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                                 Abstract

   Relationships between kinetics of hydrogen absorption by electrolysis and hydrogen

concentration profiIes of Ti and Zr were investigated by a nuclear chemical and other

conventional technicqus. Hydrogen atoms interact very intensively with each others in

the metai. Hydrogen concentration profiles were dependent on the condition of cath-

odic electrolySis and pre-treatment metal. A high level of hydrogen concentration in

the surface iayer was realized by electrolysis at high cathodic current density for a

prolonged time. The rate of hydrogen absorption was influenced strongly by the forma-

tion of a layer having high hydrogen concentration.

                              1. Imtrodiuction

   Effects of surface hydride layer on the hydrogen absorption are of interested in

connection with the hydrogen evolution kinetics. However, a limited number of investi-

gations have been carried out on the hydrogen behaviour during cathodic electrolysis.

Hydrogen absorption phenomena have a great importance in practice, and it recently

has gained renewed interests in relation with alleged Cold Fusion phenomena. The

phenomena are still in dispute because of the difflculties in reproducibility and lack of

information on the mechanism. Few technique can be considered to induce the Cold

Fusion reaction; one of then is the main to the reaction induce by electrolysis and

other is the gas fill up technique.

   Hydrogen evolution may take place according to the following mechanism;

         Hads+Hacls-H2 (2)   The mechanism has been discussed by Bocl<ris"), Parsons(2), Thomas(3) and

Conway(`). A part of adsorbed hydrogen atoms H.d, are absorbed and diffuse into

metals, often forming hydride phases.

   The following factors may control the reaction of hydrogen absorption,

    (1) Mehanism of the hydrogen electrode reaction

    (2) Effect of impurities in the solution upon rate controlling natnre of elementary

        steps
    (3) Surface concentration/activity of hydrogen adatoms

    (4) Energetics of the Hads-->Habs reaction
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    (5) hydridelayer

                               2. Experimentai

2. 1 Evaluation of tota] arnount of hydrogen in metal

    The total amount of hydrogen absorbed in a metal or a metal hydride samPle can

be estimated by conventional methods such as direct weighing(5'6), QCM (quartz crystal

microbalance)(7,8), observation of expansion of the metal specimen(9>, or of hydrogen gas

which is released upon heating invacuum, etc. Hydrogen can be expelled from exother-

mic hydrogen absorbing metals, typically Pd, by heating. In the case of Ti, hydride

may be decomposed by heating to 1,OOO K, and the amount of hydrogeR measured pre-

cisely by means of a volumetric technique(iO-'3). The etching solution was chosen so

that it should provide reiatively mild dissolution rate of the hydride layer and no addi-

tional production of hydrogen should tal<e place during the etching treatment. A mixed

solution of I.2wt.% HF+2.0wt% HN03 was found suitable for Ti hydride or 1.0
wt. % HF-Y2.0 wt. % H202 for Zr hydride{i`).

2. 2 Hydrogen concentration profile

    The hydrogen concentration profile in the bulk metal near its surface is an interest-

ing quantity at the time when the hydrogen distribution in metal has not yet attained

homogeneous distribution because of diffusional limitations. This would provide infor-

mation on the mobility of hydrogen in the metai. In the case of Zr and Ti, the concen-

tration profile could be measured by a differential etching technique: The sample metal

is gradually dissolved in an etching solution and the hydrogen gas released is collected

and its volume measured. The thickness resolution of the hydrogen concentration

profile in this technique is of the order of 10-5cm('5).

2. 3 Analysis of deuteri"m in metal by the d-n reaction using a deuteron accelera-

     tor

    It is very important to trace in detail the process of hydrogen absorption into the

surface layer of a metal in order to understand detailed mechanism of hydrogen perme-

ation. Conventional techniques such as the one described above are only approximate

in elucidating the concentration profile or to evaluate the rate of hydrogen absorption in

a thin layer of hydrogen absorbing metals.

    A d-n (d: deuteroR, n: neutron) nuclear chemical method of analysis of deuterium

absorbed in metal by deuteron bombardment using an accelerator was developed. Neu-

trons evolved by a nuclear fusion reaction that took piace were measured and the

deuterium concentration in the sample surface layer was estimated therefrom. The

sample surface is dissolved stepwise by etching and then subjected to the d-n reaction

analysis, but with use of the deuteron beam energy which is lowered by one to two

orders of magnitude (lr'-10keV) so that the penetration depth of deuteron into the

sample was decreased to the order of 10-`A-10-6cm. In this way, the thickness resolu-

tion was brought to as low as 10-7cm. Analysis of the relationship between the rate of

neutron evolution and the incident deuteron beam energy may thus provide a fine

deuterium concentration profile in the sample metal. Further, this method has an
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important application to the study of isotope effects between H and D, as will be

presented later.

                          3. Experimentalresults

3. 1 Kinetics of hydrogen absorption

   The behavior of hydrogen absorption in Ti and Zr by electrolysis is probably simi-

lar as that with Pd. On these electrodes, formation of a layer at the electrode surface

with very high hydrogen concentration, which retards the rate of hydrogen absorption,

is suggested especially at high c. d. of e}ectrolysis or after long time charging.

   Cathodic c. d. influences on the nature and rate of the hydrogen absorption in Ti

and Zr. Figure 1 shows log-log plot of the time dependence of the amount'of hydrogen

accumulated in Zr at various cathodic c.d. in 1N Na2S04 at 303K. It shows that,

although the rate of absorption increases with c.d., the inclination of the hydrogen

absorption curves decreases with increase of amount of the hydrogen aptake of the

electrode; rate of the hydrogen absorption obeys a linear rate law at amounf of hydro-

gen uptake of the electrode lower than 5mA cmum2 (namely, the slope is unity) but it

changes to a parabolic law at the higher c. d.(slope is 1/2).

   Analogous results are obtained for Ti in 1N H2S04. The kinetics of hydrogen

absorption obeys a linear rate law at the beginning of cathodic polarization at various

c.d.'s, but it changes to a parabolic law after the sample absorbed roughly O.3cm3

volume hydrogen per unit area (H/Zr==1.0).

   Rise in temperature accelerates the hydrogen absorption rate(i6). The rate laws are

different at different current densities . Nevertheless the activation energy values for

hydrogen absorption are practically the same with each other, beingr-J17 kJ mol-i. The

corresponding value for Zr was N17 kJ mol-i. It seems that the value is not dependent

on the condition of cathodic polarization; the time dependence of hydrogen absorption
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           Fig. 2 Effect of pH and existence of alkali metal ion on the hydrogen

                 absorption into Zr

3. 2 gydrogen Comcentration Prefile im Ti and Zr ffydride

   The hydrogen concentration profiIe obtained in Ti by a

indicated a sigmoid shape as shown in Fig.3a, with the detail

cathodic c. d. It gives a clear plateau region after a long time

e.g. 6×10` s at c.d. of 10mA cm"2 in 1N H2S04. The H/Ti
increases with the 6. d. The sigmoid shape

that hydrogen in Ti is not of simpie sorption controlled by diffusion,

hydride layer near the surface with the hydrogen content of H/Tit-･

ses towards bulk of the Ti specimen, with increasing rate at

ture.

   Formation of similar hydride layer is also indicated in Zr

concentration profiles generally have a sigmoid shape, having a

thicker and clearer with increase of c. d. and of duration of time.

at each points numbered in these figures indicated that structures
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is mainly controlled by the rate of diffusion in the metal.

   The activation energy of the phase transformation is 40 kJemol" and the hydrogen

content'is strongly dependent on the cathodic c. d.. If the hydrogen absorption process

is controlled by the diffusion, the value is expected to 40--50 kJ. molent'. Experimental

results indicate that the hydrogen absorption process is controlled by other reaction

such as the phase transformation and the surface reaction.

   The pH change gives rise to a significant difference in the hydrogen absorption into

Ti. Thus, the absorption takes place readily at low pH values, but not significantly at

high pH. On the other hand, hydrogen absorption into Zr takes place in the whole

range of pH. Figure. 2 shows effects of pH and of presence of alkali metal ions upon

the hydrogen absorption rate into Zr. The rates show a maximum around neutral pH

region, and alkali metal ion appears to accelerate the rate of hydrogen absorption.

Decrease of hydrogen absorption rate at low pH may mean improved rate of hydrogen

recombination reactiori on Zr, which provides easier path of hydrogen escape. Similar

increase of the absorption rate is also seen in the presence of Na' and K'. It may be

possible that they suppress the rate of recombination reaction between, and thus raising

the activity of, hydrogen adatoms.
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Table

No.

1

2

3

4

5･

6

7

1

2

3

4

5

6

7

8

1 Composition, structure and lattice

  various positions numbered in Fig.3

           Ti
Cormp. (x)

 TiHx
2.0

1.71

1.54

1.45

1.33

O.72

O.30

ZrHx

3,45
3', 27

2.98

2.52

2.42

2.16

1.47

o

Zr

Structure

fCt(E)

fcc(6)

  u
fcc+hcp(ev)

    m

    m

    "

parameters

fCt(E)

  "
E+fcc(6)+hcp(a)

     "

     "

     "
e+ cr

a

of Ti

Lattice parameter

a=4.44

ao=4.42

   4.41

   4.41

     "

    "
     v

a=4.960,

  4.98,

  4.96,

  4.95,

  4.92,

  4.90,

and

c=:4

4

4

4

4

4

Zr hydride at

.47

.48

.48,

,48,

.53,

.70,

ao=4

   4

   4

   4

   4

.80

.80

.78

.78

78

change of the hydride composition, as given in Table 1. It was seen on Ti that both ev-

and 6-Ti-H are formed from the beginning of the hydride formation. The composition

of the 6-phase is almost constant, being TiHi,s-i.s4, but it increases further after dis-

appearance of ev-phase. The hydrogen concentration profiles in the 6-Ti-H hydride
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phase are also shown in Fig.3 which agree with the data by volumetric method only at

   The composition at a very thin surface layer can be obtained by the d, n method;

typical results are shown in Fig.4 It is seen that the absorption of hydrogen (deuter-

ium) increases almost linearly with time at the beginning. This, together with the

behavior quoted above, may indicate that at the beginning of hydride phase having a

constant concentration grows with time until the cr-phase is completed. The final

hydrogen concentration in the surface layer finally reaches D/M y2.0 for Ti but it is

still increasing at Zr.
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           Fig･ 4 Composition at the surface layer obtained by the d, n method,

3. 3 Microscopic observation of growth of hydride Iayer

   SEM observations of surface hydride layer formed by cathodization of Ti are

shown in Fig.5 The hydride layer consists of two portions, uniform hydride layer and

a layer of needie/wedge-like structute which is intruding into bulk of the metal. Such

a structure is formed from the beginning with a thin needle-like shape but they gradu-

ally grow both in length and width which may reach 2--3vm. The cross section view

of the wedge-like portion is shown in Fig.6 which indicates hydrided portion (black)

and cr-Ti phase (white).

   The progress of hydride formation in metals may be summarized as follows: (1)

at the beginning, thin needle-like hydride structure is formed, which is cr-phase for Ti

ancl cS and E-phase for Zr, (2) the needles grow thicker and tend to merge with each

other; the phase gradually becomes one phase of 6 for Ti and E for Zr, (3) the surface

layer becomes plate-like uniform structure, and (4) hydrogen concentration in the

plate-like hydride gradually grows and finally reaches stoichiometric composition: these

are schematically shown in Fig. 7.

3. 4 F"rtker details of hydrogen absorbed layer as studied by the d-n lfeaction

     method
   A more detailed behavior or hydrogen absorption can be obtained by the combining

etching/volumetric method described before with the d-n analysis. Specimen is first

polarized in Iight water solution followed by polarization in heavy water soiution, or
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reverse order, and both hydrogen content and deuterium concentration are evaluated at

various depth from the surface. Typical results are shown in Fig.8 for Zr which is

polarized in O.5 M Na2S04 at 30℃ as follows: (a) H is introduced first to form hydride

of needle-like structure and then D is introduced, (b) similar but the reverse order, H

into deuteride, (c) Similar as (a) but for the case of plate-like structure, and (d) sim-

ilar but the reverse order, namly H ioto deuteride.

           e   The following picture may be drawn: (1) mobility of both H and D is larger in

needle-like than in plate-like structure, (2) H is more easily moved by D than for D by

H, (3) heat of activation of the diffusion process is r-L-49 kJ mol"i both for H and D,

and (4) kinetic isotope effect is-14.40').
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             Fig. 8 Movement of hydrogen and deuterium in needle and plate
                   like hydride layer.

                                4. Discussion

   Various attempts have been reported in the literature to account for the relation

between hydrogen absorption into cathode metal and the condition of the cathodizatioR.

Thus, Bockris, McBreen and Nanis (BMN)(iB) proposed the following Volmer-Tafel

scheme,

         H30'+er+Mk!"MHadsk'3 M+(1/2)H2 (3)
                        k, n k-,

                        MHads (4)
One may assume that the hydrogen absorption rate f at the begining of hydrogen entry

or with low hydrogen concentration in the metal is proportionai to hydrogen concentra-

tion C immediately beneath the surface and further that the latter is proportional to

the activity cz,d, of H.b,, namely,

         f:k4C == ks CZabs (5)
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The electrolysis current i written for Tafel step may be given by

         i-- k2(cZabs)2 (6)
It then follows

        f=k,k,ii,2 (BMN) (7)
   On the other hand, Bagotskaya and Frumkin (BF)(i9} adopted the scheme which

assumes direct entry of hydrogen, namely,

         H30'+erm+M-MHabs-M+(1/2)H2 (8)

   One may then take,

         aab, =:: k6 exp(- Fb7/RT) (lo)
   Also, looking at Volmer step,

         irm- k, exp(- aFij/RT) (11)
hence, one obtains from Eqs.(5) and (11), with ev=:1/2,

        1==k,k,i2 (BF) (l2)   According to the observation in this work on Ti and Zr, however, it was seen that

the f vs. i relation, or the order of reaction, was ciose to unity at low hydrogen con-

tent, thus in agreement with neither of these predictions, 1/2 or 2.

   On the other hand, it appears reasonable to have the reaction order around unity as

                Y
                 ･fi
                 ff                op.
                 g
                cr).                 g o.ol
                 ts
                 x
                 k
                 8
                 ･,H-,
                 ft O.OOI
                 8
                 e
                 8
                 ge
                 8. o.oooi

                 m                      O.1 1 10 100 1000                                               -2                                 Current density/mA.cm

              Fig. 9 Relationship between hydrogen absorption rate and cur-

                    rent density of Zr.
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based on a general analysis with a mixedcontrolled model{20). On Pd and Fe electrode,

the effective hydrogen pressure was deduced to depend on op with the slope of approxi-

mately 120-150 mV/decade, being not significantly dependent on kinetic parameter val-

ues. As the Tafel slope on these metals in the range of op concerned is generally --120

mV, the dependence of the effective pressure upon polarization current i should come

out to be about unity order. Detailed analysis will be reported separately(2i).

    The order generally tends to decrease to O.5 or lower at higher hydrogen concen-

tration. This is probably due to gradual approach to saturation of hydrogen at least in

the region close to the surface which would retard further hydrogen absorption.

                               5. Conclusions

   Direct observation to the hydride formation process for Ti and Zr show following

results:

    (1) Mechanism of hydrogen evolution shows the intermediate relationship of BBN

        and BF before the surface was covered with the hydride.

    (2) The BBN mechanism is held after the surface was covered with the hydride

        layer.

    (3) Rate of hydrogen absorption show linear relationship at the beginning of cath-

        odic electrolysis, and show protective film iaw as increase of hydride layer.

    (4) Hydride phase change from 6 to s with increase of hydride layer.

    (5) Hydrogen content exceed the stoichiometric value of 2 with long and strong

        cathodic polarization for Zr while it stays under the value of 2.e for Ti.
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