistance and dilatometric
measurements were performed using a modified
three-electrode cell described previously’?®. The
electrolyte was composed of glycerin and phosphoric
(21 in volume ratio). Kirchheim!® reported that
out-diffusion of hydrogen during electrolysis is very
slow when a solution with high viscosity is used, and
the hydrogen once, dissolved within the metal, is
unlikely to be evolved. The electrolyte was placed in
an electrolytic cell with a sintered glass bubbler,



through which dry nitrogen was bubbled for several
hours for deoxygenation. A nitrogen atmosphere was
maintained by flowing dry nitrogen over the upper
side of the solution during measurements. The
temperature was kept constant at 40+0.5 °C using
a liquid bath.

Electrolysis was performed using the B applied
pulse mode of galvanostatic trained pulsed currents
as shown in Fig.i. In the B applied pulse mode
electrolysis continuous cyclic absorption and
desorption (until the 9th cycle) was performed. The
saturation of hydrogen is easily detected by the time
independent potential, if the potential of the Pd
electrode is adopted as an appropriate monitor of the
hydrogen concentration. In the B applied pulse mode,
desorption was conducted, by supplying a set of
inverse anodic pulsed currents with an equivalent
coulomb of absorption.

Results and Discussion
1 In situ potentiometric, resistance and dilatometric
measurements of Pd under the B applied pulse
mode
1.1 Hydrogen evolution reaction and absorption in
Pd

The hydrogen zvolution reaction (HER) on Pd in
an acidic solution takes place through the Volmer
reaction followed by the Heyrovsky one
[Eq.(2)-Eq.(3)] or the Volmer reaction followed by the
Tafel one [Eq.(2)- Eq.(®):

2H* + 2¢ =Ha Total reaction @
H*+e =Ha Volmer reaction  (2)
Haa+H*+e =Hz  Heyrovsky reaction (3)
Hag + Haa =He Tafel reaction @
Haa — Hab Ingress (5)
where Hag and Hab denote hydrogen adsorbed on and
absorbed in an electrode. From the Tafel slopes
obtained by the current interruption ‘method the
rate determining step of the HER is the Tafel step
Eq.(4) in these experimental conditions®.

In parallel with the consumption of the
adsorbed hydrogen through the recombination
reaction (Eq.(3) or Eq.(4)) the adsorbed hydrogen
fills interstitial sites forming the a single phase. The
electrode potential E of Eq.(1) for Pd is given by the
Nernst equation as

E=FE" 2.3RT/F log Q Had - 2.3RT/F(pH) ®)
E =E°*- 2.3RT/F log & Haa — 0.248 @)

where @ Ha is the activity of reduced adsorbed

hydrogen on Pd and the other symbols have their
usual meanings. For the a single phase (H randomly

172}
=
Q
S >
g o “ U “ Time
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cycle cycle cycle

[ B mode electrolysis |

Fig.1 B applied pulse mode patterns of current
density-time.

distributed in octahedral sites) the adsorbed
hydrogen equilibrates with that in an electrode, and
accordingly, the Nernst equation can be rewritten as

E =E’- 2.3RT/F log & Hap — 0.248 ®

where & Ha represents the activity of hydrogen in a

Pd electrode. Thus, the electrode potential E
subjected to hydrogen absorption responds to the
change of the hydrogen activity in an electrode,
where the hydrogen activity can be readily replaced
by the hydrogen concentration as long as the
concentration is small enough. In the study of EMF
of hydrogen on various metals the hydrogen
concentration has been determined by the total
amount of charges during time of electrolysis
assuming that hydrogen is uniformly distributed
throughout a specimen. The hydrogen concentration
can be conveniently expressed as x: H/Pd (moral
ratio) where the absorption efficiency of adsorbed
hydrogen is given as 100% for x< 0.55 (at 40°C) and
almost 80% for x> 0.6. On the other hand, when the
current density is small, ingress of the adsorbed
hydrogen atoms, which are given by Eq. (5), is faster
than that of the Tafel reaction (Eq. (4)) and hydrogen
loading is performed with a current density of
100 %1113,

Figure 2 shows electrode potential E-x isotherm
for Pd-H system at 40°C. For x = 0.01 it obeys the
Nernst equation Eq.(8) showing a straight line with
a slope of —2.3RT/F, denoted as a phase, while it
exhibits the plateau with the two-phase coexistence
region of a and B phases. The observed values of the
onset (a ma) and the end (Bmin) concentrations of the
two-phase region, and the plateau pressure
converted from the two-phase coexistence potential
measured (Eq.(11)) are consistent with those
obtained from the prz- x isotherm for Pd-H system
obtained by gas equilibrium method. Nevertheless
the electrochemical loading can readily attain the
desired H/Pd ratio due to a strong gradient of
hydrogen concentration, the agreements with these



experimental results obtained by two different
methods were quite well. It adds weight to the
observation that the average values give the results
consistent with a system having a uniform
composition between the surface and the bulk. Yet
this situation is valid only when the loading was
performed in a single absorption.
1.2 Thermodynamics of phase transition of Pd-H
system
The chemical potential of hydrogen dissolved
among interstices, which is in equilibrium with
gaseous hydrogen, can be expressed as!4 15
pu = 1'r + RT inG/B-r) + Apn ©
where p°u is the chemical potential of hydrogen at
infinite dilute, r is the fraction of interstices occupied
in the f.c.c. structure, B is the number of interstices
per metal atom, the second term on the right hand is
the configulational term for ideal statistic
distribution of the hydrogen atoms among the
octahedral sites (r = x, B = 1 for f.c.c. metal), and Aps
stands for the deviations from ideal solution
behavior. Neglecting the contribution of the
electronic property of solute atoms the excess term
Aps can be given as
Apr =W + Wer 10
where W1 is a term accounting for the long range
attractive H-H interaction (minus sign), and Wc is
the constraint energy term. The last term Wc is
applied for the specimen constrained by the
substrate layer during the phase separation. Both
Wi and Wc depend linearly on the concentration’®.
In the frame work of statistic
thermodynamics hydrogen in metals can be
considered as a lattice gas, which behaves like
gaseous atoms residing among non-inoculate host
atoms. The 4 typical phase diagrams were predicted
on the basis of the gas/liquid transition of a lattice
gas, analogous to the van del Waals isotherms of a
gas!?, Figure 3 shows one schematic phase diagram
among those ones on p—p plot, where the p of an
individual phase is equivalent to the concentration
of binary alloy systems. This figure resembles that
experimentally obtained (Fig. 2) for the same
system in the topological features.
As aforementioned the electrode potential
E of dissolved hydrogen in equilibrium with
hydrogen gas obey's the Nernst equation Eq.(8), and
inversely the hydrogen pressure pHz in equilibrium
with that hydrogen in an electrode can be calculated

from the electrode potential under limited
conditions$. 18"
pHz = expl- (E + Escr) F/RT)] (1D

where Escr is the potential of the reference electrode.

For example, the equivalent hydrogen pressure pHz
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Fig.2 Electrode potential E — x isotherm at 40°C
for hydrogen absorption in a Pd electrode.

of the two-phase coexistence, 0.05x105 Pa, coincides
with that obtained from Pd-H isotherm at 40°C.
Furthermore, a quantitative comparison of the
characteristic values, e.g., solvus concentrations
with the two-phase coexistence region exhibited
quite well agreements with those obtained from gas
equilibrium method. They reveal that the electrode
potential of hydrogen loaded is thermodynamically
equivalent to a hydrogen chemical potential with
Pd-H isotherm. From the above consideration the
electrode potential of hydrogen in Pd can be
converted from the proposed chemical potential of
hydrogen in Pd (Eq.(9)) where the change of the
electrode potential can be calculated from the
equation; E = -Apn /nF:

E =E° +RT/nF In(/1-v) + Wir/nF + WernF (12)
Since the contribution due to the non-ideal solution
on the experimental electrode potential is well
defined as the 3rd and 4th terms on the right hand
in Eq.(12), more fundamental understanding can be
provided in the following sections. Actually, the
electrode potential measurement is useful for an
evaluation of the non-ideal solution term but an
appropriate experimental approach is lacking. In
this study the non-ideal solution term of Eqs.(10,

pH, /

/
u
H/Pd *
Fig.3 Schematic diagram of the phase diagram for
Hin Pd.
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12) is first evaluated by analyzing the electrode
potentials experimentally obtained.

1.3 Elastic interaction between Pd and absorbed
hydrogen

It is known that interaction between dissolved
atoms and surrounding materials often bring about
lattice strain in materials. This lattice strain
introduced by hydrogen doping causes the
miscibility gap of the phase transition (spinodal
phase separation) and the leaning plateau region in
Pd-H isotherm!?. The molar volume of hydrogen in
the metal is given by the following relation!?,

Vi =3V, [dAV)/dx] 13)
where VM and Vu are the molar volumes of the
metal and the hydrogen in the metal.

By measuring the slope of the dilation vs. H/Pd ratio,
the molar volume of hydrogen in a material can be
obtained. Plots of ihe dilation vs. H/Pd ratio in the a
phase are shown in Fig.8 (a), which were measured
simultaneously with the case shown in Figs.4 and 8.
The dilation is almost in proportion to the increase of
H/Pd, and using Eq.(13), the partial molar volume of
hydrogen is obtained as V = 1.64cm®mol! with the
supposition that Vpa = 8.87cm®moll. The result
agrees with values from the literature Vea =
1.77~1.06cm3mol ! 20,
2 Repeated absorption and desorption of hydrogen
in Pd (x<0.02) under the B applied pulse mode
2.1 Effect of absorption and desorption cycles on
potential behavior under the B applied pulse mode
For a single absorption, the A applied pulse
mode (see Ref6-9), the potential, resistance and
dilation exhibited a well-defined absorption behavior
in the single a phase and the resulting phase
transition (a — B) within the a + B coexistence region.
Repeated absorption and desorption of hydrogen
was performed in the B applied pulse mode (x<0.02),
where the H/Pd ratio was controlled upto the onset
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(b) Cycle number 5th-9th, 5th(—w—), 6th(-4--),

Tth(—0-), 8th(-4-7), 9th(—)
of the (@ — B) transition: amax. In this case the
hydrogen absorption/desorption cycles were not
expected to have any influence; heavy deterioration,
on the mechanical properties, because no
appreciable (a — B) phase transition occurs.

Figure 4(a) shows that the potential changes as
a function of log(H/Pd ratio) during absorption for
the 1st through the 4th cycles obey the Nernst
equation whose straight lines of a slope
-0.062V/decade is plotted as E vs. log(H/Pd). At x
>0.01 (log(H/Pd ratio) = -2) these potential changes
exhibit roughly straight horizontal lines, although
the H/Pd ratios of amex are ambiguous because the
irregular potential fluctuations are superimposed on
the Nernstian straight line. Moreover, the potential
changes as a function of log(H/Pd ratio) shift toward
more negative potentials in parallel to the Nernstian
straight line (solid lines in Fig.4(a)) as the cycle
number increased.

This negative potential shifts during the 1st
through 4th cycles can be allocated to the non-ideal
terms in Eq.(12) providing that the electrode
potential given by Eq.(12) is equivalent to the
chemical potential of hydrogen in Pd. Then, there
might be negligible disagreement with gaseous
hydrogen either in a gas chamber or adsorbed as
gaseous molecules on a Pd electrode. In this study,
the work due to attractive H-H interaction (minus
sign) and that varied by  repeated
absorption/desorption cycles are evaluated. The
interaction energy of H-H Wi in various metal-H
systems is calculated based on the mean field
approximation!”?. The result shows that the
calculated values W1 are in good agreement with
those experimentally obtained by the several
different methods. Moreover, the phase boundary of
(@ + o) coexistence; spinodal phase separation in



Nb-H system was fully predicted by the theory of the
elastic interaction' where an isotropic dipole tensor
and lattice compressibility were given??. Thus, the
values W1 experimentally and theoretically obtained
are ranging from 0.19 to 0.25 eV!% 2D, This
interaction energy multiplied by x, ie, (WDX is
further calculated into E resulting in an order of
several mV, 1.90-2.50x103V. As a result the
deviation of the measured potential due to H-H
interaction is evaluated negligible small.

Hence, the major contribution to the
non-ideal solution term is the constraint energy
term Wc. The hydrogen loading/unloading study
for Nb/Pd multi-layer revealed that the Wc¢ term is
estimated 65 kJ/mol associated with the stress due
to constrained Nb film elasticity by the Pd substrate
layer'®, The model of the Nb/Pd multi-layer
indicated that the outer Nb layer expanded and
contradicted in bi-axial mode constrained by the
substrate on loading/unloading, where the substrate
Pd layer stayed unloaded until the Nb layers were
saturated. From the fact that the loading behaviors
of the multilayer is very close to this system
subjected to the trained pulsed electrochemical
charging/discharging the schematic model; the
discriminated sub-surface layer and the remaining
bulk of the rod Pd; analogous to the multi-layer
structure, the outer Nb layer and the substrate
correspond to the sub-surface layer and the bulk,
respectively, has been proposed.(Fig.7) Therefore,
the term of the non-ideal solution corresponds to the
constraint energy We , that is, the work due to the
stress of the sub-surface layer constrained by the
bulk, imposed by the hydrogen
absorption/desorption cycles.

Figure 5 shows constraint energy Wc and the
potential deviation from that of the extrapolated
Nernst equation, (the non-ideal term Wi r/nF +
Wc r/nF = 0), vs. cycle number, where the values
were determined at x 0.00675. For x « 0.01 the term
Wer/nF should appear negligible small, while at x >
0.01 the potential exhibits the (a +B) coexistence
phase. With the exception of high Wc values it tends
to decrease with an increase of the cycle number,
which leads to the following experimental
explanation. Since the stress of the sub-surface layer
is imposed by the constraint of the bulk on the
absorption/desorption cycles, and accordingly, the
values Wc¢ exhibits the dependence on the cycle
number, the compression stress of the sub-surface
layer develop until the 4th cycle in this system. This
conclusion is consistent with the experimental
observation shown in the next section. In this case
the relaxation of ‘the stress developed during the
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Fig.5 Effect of number of cycles on constraint energy
Wi and the deviation from the Nernst potential.

sample preparation is disregarded because of the
samples well annealed.

The potential changes as a function of H/Pd
ratio (note the H/Pd ratio as linear scale) for the 5th
through the 9th cycles are shown in Fig.4 (b). The
potentials decrease linearly with an increase of the
H/Pd ratio at x<0.005 and take constant values
corresponding to the two-phase coexistence region.
In the early stage of absorption the appearance of
the potential proportionality to the H/Pd ratio is
associated with the non-ideal solution terms of
hydrogen interaction, as is seen in Eq.(12), along
with the invariant compression stress, thus they
reasonably seemed to become independent as the
cycle number increases. At x > 0.005 the potential
changes as a function of H/Pd ratio show flatten
straight portions, whose values tend to decrease
accompanying the potential fluctuations. This is
explained by the gradual increase in the equivalent
hydrogen pressure corresponding to the two-phase
coexistence region. There have been also observed
an evolution of the potential fluctuations
accompanied with the increased equivalent
hydrogen pressure of the two-phase coexistence
region.

A large number of absorption cycles at even
low concentrations indicates that the hydrogen
ingress occurs through the sub-surface layer
containing the formerly formed phases, and hence
the coexistence region was attained at a relatively
low H/Pd ratio compared with that of the A applied
pulse mode. An evolution of the axial compression
stress during absorption-desorption cycles or the
prolonged discharge of hydrogen was reported® 22,
which have shown that a rectangular foil became a
spherical shape due to contractions in the width and
length and an increase in the thickness. In Figs.4 (2)
and (b) the arrows indicate the H/Pd ratios
corresponding to the on-set of the dilation, whose
values change to lower H/Pd ratios for the 2nd



through the 9th cycles. Thus, the on-set of the (@ —
B) phase transition proceeds at a much smaller H/Pd
ratio than that of the 1st run. The potential change
exhibiting Nernstian behavior is associated with an
evolution of the compression stress, however the
resistance ratio R/Ro as a function of H/Pd ratio
showed no dependence on the cycle number, as
shown in the next section. This inconsistency of two
in situ measured values is explained taking into
account hydrogen absorption in the sub-surface
layer. Kandasamy et al.?? reported that there has
been remained hydrogen trapped in the sub-surface
layer even after annealing at 1100 "C. Hence, these
consecutive potential shifts are attributed to the
progressively enhanced compression stress of the
sub-surface layer, which subsequently diminished
after a few absorption/desorption cycles. It should be
noted that the resistance change as a function of
H/Pd ratio was independent on the cycle number
because it predominantly responds not to surface
but to bulk volume.

Figure 6 shows plots of the potential changes as
a function of H/Pd ratio during desorption
subsequent to absorption, where desorption was
conducted by applying anodic pulsed currents. The
potentials of the 1st and 2nd cycles tend to depart
from the coexistence region exhibiting ca. -0.17V at
relatively low H/Pd ratios and stay at 0.025V
corresponding to the fully desorbed phase. The
charge required to reach the B phase was ca. 0.005 in
H/Pd ratio for the 1st and 2nd, and 0.0075~0.009 for
the 3rd through the 9th cycles. The potentials for the
3rd through the 9th cycles hold the coexistence
region at -0.17V and then increase to 0.025V
corresponding to the fully desorbed phase, less
dependently on cycle number.

This first recovery of the potentials for the 1st
and 2nd cycles is consistent with not large enough
dilation during the H/Pd ratio increases, which
suggests the primary stage of the sub-surface layer
development during absorption. Thus, the
incomplete sub-surface layer somewhat retards the
dilation changes during absorption and also makes
desorption proceed easily. In other words, the
sub-surface layer behavior does not respond directly
to the bulk one (the core side volume compared to
the surface shown in Fig.7), which might be termed
a "dashpot effect". Figure 7 shows the schematic of
the sub-surface layer and remaining bulk of a rod
Pd where the former is preferentially subjected to
heavy strain under the increased compression
stresses  during the early stage of
absorption/desorption cycles. Further apparent and
consistent explanation with respect to Dashpot effect,
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ie., the sub-surface layer elasticity constrained by
the bulk, related with the induction period of the
dilation will be presented in the next issue.

It is of significant to note that the anodic pulsed
current facilitates the recovery of the fully desorbed
phase, occasionally accompanied with a
non-equilibrium process, e.g., the sub-surface layer
formation.

2.2 Effect of absorption and desorption cycles on
dilation behavior under the B applied pulse mode

The dilation changes as a function of H/Pd ratio
during absorption are shown in Fig.8 (a), where the
slopes of the dilation vs. H/Pd ratio for the 1st
through the 3rd cycles increase progressively; most
of the slopes after the 4th cycle tend to converge into
one line close to the solid line indicating the first
absorption under the A applied pulse mode.

For all the cycles during absorption except the
1st, an induction period for the dilation appeared,
whereupon the a single phase might exist. Everret
et al?® have studied the  hydrogen
absorption-desorption process of Pd blacks, where
evolutions of the a and B phases were identified by
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Fig.7 Schematic of the discrimination of surface and
bulk volumes and state of surface stress during
hydrogen absorption and desorption cycles.
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XRD peak ratios of the a and the B phases along
with equilibrium hydrogen pressure measurement.
They observed that during absorption the peak
intensity of the a phase once diminished at a
considerably lower pressure than that of the a + 8
coexistence region followed by an abrupt increase of
the o phase intensity. This non-equilibrium
phenomenon was explained by introducing the
transition of the order-disorder a phase and the
progressive spreading of strain volume: a phase with
hydrogens orderly-distributed.

In our study an induction period can be seen

such that the dilation did not occur even though the
resistance ratio steadily increased, which means
that the average H/Pd ratio continues to increase,
whereas at a certain H/Pd ratio well defined dilation
occurred. Until x = 0.005~0.008 the transformation
of the a disordered phase to the ordered phase
proceeds accompanying strain volume, and then the
B phase precipitation occurred concurrently with
random hydrogen absorption in the remaining a
phase.
Thus, the process of hydrogen absorption in the
remaining a phase gives rise to the dilation
subsequent to an induction period. Additionally it is
shown that the formation of non-equilibrium a
phase was saturated at ca. 80% (corresponding to x
=0.008) in volume percent.

The slopes of the dilation vs. H/Pd ratios are
almost consistent with that obtained by the first A
applied pulse mode (see solid line in Fig.8(a)),
although the dilation curves during absorption
exhibit somewhat modulated one with a fluctuation.
Inspecting these curves and taking into account the
uncertainty in the experiment, it is reasonable to
assume that the dilation (Allo) is comprised of a
linear term in the lattice expansion and a constant
term as follows,

Allo=ax+b 19
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where the first term on the right hand corresponds
to the change of dilation due to lattice expansion and
the second term is attributable to sporadic dilation
(discontinuous to H/Pd ratio and time). The latter is
also observed under work hardening on a single
crystal. Although it is questionable that a Pd rod
under repeated absorption and desorption behaves
like a heavily strained crystal, we often observe such
sporadic and  stepwise dilation  under
electrochemical loading.

Meanwhile the dilation changes as a function of
H/Pd ratio during desorption (see Fig.8(b)) show
approximately reverse behavior; the short
non-contradiction period and the steady decrease in
dilation. At the a + B coexistence potential -0.17V the
B phase transfers to the ordered a phase,
simultaneously converts to the disordered one
(diminishing of strain volume), and the desorption of
the a phase proceeds smoothly along with a decrease
in dilation. It is inferred that the formation and
decomposition of the ordered a phase and hence
strain volume are representative not of the electrode
potential and resistance but to the dilation, based on
the implicit idea that the dilation exhibits the 1:1
correlation to the hydrogen absorption-desorption
cycles only when the phase of the bulk (not the
sub-surface layer) absorbs hydrogen randomly.

2.3 Effect of absorption and desorption cycles on
resistance behavior under the B applied pulse mode

Figures 9 (@) and (b) show plots of the
resistance ratio changes as a function of H/Pd ratio
during absorption and desorption, where both an
increase and decrease in the resistance are
proportional to the H/Pd ratio; the effect of the cycle
number lies within a maximum experimental
uncertainty. In Fig.9() the resistance curves as a
function of H/Pd ratio are almost straight lines with
the same slope and progressively shift toward higher
H/Pd ratios. However, these straight lines do not
seem to vary systematically with cycle number.
Since the resistance ratio follows the last cathodic
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pulsed current during absorption was used for
the initial one on desorption, these initial values

are rather scattered due to the uncontrollable initial
condition of the absorption. In the figure the
absorbed hydrogen is mostly desorbed at x
0.008~0.013 when the resistance ratio reaches the
initial value (R/Ro = 1) exhibiting the potential
0.025V (see also Fig.6).

These results indicate that the resistance
maintains absorption and desorption, while the
changes of the potential and dilation are sensitive to
a non-equilibrium process, as mentioned above. This
is also consistent with the resistance due to the
scattering of conduction electrons by interstitial
hydrogen causing a resistance increase with an
increase of the H/Pd ratio, and electron scattering
due to phonons, which might not be influenced by
the slightly deformed lattice corresponding to x =
0.002. Hence, the resistance in this experiment does
not respond to the formation of non-equilibrium a
phase and absorption in the sub-surface layer, or
similarly during desorption.

2.4 Sequential microstructure changes during
absorption and desorption in the a phase

Let wus examine the processes of
electrochemical hydrogen absorption and desorption
in Pd. During absorption the following reaction take
place;
(1) Discharge of protium ion is controlled by a
cathodic overpotential between electrode/electrolyte
interface,
(2) Adsorbed H -atoms are transported through
in-fusion and finally diffusion into octahedral sites of
Pd lattice: Hab

From thermodynamic aspect the chemical
potential energy of Hab was derived in Eq.(9), where
the 8rd and 4th terms stand for the deviation of
ideal solution!® 22, With respect to the deviation
term the contribution originates from the electronic

1.06

(b)Desorption
]
2 1
£
=
8
% 102
4
1 & . J
0 0.005 4010 0.015
H/Pd ratio

(2) Absorption  2nd( - &), 3rd(—x=), 4th(- o),
Sth(—g—), Bth(- 4+7), Tth(~=0), Bih(- &), Yth(—)

(b) Desorption Ist (—0~), 2nd( -+, 3rd(—x~), 4th(-#-)

13

,Gih(—s—), Bth(-a--), Tth(~0—), 8th(-#--), Ith(——)

interaction of hydrogens with surrounding Pd atoms
and protonated hydrogen ions' (H) elastic interaction
with screening electrons distributed on the
octahedron of adjacent Pd atoms. The former is
unlikely to be given rise under a given concentration
range. Hence, the major part of the non-ideal
solution term appeared during
absorption/desorption cycles is understood as due to
the elastic interaction of protons with the
surrounding expanded Pd lattice. Provided that the
non-ideal solution term is corresponding to the
elastic strain energy, the dilation change correlates
more to the potential change, which is consistent
with good correlations between the potential and the
dilation changes plots as shown in Figs.10 (2) and
®).

On the other hand, during desorption the
reaction inversely proceeds by a anodic overpotential
where Hab changes to protinium ion through inverse
diffusion and anodic reaction. On this occasion the
elastic strain energy would be released (probably as
heat) unless otherwise must be accumulated as the
local plastic strain energy (e.g., forming a domain
rich in defects). It is suggested that such
accumulated local strain energy tends to be released
by triggering, independently on repeated
absorption/desorption performance.

Next the sequential dilation changes of Pd
due to the (a — B) phase transition is presented by
comparing the results of the dilation and the
potential changes as a function of H/Pd. Figures 10
(a) and () show typical hydrogen absorption and
desorption data. Firstly, the value of the dilation at
the end of the desorption is lower than that of the
initial one of the absorption, which is consistent with
the observation by Krause et al.2? The earlier work®
also showed that thick rod Pd (9mm ¢, 35mm in



length) expanded diamentally during long-term
deuterium evolution, simultaneously the length
shrank. The ratio taken from these data; - (AlUL(n
length)/increment of H/Pd ratio) / (Ad/do(in
lateral)/increment of H/Pd ratio, d diameter) is
defined as the Poison ratio assuming the
conservation of volume. The present data don't
support such a calculation because of an inaccurate
measurement of lateral specimen dimension.
Secondly, among every absorption and desorption
curve the slope of the dilation vs. H/Pd ratio during
desorption appeared to be higher than that during
absorption. Further experimental and theoretical
study is needed for a reasonable explanation of this
issue.

In Figs.10 (a) and (b) when the H/Pd ratio
reaches at x = 0.008, the potential becomes the a + B
coexistence region with the potential fluctuations
and the dilation exhibits an abrupt increase
(similarly to the first dilation during the A applied
pulse mode) subsequent to an induction period. On
the reverse desorption the potential stays at the
potential -0.17V, during which the dilation
terminates for a short period, and then a decrease of
the dilation occurs accompanied with the transition
of a potential from -0.17 to 0.025V. The contraction
finishes, simultaneously reaching at 0.025V of the
fully desorbed phase. Apart from the cycle effect of
absorption/desorption process, the clearly defined
feature of the potential and dilation plots as a
function of H/Pd ratio is seen in distinct correlation
of these behaviors (refer dotted lines in Figs.10 (a)
and (b)). Hence, it is demonstrated that the irregular
behaviors concerning the dilation and the potential
changes during the absorption/desorption cycles are
really the results of non-equilibrium processes,
undoubtedly not instrumental artifacts.

Conclusion
The main conclusions to come from this work are as
follows:

1. For x < 0.01 in the a single phase the electrode
potential obeyed the Nernst equation, and it
exhibited a constant value within the coexistence
region

2. During the B applied pulse mode (x<0.02), the
electrode potentials of the 1st through the 4th cycles
shifted to a less-noble direction, while those of the
5th through the 9th cycles showed steep straight
lines, i.e., non-Nernstian behavior. The slopes of the
dilation vs. H/Pd :atio increased progressively, and
most of the slopes after the 5th cycle converged into
one line.

3. An induction period of the dilation during
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absorption was appeared, whereupon the hydrogen
behavior is related to the transition of the
disordered-ordered phase, subsequently to delayed
remaining the a phase absorption.
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