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The physicochemical properties of the Pd-H system  For the first absorption through the phase &Bumin),
were studied by in situ potentiometric, resistance, and dilthe electrode potential shifted with an increase in dila-
atometric measurements in each of three applied pulsgon, which suggests nonequilibrium PgH precipita-
modes, A, B, and C, and repeated H absorption and detion followed by conversion to the phase and void
sorption. Potential, resistance ratio, and an increase information. Although there was a remarkable lack of any
dilation (Al/ly) were measured simultaneously after Hdependence on the number of repetitions of the values of
equilibrium was attained with the Pd electrode. Duringthe limiting resistance and potential corresponding to the
continuous absorption, structural phase transitien$ 8)  « + 8 andp + void coexistence, the onset of jhphase,
and void formation occurred, and the values of the H/Pd3,,in, increased as the number of repetitions increased.
ratio in the limiting« phase, in thex + B8 phase coexis- The volumetric ratio for an increase in the H/Pd ratio
tence, and in the transition and tifie+voids coexistence corresponds to the absorption in high-density defect ar-
regions are consistent with those obtained from the Pd-Has surrounding voids. During repeated absorption and
isotherm at 460C. Hydrogen absorption caused the dila- desorption in the C applied pulse mode, the apparent mo-
tion, from whose slope the molar volume was obtained alsr volumes of thex + 8 phase coexistence show that
0.64 (o phase) and 0.40« + 8 phase) crdmol. The re- absorption proceeds inhomogenously, in contrast to the
sistance increased in proportion to the H/Pd ratio and wadirst absorption in the A applied pulse mode.
kept constantat 1.7 to 1.8 overR

I. INTRODUCTION sure. However in an equilibrium state, the pressure is no
greater than ten or several tens of atmospheres, which is
Since Fleischmann and Pdnand Jones et &lre-  not sufficient for this case. In a nonequilibrium state, e.g.,
ported the possibility of nuclear fusion during electro-crack formation might provide an explanation. Takagi
lytic loading of deuterium in Pd at ambient temperatureset al” observed burstlike neutron emissions during long-
much work—6 on reproducing nuclear fusion in con- term electrolysis on P@1-mm diameter, 32 mm long
densed matter has been carried out. Fleischmann and Pan®.1M LiOD at current densities of 0.04 to 0.10/&m?2
and Jones et al. suggested that the nuclear fusion readicroscopic observaticghof postelectrolysis Pd showed
tion is caused by the absorption of deuterium in a Pd eledhat long-term electrolysis for 8 months did not result in
trode. One of the reasons for this phenomenon might bany cracking but caused many straight and cross slip
a nuclear fusion reaction brought about by the dissolubands, surface voids, and two long faults. The electrode
tion of deuterium within a solid by means of high pres-microstructure after deuterium absorption showed that two
large columnar crystals had grown along the longitudi-
*E-mail: numata@mtl.titech.ac.jp nal axis, one of which had a peculiar morphology: voids
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arranged in a straight line. Besides these morphologicé¢ad was taken out with an enameled Cu wire. The welded
findings, the electrode gradually expanded diametrallyparts were covered with silicone rubber filler.
resulting in 7.8 to 8.3% dilation during loading. The electrolyte was composed of glycerine and phos-
We have attempted to elucidate the elemental stegshoric acid(2:1 in volume ratio. Kirchheim!! reported
of electrochemical H absorption, i.e., infusion, diffusion,that out-diffusion of H during electrolysis is very slow
subsequent phase changes, lattice expansion, related veien a solution with high viscosity is used, and the H,
sistance increase, etc., under well-defined electrolysis coence dissolved within metal, is unlikely to leak out. The
ditions. The entropy and enthalpy change of solution anélectrolyte was settled in an electrolytic cell with a sin-
the molar volume of H obtained by the electrochemicatered glass bubbler, through which dry N was bubbled
measurement are consistent with those of gas equilifor several hours for deoxygenation. AN atmosphere was
rium experiment$:1° As the H/Pd ratio increases, the maintained by pouring dry N over the upper side of the
structural phase chander — B) occurs, obeying the solution during measurements. The temperature was kept
thermodynamic phase rule. The characteristic valuesonstant at 46 0.5°C using an isothermal bath.
of the phase chandevmax Bmin, PHSY (@ + B)] are con- The electrolytic cell was a modified three-electrode
sistent with those of the Pd-H isotherm at’@)where cell, as shown in Fig. 1. Aluggin capillary located at the
amax@ndBmin are the limits of thex phase and that of the electrode surface was used to measure the electrode po-
a + B coexistence, and g« + B) is the equivalent H tentials against a saturated calomel electr@IeE). The
pressure of ther + 8 coexistence. Prolonged dischargecounter electrode was made of a platinized pl&& X
of deuterium on a Pd electrode has been shown to prd-5 mm). A set of potential, dilation, and resistance mea-
duce heavily worked featurgthat are different from those surements were made on the Pd electrode after the estab-
obtained in a single absorption run. Such microscopitishment of H equilibrium with Pd. The measurement
morphology resembling a heavily worked specimen is atsystem consisted of a computer-controlled potentiostat,
tributed to the irreversible phase changes— B and milliohm meter, and dilatometer; placement of the mea-
B — a) or to inhomogeneous plastic deformation duringsurement equipment is shown in Fig. 2.
the H absorption and desorption runs. Since repeated H To obtain each data point, the following procedure
absorption followed by desorption might result in an ac-was undertaken. After each galvanostatic discharge for a
cumulation of the mechanical stress generating miscefixed number of hours, the open circuit potential was mea-
laneous structural defects, in situ measurements of theured with a computer-controlled potentio-galvanostat
electrode potential, dilation, and resistance under well¢Technologue, Incu-PS/GS). At the moment the elec-
controlled H absorption are of interest to evaluate thdrode potential reached steady stateour estimation, a
influence of absorptiofdesorption repetitions on the potential change 0&1.0 X 10-® V/min), equilibrium
solid-state properties of Pd. between the H atmosphere and H activity inside the Pd
In this study, the electrochemical behavior, the dila-was believed to be attained. This operation was contin-
tion, and the resistance of the Pd electrode have been mased from several tens to 100 times. In each figure the
sured in situ using a computer-controlled potentiostaabscissa indicates the H concentration, which is given by
connected to the measurement devices. These measutiee summation of each increment of the concentration
ments were made with respect to the microstructuralC, — C,), given in accordance with Faraday’s law by
changes induced by H ingress in the Pd electrode. C,— Cp= —(Dit/F)(Na/Ny) . 1)

Il. EXPERIMENT
/ To dilatometer

To milliohm meter

The absorption and desorption of H in the Pd elec- Luggin capillary
trode(0.8- and 2-mm diameters, 50-mm length, 99.95%
purity) were performed by applying galvanostatic ca-
thodic and anodic pulsed currents at low current densicounter electrade
ties, <2 X 1073 A/cm?. As-received Pd rods were
annealed at 80C for 3 h under a flow of He. After heat
treatment, the surface of the rods was polished with em-
ery paper up to 1000 count and stored in a desiccator.
Before being used, annealed samples were maintained in
vacuo at 308C overnight to eliminate the influence of
residual H on the measurements. The mass was mea-
sured with a chemical balance, and the number of atoms
of the electrode metal was obtained. Gold wir@ cm  Fig. 1. Schematic of the electrolytic cell for in situ measure-
long was spot welded to one side of the electrode, and a ment of electrode potential, dilation, and resistance.

Dilation transmitting rod
Support pipe

Working electrode
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Fig. 2. Electronic apparatus for in situ measurement of poten- = Time
tial, dilation, and resistance. E activation
Q
+ absorption =-re desorption <>y< absorption =
v cycle cycle cycle
where
d = current efﬂciency { B mode electroly51s l
i = current A©
t = time of electrolysis =
Na = Avogadro’s number g '
S = , >
Nv = number of atoms of the electrode metal. 5 Time
. . = N I
Electrolysis was performed using three types of gal- © activation
vanostatic trained pulse currents, as shown in Fig. 3. In ~ + absorption cycle —») ﬁ < absorption cycle
v 3 3

applied pulse mode A, a set of pulsed currgatssorp- desorption
tion) was applied immediately after completing the pre-
ceding setabsorption. Thus, repeated H absorption and
possible desorptiofduring the off pulsgwas continued
until saturation of the H concentration was attained. Th%ig. 3. A B, and C applied pulse mode patterns of current
saturation of H is easily detected by the time-independent density-time.
resistance if the resistance of the Pd electrode is adopted
as an appropriate monitor of the H concentration.

Applied pulse mode A electrolysis was continued un-
til H absorption saturation was reached, while in appliedj|. RESULTS AND DISCUSSION
pulse modes B and C electrolysis, continuous cyclic ab-
sorption and desprption were performed. In ap_plied puls lLA. Microstructure of a Plate and a Thick Pd Electrode
_mode B, desqrpnon was cqnducted by supplying a set o During Deuterium Evolution in 0.1 M LiOD
inverse anodic currents with an equivalent coulomb of
absorption. In applied pulse mode C, desorption was cony a 1. peuterium Absorption in a Pd Plate Electrode
ducted by applying potentiostatic conditions at the H dis-
solution potentia(up to~0.9 V) until complete recovery Electrolytic absorption of H in a metal proceeds
of the initial resistance of the specimen. The differenceéhrough adsorption, infusion, and diffusion, where the
between applied pulse modes B and C is in the form o&bsorbate, H atoms on a metal surface, are generated by
the current supply, i.e., galvanostatic pulsed current andathodic reduction of H ions in an aqueous solution. Al-
potentiostatically controlled current. During each electhough an electrode inherently has microstructural de-
trolysis the decision to supply the next absorption curfects, such as dislocations, and twin and stacking faults,
rent was based on the diagnosis of complete recovery dlfieir creation and propagation have often been ob-
the initial resistance. The experimental details have beeserved during H migration. During microscopic obser-
described in Refs. 9 and 10. vation of H absorption in Pd, it is important to study H

[ C mode electrolysis I
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Fig. 4. Schematic of the electrolytic cell for deuterium charg- § T side
ing on one side of a Pd plate electrode in M1iOD. | o
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migration behavior in connection with the electrode ge- 10 20 30 40 50
ometry(shape and volumend under miscellaneous elec- 20
trolysis conditions. ®)

In a preliminary experiment, Numata etai!s re-
ported that extreme bending of a Pd plé@e8 mm thick,
30 X 40 mm), having only one side in contact with the ~ 350C/cm? O a phase

1ImA/cm?

electrolyte(T side)and the other surface fré® side), E B side o x B phase
occurred during repeated deuterium absorption runs. Fig- & o

ure 4 shows the electrolytic cell for deuterium charging g N

on one side of a Pd plate electrode in M1LiOD. Fig-

ures 5a and 5b show the X-ray diffractiogXRD) pat-
terns of sides T and B for charges of 170 and 350162
For the first charge of 170 £&£m?, an evolution of theg

. ﬁu} _— L’mJW[Lu o5

Intensity, Arb

phase on the T side is observed resulting it 8 coex- T side x

istence, while the B side shows the singl@hase. Dur- N x

ing subsequent charging the inversion of the peak intensity : o %

of the « phase to the8 phase occurs on the T side, and 10 A

the3 phase appears on the B side as schematically shown A e o ee
in Fig. 6. For more than 520 &m?2 both the T and B 10 20 30 40 50
sides show the singleé phase. Thus, the singtephase, 20

thea + B phase coexistence, and the final singlphase

. B . Fig. 5. The XRD patt f sides T and 170 2,
occurred successively from the T to the B side as time 2 (b)%So C/Ceﬁz_ems of sides T and &) G/em

elapsed. Figure 6 illustrates four sequential stages of the
phase distribution in a Pd plate electrode during deute-
rium charging on one side. At the moment of bending,
due to extension stress on the T side, a compression strs.%
was induced on the B side, thus preventing deuteriu
migration. Consequently, further deuterium migration o : ;

the T side resulted in breakdown of the B side waée A2 Eﬂéﬁr;?tégr%tlgﬁeg;ghgf;%lel\(A)dLiL(J)nger
stage IV in Fig. 6. Scanning electron microscop$EM) '
showed traces of deuterium eruptitn® which indi- Microscopic observation of a postelectrolysis Pd sur-
cates an intense increase in the internal pres&ge face(20-mm diameter, 32 mm longfter long-term elec-
Fig. 7). Thus, the electrolysisne side deuterium shuttle trolysisin 0.1M LiOD shows no crack but marked blisters
combined with confinement on the other side, i.e., genand two long fault$. Figure 8 shows the morphologies
erating bifacial stress shown with opposite sigaac- of the long fault and holes around a fault. The micro-
cessfully trapped deuterium in a metal as schematicallgtructure of the Pd electrode consists of two large grains
shown by the modified Gorsky effect. In other words, inin the interior and columnar grains with random orienta-
this electrolytic condition, the T side is in contact with ations near the surface, as shown in Figti®e blanket
solution creating extension stress, and the B side is freleatched area

creating compression stress, which provides a barrier to The formation of the microscopic holes and faults
deuterium migration. The formation of a barrier layer dur-on the Pd surface is connected to the grain structure grown

g deuterium evolution also appears in the following
ick-rod Pd electrode case.
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in the Pd electrode. During the first charge, the blanket
(columnar grains near the surfaad the Pd rod behaves
like the T side, through which deuterium absorption pro-
ceeds. An increase in current density induces compres-
sion stress in the blanket, similar to Fig. 6, which acts
like a wall to compress the interior. Since the blanket
might act as a barrier layer for deuterium dissipation, com-
pression of the blanket effectively raises the pressure of
the interior.
<> Tensile stress Figure 9 shows that, disregarding the geometric scale,
—>< Compression stress the morphological characteristics of postelectrolysis Pd
Fig. 6. Schematic of the evolution of bending when a single(F'g' 9 are S'”?"ar to ?a”hs geotherr_nal phenomena,
surface of the electrode is in contact with the electrolyte.sucfh as voI(_:amc eruptions and fau_{tE|g. 93_)' Geo-
logic analysis shows that a volcanic eruption and an
earthquake depend on movement of the mantle and a
huge release of heat from the earth’s intefi®ecently,
the Kobe earthquake was categorized as the active-fault
type, which appeared as a trace of faults on the ground.
Charged-particle emissions were reported before the
earthquake and were confirmed by the analysis of a jet-
like cloud, which evolved vertically from the ground.
Hence, it is quite reasonable to conceive that the charged-
particle emission observed was a precursor to giant
ground slippage that generated faults on the surface. Let
us consider the microscopic faults observed on the Pd
electrode. The anomalous emission of charged parti-
cles, i.e., a kind of geothermal phenomenon, has been
identified with similar emission products frequently rec-
ognized as evidence of the cold fusion phenomenon. It
is presumed that the charged particles and the fusion
reaction debris were the result of accidental fault forma-
tion due to the induced strain on the electrode’s surface
during deuterium absorptiofsee Fig. 9).
A model approach makes possible a valid guide-

Fig. 7. SEM of a Pd plate electrode surface showing a hole oHne for understanding a complicated phenomenon.
side B. Numatd4-16 developed a microscopic model inside the

Q+B B\. é,a

T ~B K

Fig. 8. SEM of a postelectrolysis Pd surface showing the exposed terrace along the fault and holes.
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Deuterided Palladium cant role as a permeability barri€rHowever, repetition
Earth mantle gas,particie gush et of absorption and desorption alters the microstructure
more or less; therefore, loading behavior is influenced
not only by surface conditions but also by bulk. Re-
cently, significant differences in the— B phase change
between the Pd film and the bulk suggest that the vol-
, ume of a specimen plays a significant role in the physi-
I oundary cal and mechanical propertiése.g., the resistance and
dilation of Pd. Hence, it is interesting to explain the phys-
ical and mechanical properties of Pd in connection with
, microstructural changes. For this we use a rather thick
—><— Compression stress Pd rod as an electrode to achieve more sensitive mea-
(a) (b) surements of the bulk properties, although much longer

. . lectrolysis is required to reach a steady state of diffused
Fig. 9. Mechanism of surface holes formed along the fault ofeH in thede rod q y

a Pd rod during long-term electrolysis in (MLLIOD.

energy relegse crater, fault
T

movemen
(, Plate(Crust) A
Mantle
. an }
- I
"‘ heat

~

f Ty

Interior

I11.B. In Situ Potentiometric, Resistance, and Dilatometric
Measurements of Pd Under Single Absorption

solid (see Fig. 10), which helped improve the reproduc4il.B.1. Hydrogen Evolution and Absorption in Pd

ibility of cold fusion-related phenomena, i.e., heat evo- . , ) .
lution and emission of nuclear reaction products. Although _ 1he H evolution reactioiHER) on Pd in an acidic

a precise description of the model is not provided in this$olution takes place through the Volmer reaction fol-
paper, the important concept is the cycling of four selowed by the Heylovsky ongEgs. (2) and (3)] or the
quential processgsome of them yet remain speculative Yolmer reaction followed by the Tafel ofiggs.(2), (3),

in this pape), on which in situ measurement of the phys-a”d(“)]:

ical and mechanical properties of Pd might throw some Volmer reaction: H + e~ = Hyg (2)
light.t®
Among many metal-hydrogen alloys, Pd is particu-  Heylovsky reaction: By + Hyg + € = H,  (3)
larly known as an easily absorbing and dissolving metal, Tafel reaction: Hs + H.. = H 4
which implies that the formation of a surface layerg., o Ha ad 2 @
Ti-H, Zr-H, and Nb-H systemsdoes not play a signifi- Infusion: Hag — Hap (%)
QOutside trigger g * Heat and/or products emission

Compressed region Inside trigger

Deuterium over patential

to surface of specimen

..>

Scavenger

Brittle part

to neighboring reaction

vessels

Deuterium and products
Reaction vessel: many regions surrounded by
strained tough zone

Fig. 10. Schematic of a nuclear reaction cycle model.
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where H,4 and H,, denote H adsorbed on and absorbedion of H/Pd ratio, where the Pd electro@&mm diam-

in an electrode. From the Tafel slopes obtained by theter, 50 mm longwas first loaded by the A applied pulse

current-interruption methotithe rate-determining step mode electrolysis. The change in resistance and dilation

of the HER is the Eq(4) Tafel step in these experimental is given by the ratio of the measured values to the initial

conditions® ones(indicated by the subscriph On Fig. 11,amaxis the
Parallel to the consumption of the adsorbed H througlimit of the « phase,Bnin is the limit of « + B8 phase

the recombination reactidriEq. (3) or Eq.(4)], the ad- coexistencesy, is the transition from th@g phase tg +

sorbed H fills interstitial sites forming the singlgphase. PdH,_,, Vqnin is the onset of thegd + void coexistence

The maximum concentration attainable was evaluated iregion, andR;, is the transition from increasing resis-

several paper® taking into account the absorption andtance to a damped one and defined as the value of the

desorption of H; however, more detail on this point isH/Pd ratio corresponding to the H dissipation triggered.

beyond the scope of this paper. The H concentration iifhe lower inserts show single,a + B8 coexistence

this paper can be conveniently expressedka$/Pd  single, and8 + void coexistence phase regions, where

(atomic ratig, where the absorption efficiency of ad- the corresponding microstructures are schematically

sorbed H is given as 100% for< 0.55 (at 40C) and illustrated.

almost 80% forx > 0.6. On the other hand, when the Figure 12 shows a replot of the potential change as

current density is low enough, infusion of the adsorbed function of logarithmic H concentration at 4D dur-

H atoms, which is given by Ed5), is faster than that of ing the first absorption experiment. When the H on the

the Tafel reactiofEq. (4)], and H loading is performed electrode surface and that within the electrode are in

with a current efficiency of 100%. Here, the HER on Pdequilibrium,

at current densities<10 mA/cm? is treated as com-

pletely dissolved, which is in good agreement with other E=E°—RT/FInay.,— 2.3RTF-pH . (6)

reportst®-2! Note that since an elongation and an elec- . . .

trode potential were measured simultaneously, electrofrccordingly, the Nernst equation can be written as

ysis was conducted with lower current densities10 _ o _ _

mA/cm?) to suppress the thermal expansion caused by E=E"~RU/FIN &~ 0248, ")

the electrolysis. whereay, represents the activity of H atoms. The other
symbols have their usual meanings. ket 0.01 the elec-
trode potential obeys Nernst E() showing a straight
line with a slope of-2.3 RT/F. The results evidently re-
veal that the electrode potential is in accordance with the

Figure 11 shows a plot of the in situ measurementiernst equation in this range of concentration, and the
of potential, resistance, and dilation changes as a fungotential is controlled by the reaction given in Eg).

I11.B.2. In situ Potentiometric, Resistance, and
Dilatometric Measurements of a Pd
Electrode Under Single Absorption

Coulometrically obtained H/Pd ratio
0.20 0.40 0.60 0.80 10 18

C Rtr

0.020

[
=2}

_
=y
Resistance ratio, R/Ro

|
I

0.010

1.2

Dilation, lflo

Potential, E/V vs.SCE

1.0 0

o a O 8 ' PdH2x o Void < Tunnel

Fig. 11. Schematic of the evolution of various phases and voids, the A applied pulse mode potential, dilation, and resistance ratio,

as a function of HPd ratio during cathodic absorption of H in Pd.
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-0.10 . i . den up-and-down movement within a narrow range of
@ concentration, where an unstable Bdttecipitate(act-
@ 2.3RT/F(=0.062V/decade) ing finally as the nuclei of voidsis involved in a
2 C( min) 4 shrunkenB phase. Hence, a consistent explanation for
> 0.20 atp | j the potential shift above 0.55 is that it is due to void
| oo OHRR formation with a volume of 2)Al/l,. The formation of
~ 3 voids was further confirmed by SEM observatitsee
g C(emay) p® Figs. 22a and 22c).
E—O 30 ' , . % Let us think of the H gas in a gas phase that is in equi-

“lo*  10° 10° 100 10° librium with the H within an electrode. Using the activ-

ity of the H within the electrode, the pressure of the H
can be calculated from the electrode potential under lim-
Fig. 12. Applied pulse mode A potential as a function of theited condition§:2%

I ithm of H/Pd ratio at 40°C.
cgarthm of i ratio & pH3Y = exp—(E + Esce) (2F/RT)] , ®

where Esce is the potential of the reference electrode.
] Thus, the equivalent H pressure, $Hthe H pressure

When the HPd ratio exceeds 0.01, the electrode potengquilibrated with that in the Pd matrie.g., in a void, is
tial becomes constant within the + 8 phase coexis- expressed assuming the Nernst equation. The equivalent
tence region. The appearance of fighase indicates H pressure at more than= 0.01 in accordance with
two-phase coexistence; i.e., the+ B has been estab- gq.(8)is plotted in Fig. 13. The: + 8 phase coexistence
lished. In the case of two-component, three-phase coegyessure, 0.0% 10° Pa, coincides with that obtained from
istence, the degree of freedom is 1 from Gibbs’ phasgne Pd-H isotherm at 4. When the state is turned into
rule. Therefore, when the concentration changes, the Hhe singleB phase, the equivalent H pressure again be-

potential remains constant. Since the H pressure and pgins to increase until a final pressure of £610° Pa has
tential are equivalent, as described later, the pressure alg@en reached.

remains constant. When the/Ad ratio exceeds 0.55, the When the HPd ratiox is increased to>0.8, the po-

singlep phase is established, and the electrode potentigéntial becomes constant, and the H is thought not to be
again begins to change in a mean direction in accordanggssolved any further. Occlusion of H in the Pd electrode
with Gibbs’ phase rule. , _ by electrolysis can be said to be limitedt®.8. Rosamilia
The change of potential in the singlephase is not et 3124 obtained the H dissolution limit by a rotating disk
allowed to obey Nernst's Eq7) with a slope 0f~2.3  glectrode method and have reported that Pgits the
RT/F. It has been expected that interaction among Hargest component. When the maximum concentration is
atoms becomes strong. However, on inspecting the perchjeved, it is believed that adsorbed H atoms react faster
tential as a function of 4Pd ratio curve(see Fig. 12, it py the Tafel process than by the process in which the at-
is apparent that it shifts progressively to a less-noblgms are dissolved within the electrode.
direction until it reaches the limiting valuge., totally These characteristic valugthe values ofyq and
distinct from the Nernstian behavigmwhich is similar Bmin Of the phase transition and g#a + )] are con-

to the transition from one state to a new one. Alternasistent with those of the Pd-H isotherm obtained by the
tively, kinetic analysig? of deuterium absorption in Pd

showed that the electrode surface is covered by a new
phase(designated the gamma phasath a high deute-

Coulometrically obtained H/Pd ratio

rium concentration. In view of the following results, in ;@ 102
situ measurements suffice to give a comprehensive un- s
derstanding of the behavior of the potential change: % 10l PRy
L &
1. The potential begins to shift toward a less-noble -~ o
direction, and the increasing resistance concurrently be- o 1 :
gins to level out, indicating that the absorbed H is not = °
responsible for an increase in the resistafice, their R LU SNy
existence in the lattice sitgsand the H is thus distrib- @ 102
uted in voids as molecular H. & 00 02 o0a 06 08 10

2. A steep rise of the dilation occurs in this range Coulometrically obtained FH/Pd ratio

of concentration, where the potential begins to defig, 13. Equivalent H pressure as a function of theP ratio
crease, i.e., the equivalent H pressure increases. Precise at 40°C;a + B coexistence phase pressure is 0X05
calculations of the apparent molar volume showed a sud- 10° Pa.
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gas equilibrium method, which adds weight to the obser- 0.002 -
vation that the average values give results consistent with
a system having a uniform composition between the sur-
face and the interior.

C({ & max)

(a)

0.0011

Dilation, Al/lo

111.B.3. Elastic Interaction Between Pd
and Absorbed H

0.000 ,
It is known that interaction between dissolved atoms 0 0.0
and surrounding materials often bring about lattice strain
in materials. This lattice strain is a cause of the miscibil-
ity gap of phase transformation or the leaning plateau re- (b)
gionin the Pd-H isotherm. Think of the casexdl atoms
being dissolved il metal atomg® If we assume that
the volume of one metal atom and that of one H atom are
Qum and Qy, respectively, then the volume of the metal

3 ool /
and the hydrogen are given as 0.0

0 05 1.0

0.10

0.03

5

Dilation, Al/lp
a
[y
=3
=2

Vu = N-Q Vy=n-Qy .
M Moo TH H ©) Coulometrically obtained H/Pd ratio
For 1 g of atom, Fig. 14. Dilation(Al/l) as a function of HPd ratio:(a): x <
0.06, 40C, 0.5 mA, 2000 stb) x < 0.8, 40°C, 5 mA,
Viy = Na-Viy, Vg = Na-Vy (10) 7000 s.

whereVy, andVy are the molar volumes of the metal and
the hydrogen, respectively. The volumetric ratio of ex-

pansion is given by [11.B.4. The Relationships Between Potential, Dilation,

AV = (N-04)/(N-Viy) | 11 and Resistance Changes Under the
/N = (0-0)/(N-Mia) (11) A Applied Pulse-Mode Electrolysis

Whe\;\%}H 'Sﬂ;[heHV.O“fjme clhaggetduedto H_mfusmg_. As shown in Fig. 11, the potential decreases with
en e 1S dissolved at random In a CUbIC SySyyoreasing HPJ ratio within the singlex phase and
tem, the following equation is obtained, provided thatthq,eaChes a constant value corresponding todhe 3
volume change is small: phase coexistence. Meanwhile, the resistance monoton-
AV = 3-(Al/1-) 4+ 0-[3- (AL + -« . 12 ically increases showing a sllght deviation from exact
N (/o) [3-(al/to)] (12) proportionality to the HPd ratio. Although the resis-
tance curve is ambiguous at very low concentrations,

By combining the preceding with E@l1), ; . ;
y g P g @1 resistance rises steeply, and the slope of the resistance

Al/lg= (X-Q4)/3-Qnm) = (X-Viy) (3-Vi) ; (13) as a function of HPd ratio changes to a small value at
the onset of thex + B phase. Foix > 0.55 the slope
ie., in the resistance curve begins to decrease and levels off
at the point of inflection(Ry ). Furthermore, it ap-
Vy = 3-Vu-[d(Al/lg)/dx] . (14) proaches a limiting value of 1.8 for > 0.80. This be-

havior appeared only in the first absorption of the A
By measuring the slope of the/Rd ratio of dilation, the applied pulse mode. The samples subjected to repeated
molar volume of H in a material can be obtained. TheH absorption and desorption exhibited almost the same
dilation as a function of APd ratio in thex phase is plot- behavior up to thg phase, but abovB,, they flatten at
ted in Fig. 14a and was measured simultaneously with.7 (see Fig. 20h The difference in the resistance be-
the case shown in Fig. 12. The dilation is almost in pro-havior aboveR;, is attributed to the contribution of un-
portion to an increase in the #d ratio, and using recovered absorbed H. Thus during the first absorption
Eqg. (14), the molar volume of H is obtained a§ =  and desorption, a small volume of H remained trapped
1.64 cn¥/mol with the supposition thatpy= 8.87 cn¥/  near the surface even after annealing at 2000rhe
mol. The result agrees with values from the literatureyolume at the surface, whose interstitial sites are al-
Vy = 1.77 to 1.06 crymol (Ref. 26). From this we can ready occupied, do not, therefore, contribute to the re-
derive that the H atoms amount to 3710%* occluded sistance chang&.lt is reasonable to assume that the H
atoms per cubic centimetre, and this is two orders of magn the remaining sites is readily dissolved and absorbed
nitude larger than the value for liquid H 422 10?2 by the electrochemical reaction, and the slow resistance
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-0.16 1 L9 In Fig. 11 the potential shifted to a new phase of RdH
. 08 {'8/ ° and voids formed in th@ matrix. At the transition, the
@, 02 16 & dilation (Al/lg) increased abruptly and decayed progres-
5 022 15 8 sively to a small value. The abrupt increase in dilation
Fg 0 }‘3‘ & accompanying the potential transition is thought to be due
£ 026 128 to unstable PdKlprecipitation and its transition to voids

_0622 11 in the crystal.

T0 021 042 063 084 :
Coulometrically obtained H/Pd ratio I1l.C. Repeated Absorption and Desorption of H in Pd

Fig. 15. The Aapplied pulse-mode potential and resistance ra; . .
tio as a function of HPd ratio, 40°C after 30 h hold- fii.c.1. Repeated Absorption and Desorption

ing (at arrow Pd was again electrolyzed. Potential of Hin Pd Under Applied
(—O—), resistance ratio—m—). Pulse Mode A

Two repetitions of the A applied pulse mo@&mm
diameter, 50 mm longwere performed, and the time

increase abov&;, was not observed during subsequentdependence of the resistance was examined by interrupt-
absorption runs. The maximum limiting values of 1.7ing the electrolysis. Figure 15 shows the first potential
and 1.8 obtained are consistent with those of bulk P&nd resistance plot as a function of thgR4l ratio, where
ranging from 1.65 to 1.8Refs. 28, 29, and 30). the intervention is indicated by the arrow. The time de-

Under electrolysis at:10 mA/cm?, the transient of pendence of the resistance was for 30 h within the ex-
the dilation was almost proportional to the charging timeperimental uncertainty. As the figure shows, the potential
and the initial length was recovered by conducting an anand resistance behavior were essentially the same as the
odic oxidation reaction. On the other hand, no less thaflrst A applied pulse-mode electrolysis irrespective of
half the dilation was recovered in the case of desorptiomterruptions_ Since the HPd ratio at the interventions
at 5 mA/cm? Hence, the dilation behavior can be sen-exhibits an equivalent H pressure of the+ 8 coexis-
sitive to the inherent structural properties as well as tqence region0.05 X 10° Pa), evidently no H was re-
the electrolysis conditions. For example, the dilation as geased under a pressure of latm.
function of the H/Pd ratio in thea phase revealed an On the other hand, Fig. 16 shows typical potential
equilibrium between fault-free crystal and H, while theand resistance changes as a function of thi®dHratio
B phase evolution considerably deformed thphase.  for the repeated A applied pulse-mode electrolysis with-

Plots of dilation as a function of the HPd ratio are  out any electrochemical desorption but subjected to a
shown in Fig. 14ax < 0.06) and Fig. 14kx < 0.8). The  spontaneous desorption for several minutes. Although
B phase has alarger lattice constant thanthbas€4%),  the two limiting potentials of the two phase coexistence
although the slope is smaller in tae+ 3 phase coexis- regions(« + 8) and( + void) were—0.18 and—0.28
tence than in the: phase. Assuming that the slopes withvy, respectively, and were within the acceptable devia-

respect to the APd ratios correspond to the average valtion, the values of3,in and the onset of th@ + void
ues of thew phase an@ phase lattice constants, both of

which are inversely weighed by the individual volume
ratios, the values o&(amay) = 3.893 anda(Bmin) =
3.929 A can be obtained assuming the Pd lattice constant

0y 016 »

a(0) is 3.890. The values coincide with the reported ones, O 40.13&"0‘*’/ 1
a(amay) = 3.894 anda( Bmin) = 4.025 A(Ref. 3)). < , |

Thus,a(Bmin) = 3.929 estimated from the tangential > 22°T o Flnst .
value atBm,was considerably smaller than the value ob- = -022f 7 Secon I
tained from gas equilibrium experiments. This suggests = .o.24f .
that the electrolytically formeg@ phase in thex phase E g26- .
matrix possesses heavily strained regions with a small 5 I B*f;’;i@w
average lattice constant. Such deformed regions might 3 %28
stimulate void nucleation under high pressure, resulting - -0.30O 0‘2 0‘4 0'6 0'8 o

in potentially less-noble shifts. The void formation reac-
tion is further described later. When tjgesingle phase
was attained, large dilation linearly proportional to the

Coulometrically obtained H/Pd ratio

Fig. 16. The A applied pulse-mode potential as a function of

H/Pd ratio up tox = 0.8 was seen. These results agree H/Pd ratio of first and second repetitions af@@nd
with the reports®>32 that the dilation or the volume ex- current density of 0.5 mAcm2 The specimen was
pansion appear to be linearly proportional to théPd again electrolyzed under the same conditions as the
ratio up tox = 0.8. first absorption.
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coexistence regiofV,,) appreciably decreased with an 0 it =)
increase in the number of repetitions. Thus, the second < 90908 ¢ AL
absorption proceeds, on the contrary, by offsetting the a K“‘ /;
remaining H concentration on the/Rd ratio axis, which £ 0.0006 ¢ r/ TR
is consistent with an equivalent H pressure of X6 o / X’ﬁ
10° Pa, which is more than atmospheric pressure. The E 0.0004 }
exact value of the remaining concentration was esti- .
mated by superimposing the second curve on the firstone 2 . |
. “+ U
offset byx = 0.26. Thus, a spontaneous desorption oc- ® A X
. . : . A = AN

curs in which theB + void coexistence region is at- o o SaRaaviss 7i |
tained, exhibiting an equivalent H pressure of X6 o e

0 0.005 001 0.015 0.02

108 Pa. These results, including the examination during
the interruption in thex phase, are reasonable evidence

that the equivalent H pressure is due to hydraulic preﬁ:ig. 17. Effect of number of repetitions on B applied pulse-

Coulometrically obtained H/Pd ratio

sure inside the electrode. , , mode dilation as a function of 4Pd ratio(x < 0.02).

Itis inferred that the spontaneous desorption during Dilation: 2nd(—#—), 3rd (—#—), 4th (- -A- -), 5th
the A applied pulse-mode electrolysis exhibits no influ- (—gg—), 6th (- -A--), 7th (- -%- -), 8th (—O—), 9th
ence on the H absorption condition, in contrast to the well- (--A--), 10th(- -#--), 11th(—Xx—).

accepted concept that the electrochemical absorption
desorption proceeds accompanied by an evolution of

miscellaneous lattice defects on a matrix. ' o _
period of the dilation appeared where thsingle phase
I11.C.2. Repeated Absorption and Desorption of H in exists. Inspecting th? d||§1t|on as a function of thféF.‘f“ .
ratio curves and taking into account the uncertainty in

Pd (x=0.02) in the B Applied Pulse Mode the experiment, it is reasonable to assume that the dila-

Repeated absorption and desorption oft8-mm  tion (Al/lo) is composed of the linear term of the lattice
diameter, 50 mm long, 0.2 mAm? 7000 $ was per- expansion and the complemental term as follows:
formed in the_ B applied pulse mod& < 0.02, where Al/ly = ax+b a:constant , (15)
the H/Pd ratio was controlled up to the onset of the
a-B transition: amax 1IN this case H infusion was not where the first term on the right side corresponds to the
expected to have any influence on the mechanical progchange of dilation due to lattice expansion, and the sec-
erties because the diffusion of H proceeds rapidly andnd term is attributable to sporadic dilatigdiscontinu-
without an appreciablee — B phase transformation. ous to H'Pd ratio and timg The latter is also observed
There is no significant deterioration in the mechanicainder work hardening on a single crystal. Although it is
properties from desorption repetition because the diffuguestionable that a Pd rod under repeated absorption and
sion of H proceeds rapidly and without hysteresis to thalesorption behaves like a heavily strained crystal, we of-
a phase matrix. The results of the first through fourthten observe such sporadic and stepwise dilation under
repetitions of absorption and desorption show that thelectrochemical loading. It is highly possible to evaluate
electrode potential obeys the Nernst equation while théhe progress of the critical condition in terms of the am-
potential shifts toward a less-noble direction as the numplitude andor frequency of the second terth.
ber of repetitions is increased. The plots of the potential  The results of the resistance rafie/R,) as a func-
as a function of HIPd ratio of the fifth through the elev- tion of H/Pd ratio show a monotonic increase with in-
enth repetitions show steep straight lines; thus, the orereasing HPd ratio, where the effect of the number of
set of the phase transition proceeds at a much smallegepetitions lies within a maximum experimental uncer-
H/Pd ratio than that of the first run. The equivalent Htainty. The resistance behavior suggests that H is readily
pressure of thex + B8 phase is increased, accompaniedmobile in spite of the fact that the dilation varied with
by an evolution of potential fluctuations. The featuresthe number of repetitions and the appearance of the in-
of a large number of repetitions reveal that even a lowduction period.
level of absorption influences the potential shift to less-  Table | summarizes the results of repeated absorp-
noble values. This involves the mechanical effect, e.gtion and desorption in the Bx < 0.02 and C(x < 0.8)
stress or H association, as evidenced by the increasegbplied pulse modes. For example, the resistance behav-
and unstable pressure variations. ior for the B applied pulse-mode electrolysis shows no

The dilation as a function of HPd ratio curves is distinct dependence on the number of repetitions, while
shown in Fig. 17, where the slopes of the second througthe resistance ratio as a function of IPd ratio in the C
fourth repetitions increase progressively; most of thepplied pulse mode exhibits a totally different depen-
slopes after the fifth repetition tend to converge into onalence on repetition number. In the C applied pulse mode,
line. For all the repetitions except the first, an inductionthe resistance ratio shows a steady increase and flattens
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TABLE |
Results of Repeated Absorption and Desorption in the B and C Applied Pulse Modes
Electrolysis Condition
Potential, Resistance Ratio, Dilation,
Mode H/Pd Ratio E — log(H/Pd) (R/Ry) — H/Pd (al/lg) —H/Pd
B <0.02(c.d. 0.2 mA/cm?) 1st through 4th Nernstian| No hysteresis 2nd through 4th increased slope,
5th through 11th deviation 5th through 11th no cycle effec
from Nernstian
C <0.8(c.d. 0.2 and 2 m#Acm?) | Data scattered but much | Large hysteresis| Data not available
deviated from Nernstian

out atR/R, = 1.7 as the HPd ratio increases. During a slow decrease. The peak of the apparent molar volume
few of the repetitions, the HPd ratio at the edge of the corresponds to the abrupt incredse 8min) and to the
plateau shifts toward a higher content. progressive damping in dilation. This peak is at the tran-
sition from the apparent molar volume recovery region
to the new statédesignated agy, ). In Figs. 18a and 18b
the onset of the potential shjf.,;, and that of3 + void
coexistence regiol,, coincide with the onset and the
end of the peak response of the dilation. Therefore, the

Figure 18a shows plots of the potential and dilationless-noble potential shift ranging from0.8 to —1.0 V
changes, and Fig. 18b shows plots of the resistance and ap-
parent partial molar volumjed(Al/lg)/dx] changes as a
function of H/Pd ratio under the first A applied pulse-
mode electrolysis. Here, the apparent partial molar vol- °'° [}
ume(abbreviated as apparent molar volynvas calculated 018 T“
from 3V, multiplied by the slope of the dilation as a func- %
tion of H/Pd ratio plot§ Eq.(14)]. The value of a single
phase gives the molar volume of the corresponding phaseg, 02 W )
and for a two-phase coexistence, the apparent molar vok -0.26 \X&\ / fevoid
ume is weighted by the individual volumetric ratios. The™ -0.28 TR Y, 0. 004
molar volumes of hydrogen are 1.64 #mol (« phase Py 03 ' : S ——
(Ref.9,PdH,(1=n=23) (Ref. 33; PdH 10.8, PdH7.25, 0 022 0.43 065 086 1.08
PdH;5.15 cn¥/mol, 1.77 to 1.06 criymol (Ref. 26. Note Coulonetrically obtained H/Fd ratio
that the molar volume of voids contained in the matrix is
disregarded because no volume expansion occurs through
the absorption, although this is not the case for the molag — 1y
volume of voids at the first absorption.

The values of the apparent molar volume obtalnedg
from Fig. 18b are 1.64 ciimol for the singlea phase E
and 0.4 cni/mol for thea + B phase coexistence. For &
two- phase coexistence the values do not vary with ing <
creasing HPd ratio, where the absorption presumablyo-> 02}
occurs in a homogeneous structure free from voids and
cracks and the like, in contrast to the C applied pulse
mode. The potential in Fig. 18a shows Nernstian behav-
ior (o phasg, the constant value of the + 8 phase co- Coulometrically obtained H/Pd ratio
existence, the transition toward a less-noble directio

I11.D. The A Applied Pulse-Mode Electrolysis
with Intervening Anodic Desorption
and Void Formation

0.024

CBnin) (@) ! 0 020
a+f *
202 | RPEO00RACOCEET hanat Y ClBrr) 100t o
5 ‘

aNyl

-0.22 } Cldmax)

), E/V vs ,SCE

0.012 C

10.008

Dllaﬁo

H

g 08t

<
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H cm3(g ato
Resistance ratio, R/Ro

0 0.22 0.44 0.65 0.87 1.09

rl]—'ig. 18. The A applied pulse-mode potential, dilation, resis-

('8!“‘" - V’P"‘)’ and the next constant value of tfie+ tance, and apparent molar volume as a function of
void coexistence where the apparent molar volume fol- H/Pd ratio of the first absorption at %0. (a) Poten-
lows two constant values corresponding todtenda + 8 tial (—O—) and dilation(—m—) as a function of
phases coexisten¢#.64 and 0.4 cffmol), then a sharp H/Pd ratio;(b) resistancé—A—) and apparent mo-
rise to~1.2 atBnmi, followed by a drop and subsequent lar volume(—<¢—) as a function of HPd ratio.
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is intimately related to anomalous H absorption, resultformation described later. Again, the resistance did not
ing in the sharp rise of the apparent molar volume. Irrespond to the formation of external cracks, considering
other words, by increasing the equivalent H pressurehe cracks opened diametrally.
0.05— 16 X 10° Pa, the apparent molar volume in- As a result, the dilation due to isotropic dissolution
creasesto 1.2 and recovers to 0.4, and concurrently aboisscomposed of elastic and plastic deformation, internal
Ry, the resistance increases asymptotically toward 1.8oids, and cracks, as shown in E47):
(Ber).

If the H absorption assumes the well-known Pd-H Al/lo(>Bmin) = elastic and plastic elongation
isotherm, the potential shift obeys Nernst's equation, and

the resistance continues to increase steadily, showing a + 3 (voids volume
recovery of the apparent molar volume to 1.643%m )
mol. However, the experimental data did not show ideal + 3k (crack volume (17)

behavior; hence, the following new interpretation has ] ]

been drawn. Since the value of the pgak cr/mol) with k, 0 to 1; axial cracks, O; diametral cracks, 1.

was lower than 1.64 c#imol (absorption in octahedral

sites of Pd and apart from ideal absorption the poten-jji.E. Repeated Absorption and Desorption of H in Pd

tial shifts to less-noble values, the predominant absorp-  (x < 0.8) in the C Applied Pulse Mode

tion of the octahedral sites aboyg,, is disturbed by a

fine precipitate of Pdhl_, (0 < x = 1) due to the occu- The same absorption and desorption of H was re-
pation of tetrahedral sites. Then, through the in- peated in the C applied pulse mo@8-mm diameter,
creased pressure allows the unstable precipitates & mm long, 7000)swhere the electric charge of absorp-
decompose to PdH, and H ga§Eq. (16)]. For such a tion was more than that required to attain #Rd ratio
nonequilibrium process, in situ measured data can praf 1.0.

vide a valid explanation: Figures 19a and 19b show the absorption behavior
of the second and third repetitions in the C applied pulse
PdH,_x — PdH, _, + 1/2H, mode. Comparing the values of the limiting+- 8 phase

coexistencé Bmin2, Bmin3) to those of the first A applied
PdH,_,: tetrahedral sites occupation . (16) pulse mode shows that these increase, in contrast to the
first Aapplied pulse mode, with an increasing number of
On this occasion H evolution in the matrix causes voidepetitions. Furthermore, in the later stages ofd¢he 8
formation. phase coexistence, the dilation seems to be intermittent,
AboveRy, (betweers, andV,,,) the apparent molar showing abrupt drops in the apparent molar volusee
volume drops concurrently with the transition from Fig. 19b, whereas the potential, dilation, and resistance
PdH,_, precipitation to absorption in voids when the re-behave similarly to those described previously. Fig-
sistance curve levels ofsee Fig. 18h Here, resistance ure 19b shows the resistance and apparent molar volume
did not respond to void formation. The existence of voidsf the third repetition of the C applied pulse mode to-
that are larger than that of the mean free path of condugether with that of the Aapplied pulse moa@pen square
tion electrons is not sensitive to the resistance becausymbols. In the enlargedr + B8 phase coexistence re-
the resistance increase is due to the scattering of condugion, the apparent molar volume decreased considera-
tion electrons subjected to H absorption. The lower inbly, and the resistance increased with an increase in the
setsin Fig. 11 illustrate the unstable Pdiprecipitation H/Pd ratio. The point at which the absorption-dilation
followed by void formation associated with the irregular correlation is temporarily broken off is termed the “breath-
potential shift toward a less-noble direction and the peaing mode.” Such a peculiar phenomenon also appeared
of the apparent molar volume. Such a new phase diffemwithin the « phase in the B applied pulse mode during
ent from theB phase is proposed by Mizuno et?dland  the induction period of the dilation under the usual pro-
Stormst® gressive absorption. During this induction period, the H
With the appearance of PdH, and voids, there were absorption causes a nonuniform dilation with the forma-
two equilibrium phases, including PdH,, and the po- tion of a strain volume. In the C applied pulse mode, in
tential shift ceased at 1& 10° Pa, obeying the phase the « + 8 phase coexistence region, the H absorption
rule. Meanwhile, the resistance invariance betwggn proceeds inhomogenously, showing an apparent molar
and Vi, exhibited no further absorption, and it is rea-volume of 0.6 to 0.8 crfYmol and a subsequent lower
sonable to say that the absorption ab&g, followed  apparent molar volume of 0.32 to 0.08 #mol. The lat-
the application of an insignificant amount of overpoten-ter lower molar volume suggests that H was absorbed in
tial. These results are consistent with the view of the onthe high-density defect areas surrounding voids, which
set of H migration paths through whole surfaces to crackedere introduced by the preceding absorpfidesorption
surfaces. StormiSreported that the amount of H dis- repetitions. The areas of high-defect density are charac-
solved balances with that absorbed with deforifigthase terized by the lower apparent molar volume, 0.32 to
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0.16 oy o8 Uit 2) @) a + B phase ang@ + void coexistence regions. Figure 21
L 018 [V oon " CPagn 3) 0028 . shows the dependence of the values3gf, and R, on
A 02l \ 7 X 0.024 3 the number of repetitions. These values tend to approach
>‘$’ L0y | Cltnax) Rcmm oY 0,020 > saturation, Whlch does not yet appgarlntheflgure. Since
. w A 0.0 F the first absorption does not require the corresponding
g 0y ’ ; ., {0028 charge, the incremental value from each repetition is equal
5 026 | A P to that of the absorption in the voids and high-density
T 008t 1v vt 1 0.004 areas. Then the volumetric ratio required for voids is eval-
03 , o uated to be~9, assuming the equivalent H pressure is
T 022 0.44 0.65 0.87 1.09 0.05X 10° Pa, while those obtained from the dilation as
Coulometrically obtained H/Pd ratio a function of H/Pd ratio curves range from 1.6 to 2.4%.
Hence, the incremental amount of th¢PH ratio is at-

12 1 ) L9 tributable to the charge by absorption in high-defect den-
g 1| tr by {1s .,  Sity areas having lower apparent molar volume.
g & 1.7 5 Figures 22a, 22b, and 22c¢c show scanning electron
£’z 08 116 5 micrographs of the surface and cross-sectional areas
—‘-2 2 0.6 115§ of the Pd electrode subjected to C applied pulse-mode
B2 4114 g electrolysis. A crack grown along the axis and voids
s 5 o4 113 § opened at the inner surface of a crack are shown in
‘éf {12 % Fig. 22a. The morphology observed in Fig. 22b shows
<7 02y 111 % that voids and surface grooves have a short migration

0 - g path, contributing to the fast attainment of equilibrium.

0 0.22 0.44 0.65 0.87 1.09
Coulometrically obtained H/Pd ratio

Fig. 19. The C applied pulse mode potential, dilation, resis- 5 14
tance, and apparent molar volume as a function of

H/Pd ratio of the second and third absorption &CG10 % -0.18 ¢
(a) Potential, secon—O—), and third—A—) ab- <% 02 |
sorptions, dilation of secon¢—m—) and third ; 0 |
(—A—) absorptions(b) resistancé——) and ap- & -
parent molar v_olume of third—m—) and first - 024 ¢
(—0O—) absorptions. g 026 |
o
& 028 1 o
0.3 : ;
0.08 cn¥/mol, whose volumetric ratio tends to increase 0 0.21 0.42 0.63 0.84 1.05
with an increase in the number of repetitions. As a result, Coulometrically obtained H/Pd ratio
aboveBmin the volumetric ratio of voidgthird repeti-
tion) was 1.6%, assuming the corresponding dilation is 1.9
purely due to void formation. 1.8 | (b) M
During the A, B, and C applied pulse modes, in situ .g 1.7 f a
measurement of these variables was necessary foracomg 1.6 ¢
prehensive understanding of the microstructural changes8 1.5 t
due to H absorptiofdesorption. g 14
@ 13t
lIL.F. Effect of Number of Repetitions on Void Formation ~o12
in the C Applied Pulse Mode with Intervening L1y}
Anodic Oxidation Reaction 1 : ~

. . 0 0.21 0.42 0.63 0.84 1.05
The values of3in andRy, increased with repeated

absorption and desorption where the incremental charge Coulometrically obtained H/Pd ratio

n .tge H/P(r:ifratlohcorres.polnds t;') the Charge_?hfordthes'e_ig' 20. Effect of the number of repetitions on the C applied
voids reaching the equivalent H pressure. The depen- pulse mode potential and resistance as a function of

dence on repetition of the potential and resistance as a Pd/H ratio at 40°C.(a) Potential, first—O—), sec-
function of H/Pd ratio is shown in Figs. 20a and 20b. ond (—m—), third (—X—), fourth (—A—), fifth
The resistance curves level off 1.7Ryt, and the poten- (—=—); (b) resistance, first—O0—), second—m—),
tials exhibit two constant values corresponding to the third (—x—), fourth (—A—), fifth (—x—).
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Fig. 21. Effect of number of repetitions on characteristic val- S e- TR VREES S E- T 11 10p e PsS12 I

ues ofBmin andRy, at 40°C.

Figure 22¢ shows the locus of voitarrows, which are
visualized by cutting the specimen. These microscopi
observations support void formation during the C ap
plied pulse mode as suggested by the resistance and
lation data analysis.

I1l.G. Two Types of H Electrode Characterized Above V,,;,

Two types of Pd electrode used in electrolytic H
absorption are described in Table Il. The H confined
electrode(blanket structureholds high-pressure H in a
cell whose wall is formed by a step-by-step increasing
current supply in 0. LiOD. The resulting character-
istics were a potential as high as2.44 V and voids,
faults, and slip bands appearing on the surface durin
long-term absorption. Finally, the electrode encoun
tered catastrophic high pressure under long-term HER. (b)
The electrode might behave like a cell surrounded by a
tough wall, which might enable the establishment of cold
fusion conditions.

The H dissipation electrode is formed by conduc-
tion, i.e., the C applied pulse mode in an acidic solution
where the surface voids and cracks are readily obser
able and are accompanied by the H evolution reactio
through crackgdesignated as the H pumping actiohhe
important parameters determining the local stress of §
specimen are the electrolysis mode, the solution, the ele
trode geometry, and the pretreatments as listed in Table 558
Therefore, the effect of local stress on H behavior once i
has been absorbed is taken into account.

Storms? first confirmed that the amount of H ab- X e
sorbed over the whole surface balanced with that dis ol ST - :
solved through the cracks. This view is consistent withi -3 2 Sig i sg!‘"\ L AR R 981213
the view that the dilation continues to increase, whereal it S o 3 ' oy
resistance ceased to increase. THRysis defined as the
value of the HPd ratio corresponding to the H triggered ©
(H pumping actiop In Fig. 20a the arrows show the po- Fig. 22. (a)and(b) Scanning electron micrographs of Pd elec-
tential correlated withR;, in the range from 0.641 to trode surface(c) Cross-sectional area in which the
1.0 X 10° Pa. Hence, when the equivalent H pressure area cut by a knife appears to be flat.
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TABLE I
Characteristics and Electrolysis Conditions of a Typical Hydrogen Electrode
Type Hydrogen Dissipation Electrode Hydrogen Confined Electrode
Pretreatment Annealing Casting, annealing, preloading in,D
Electrolysis C applied pulse mode Increase of current step by step
Solution Glycerine+ H3zPOy 0.1M LiOD
Geometry Thin plate, thin rod Thick rod
Finally reached potentighV) —0.28 V(versus SCE —2.44[versus(a + B)—PdD]
Morphology Void, crack Surface void, slip band, two long fault
blanket structure, tunnel
Local stress (Tensile Compression
H behavior Dissipate from cracks Confined(blanket structure
(H pumping action

exceeds atmospheric pressure, abBye the absorbed 5. During the C applied pulse mode, the- 8 phase

H easily dissipates, resulting in the limit of th¢ Pd ratio.  coexistence region was enlarged, and the incremental
H/Pd ratio corresponded to H absorption in high-density
defect areas surrounding voids. SEM observation showed

IV. CONCLUSION voids inside the Pd rod electrode.

6. Comprehensive understanding of the changes of
We summarize our study as follows: the potential, the resistance, and the apparent molar vol-
ume provides insight into the microstructure of the thick
1. A thick Pd rod under long-term electrolysis in Pd rod electrode during H absorptighesorption
0.1 M LiOD contained two large grains and coarse co-epetition.
lumnar grains, where the latter provide a barrier layer for
deuterium dissipation and a wall. The formation of the
characteristic microstructure was explained as similar t§
miscellaneous geologic phenomena, such as earthqua
and active fault formation.

7. The H(deuterium confined electrode formed by
onducting long-term electrolysis in ONI LiOD was
%mpared with the H dissipation electrode formed by con-
tcting, for example, C applied pulse-mode electrolysis
in an acidic solution.

2. Forx=0.01, in the singlex phase the electrode
potential obeyed the Nernst equation, and it exhibited a ACKNOWLEDGMENTS
constant value within the + B coexistence region. For
x > 0.55 in the singlgd phase the potential shifted to a  This work was partially supported by the New Hydrogen
less-noble direction accompanied with a steep rise of thEnergy Project, New Energy Development Organization, and
dilation. In the singleB phase an unstable PdH, the Institute of Applied Energy, Japan. The authors would like

A PR to thank T. Ooi of Ube Company for experimental help. They
,grer;:;F;LEiteT?\(aec%waﬁ)r?;lsttetgrit;iEg\glL?erz]g ;fo'ds ig Fhe would also like to express sincere thanks to the late R. Takagi
. maxs mins

. . . of the Tokyo Institute of Technology and M. Fukuhara of
pH3%a + B), with \}4 were consistent with those of the 1,5hina Tungaloy Company, Kawasaki, Japan, for their insight-

Pd-H isotherm obtained by the gas equilibrium methods discussions.

3. During the A applied pulse mode after saturation,

further enhancement of the/Rd ratio was impossible REFERENCES
by duplication. In contrast, the sample absorbed indhe
phase was subject to spontaneous dissipation. 1. M. FLEISCHMANN and S. PONS, “Electrochemically In-

duced Nuclear Fusion of Deuterium]’ Electroanal. Chem.
4. During the B applied pulse mod& < 0.02), the 261, 301(1989).

electrode potentials of the first through fourth repeti- , ,
tions shifted to a less-noble direction, while those of the 2:_S- E. JONES et al., “Observation of Cold Nuclear Fusion
fifth through eleventh repetitions showed steep straighf’ Condensed MatterRature 338, 737(1989).
lines, i.e., non-Nernstian behavior. The slopes of the di-3 A pE NINNO, A. FRATTOLILLO, G. LOLLOBAT-
lation as a function of HPd ratio increased progres- T|STA, and F. SCARAMUZZI, “Evidence of Emission of Neu-
sively, and most of the slopes after the fifth repetitiontrons from a Titanium-Deuterium SystenEtrophys. Lett.9,
converged into one line. 221(1989).

FUSION TECHNOLOGY VOL. 38 SEP. 2000 221



Numata and Ohno Pd ELECTRODE MEASUREMENT DURING HYDROGEN ABSORPTION

4. H. O. MENLOVE, M. M. FOWLER, E. GARCIA, M. C. 16. H. NUMATA and |. OHNO, “In Situ Potentio, Resisto and
MILLER, M. A. PACIOTTI, R. R. RYAN, and S. E. JONES, Dilatometric Measurement of Repeated Hydrogen Absorption
“Measurements of Neutron Emission from Ti and Pd in Presin Pd Electrode by Electrochemical Cathodic Loading Method,”
surized B Gas and RO Electrolysis Cells,J. Fusion Energy  Proc. 6th Int. Conf. Cold Fusion, Progress in New Hydrogen
9, 495(1990). Energy Toya, Japan, October 13, 1996, Vol 1, p. 213, NEDO,

The Institute of Applied Energy1997).

5. T. MIZUNO, T. AKIMOTO, and N. SATO, “Neutron Evo-
lution from Annealed Palladium Cathode in LiOD,O Solu-  17. T. MIZUNO and M. ENYO, “Sorption of Hydrogen on
tion,” Denki Kagakuy57, 742(1989). and in Hydrogen-Absorbing Metals in Electrochemical Envi-

ronments,’'Modern Aspects of ElectrochemistNo. 30, p. 480,

6. H. NUMATA and M. FUKUHARA, “Low-Temperature R. E. WHITE et al., Eds., Plenum Press, New Y(1096).

Elastic Anomalies and Heat Generation of Deuterated Palladi-
um,” Fusion Techno).31, 300(1997). 18. E. STORMS, “Formation oB-PdD Containing High

Deuterium Concentration Using Electrolysis of Heavy-Water,
7. R. TAKAGI, H. NUMATA, I. OHNO, K. KAWAMURA, J. Alloys Compound<68, 89 1998).
and S. HARUYAMA, “Neutron Emission During a Long-

Term Electrolysis of Heavy WaterfFusion Techno).19, 2135  19. T. B. FLANAGAN and F. A. LEWIS, “Hydrogen Absorp-
(1991). tion by Palladium-Hydrogen Systenitans. Faraday So¢b5,

1400(1959).

8. H. NUMATA, R. TAKAGI, |I. OHNO, K. KAWAMURA, .
and S. HARUYAMA, “Neutron Emission and Surface Obser-20. T. B. FLANAGAN and F. A. LEWIS, “Electrode Poten-
vation During a Long-Term Evolution of Deuterium on Pd in tials of the Palladium-Hydrogen Systeriifans. Faraday Sog.

0.1MLiOD,” Proc. Conf. Science of Cold Fusiphol. 33, 95, 1409(1959).
ACCF2, Como, ltaly, June 29, 1991, p. 71, T. BRESSANI, "
E. DEL GIUDICE, and G. PREPARATA, Eds., SIF, Bologna, 21 R T. FALLON and G. W. CASTELLAN, “The Mecha-
ltaly (1991) nism of Occlusion of Hydrogen by Palladium Contact with Sul-
’ furic Acid Solution,”J. Phys. Chem64, 4 (1960).
9. T. OOI, H. NUMATA, and I. OHNO, “Electrochemical So-

lution of Hydrogen in Palladium and Dilation of Electrode,
Denki Kagakuy61, 324(1993).

» 22. T. MIZUNO, T. AKIMOTO, K. AZUMI, and M. ENYO,
“Diffusion Rate of Deuterium in Pd During Cathodic Charg-
ing,” Denki Kagaku 60, 405(1992).

10. H. NUMATA, T. OOl, and I. OHNO, “In-Situ Potentio Dil- 23. H.ZUCHNER and H. G. SCHONEICH, “Improvement of

atometric Measurement of Hydrogen Absorption in Pd Elec, : . e
) : : ectrochemical Methods for Studying the Diffusion and Sol-
trode by Electrochemical Cathodic Loading Methdéxtended ubility of Hydrogen in Metals,”J. Less-Common Metl01,

Abstracts Electrochemical Society, Spring Mtgonolulu, Ha- 363(1984)
waii, July 4, 1993, Vol. 93-1, p. 2419, Electrochemical Society '

(1993). 24. J. R. ROSAMILIA, J. A. ABYS, and B. MILLER, “Elec-
. . . trochemical Hydrogen Insertion into Palladium and Palladium-
11. R. KIRCHHEIM, “Interaction of Hydrogen with Disloca- \jickel Thin Eilms.” Electrochim. Acta36. 1203(1991
tions in Pd-1. Activity and Diffusivity and Their Phenomeno- ! nFims, M. ACIAS0, ( )
logical Interpretation,’Acta Metall, 29, 835(1981). 25. H. PEISL, “Lattice Strains Due to Hydrogen in Metals,”

Hydrogen in Metals\Vol. 1, p. 53, G. ALEFELD and J. VOLKL,
12. H. NUMATA, R. TAKAGI, I. OHNO, K. KAWAMURA, Eds., Springer, Berlit1978).

and S. HARUYAMA, “Neutron Emission During Deuterium

Evolution on Pd in Heavy WaterProc. Fall Mtg. Electro- 26, R. FEENSTRA, R. GRIESSEN, and D. G. DE GROOT,
chemical Society of Japap. 157, The Electrochemical Soci- “Hydrogen Induced Lattice Expansion and Effective H-H In-
ety of Japar(1989). teraction in Single Phase PdH J. Phys. F: Met. Phys 16,

1933(1986).
13. H. NUMATA, R. TAKAGI, I. OHNO, K. KAWAMURA,

and S. HARUYAMA, “Neutron Emission During Deuterium 27, K. KANDASAMY, F. A. LEWIS, and S. G. McKEE, “Hy-
Evolution on Pd in Heavy WaterProc. Mini Symp. Cold Fu-  drogen Chemical Potentials and Phase Transitions in Palla-
sion, Tokyo Metropolitan University, p. 129990). dium Black ElectrodepositsSurface Coating TechnoB5, 93

o (1988).
14. H. NUMATA and I. OHNO, “Hydrogen Behavior in Pd

During Repeated Electrochemical Hydrogen Absorption an@8. B. BARANOWSKI, S. MAJCHRZAK, and T. B. FLANA-
Desorption,”Proc. 3rd Symp. Basic Research Group in NewGAN, “The Volume Increase of fcc Metals and Alloys Due to
Hydrogen Energy ProjectTokyo, Japan, July 3, 1996, p. 55, Interstitial Hydrogen over a Wide Range of Hydrogen Con-
The Institute of Applied Energ{1996). tents,”J. Phys. F: Metal. Phys1, 258(1971).

15. H. NUMATA and I. OHNO, “Evaluation of Effect of Ma- 29. F.A. LEWIS, W. D. McFALL, and T. C. WITHERSPOON,
terial Characteristics on Absorption of Deuterium in PI995  “Hysteresis of Pressure-Composition and Electrical Resistance-
Report of Basic Research Group in New Hydrogen EnergyComposition Relationships of P# and Pd AlloyH Sys-
Project IAE-C9513 p. 3021996). tems,”Z. Physik. Chem. Neue Folgkl4, 239(1979).

222 FUSION TECHNOLOGY VOL. 38 SEP. 2000



Numata and Ohno Pd ELECTRODE MEASUREMENT DURING HYDROGEN ABSORPTION

30. M. NICOLAS, L. DUMOULIN, and J. P. BURGER, 32. J.E. SCHIRBER and B. MOROSIN, “Lattice Constants of
“Thickness Dependence of the Critical Solution Temperaturgg-PdH, andB-PdD, with x near 1.0,"Phys. Rev. B12,1, 117
of Hydrogen in Pd Films,J. Appl. Phys.60, 3125(1986). (1975).

31. E. WICKE and H. BRODOWSKY, “Hydrogen in Palla- 33. A. C. SWITENDICK, “Electronic Structure and Stability
dium and Palladium Alloys,Hydrogen in MetalsVol. 2, p. 73,  of Palladium HydrogeriDeuterium Systems, PdkD),, 1=
J. VOLKL and G. ALEFELD, Eds., Springer, Berlif1979). n = 3,” J. Less-Common Metl72-174 1363(1991).

Hiroo Numata (Dr Eng, materials engineering, Tokyo Institute of Technol-
ogy, 1979 is a research associate at Tokyo Institute of Technology. His current
research activities are involved with the kinetic study of molten carbonate fuel
cell electrode reactions, incineration of wastes in molten salt, and analysis of
metal hydrogen systems.

Izumi Ohno (Dr Eng, applied electrochemistry, Tokyo Institute of Technol-
ogy, 1971 is a former professor at Tokyo Institute of Technology. Her research
interest is electrochemistry of electro- and electroless deposition of metals and
alloys.

FUSION TECHNOLOGY VOL. 38 SEP. 2000 223





