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ABSTRACT

The research about the hydrogen in metals
has attracted the attention for reasons motivated
both from a basic as well as an applied point of
view. It is evident there is an overlap between
these approaches. Some possible application
are discussed in {18].

Actually there is a general®interest in the
dynamics of hydrogen (or deuterium) in
mectals, since these are linked with many
physical properiies of such systems, in
particular superconductivity, electronic
properties, and hydrogen diffusion, a great
abundance of experimental research exists in
this field. Our aim is to study the effects of
hydrogen (and deuterium) on superconducting
features of metals (as Pd, N1 and so on) and of
high critical temperature superconducting
compounds Y Ba2Cu307 (YBCO).

In this chapter we will deal with the
hydrogen loading of YBCO. The hydrogen
charging has been performed by means an
innovative electrochemical procedure, using

very high peak current (up to 15.2 A) with a
short ime duration (1.3+5 ps) with a repetiton
rate of 5 kHz. The procedure has been
performed at room temperature 1n an aqueous

environment.

I.BACKGROUND,

The varniations of the onset of the
supcrconducting transition temperatures (Ton)
of YBCQO loaded with hydrogen using high
pressur¢ gas have been studied by some
authors . [1-4], giving different relations
between the transition temperature and the
hydrogen content. It has been shown that
hydrogen can decrease {16] or increase {1, 2]
the critical temperature depending on its
stoichiometry and on the kind of bonds with
Cu. The hydrogen atoms preferably occupy
oxygen vacancies in sites on Cu(1)O planc and
Cu(2)O7 plane [2] or only Cu(2)O? planc [ 16].
However, a gecneral worsening of the
superconducting grain coupling is observed
[3]. The effects of deutertum have not becen
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deeply analyzed yet

In the past we studied the gas loading of
YBCO with hydrogen and deuternium. In a
paper (5] we described the enhancement of the
onset transition temperature of sintered YBCO
by means of a loading procedure using
deuterium gas with a pressure between 38 and
53 bar and a complex thermal cycle. After the
deutenium gas loading non-superconducting
phases were not detected by X-ray diffraction.
A deuterated YBCO pellet exhibited a
superconducting transition temperature up to
100 K (-173 9C) and the absence of a
significant weakening of the superconducting
grain coupling: another sample showed a Tgn
up to 102 K under 35 bar of deuterium gas
pressure; we obtained a maximum Tgp of 97.5
K loading with hydrogen. The D/YBCO ratio
was up to |, measured by drop pressure and by
weighting. After the deutenum loading non-
superconducung phases were not detected by
X-ray diffracuon.

Our experience is that these processes
often lead to the detenoration and, in the worst
cases, to the destruction of the sample;
moreover the gas loading usually decrcases the
intergranular coupling. Aﬁyway the
detenoration is strongly dependent on the pellet
quality.

Since the hydrogen diffusion strongly
depends on its penetration on the pellet surface,
which increases with the pressure, our purpose

15 to study the hydrogen loading at room
temperature at very high pressures (> 1000

aun). High pressure means, first of all, strong
intermolecolar interactions, due to the
increasing density of the particles. The high
density is often followed by a rearrangement of
the lattice, with a vanation of the lattice
parameter. It seems quite probably that a
metallic behaviour of the hydrogen involved
can be achieved due to the high pressure. It is
very hard to reach very high pressures by the
gas loading procedures and it requires different
thermal cycles [3] in order to activate the
charging process. For these reasons it is
necessary a more efficient and safe charging
expenmental set-up, which should avoid the
drawbacks of the gas loading.

In this chapter we will describe the only
procedure that we know for this purpose: the
electrolysis. The room temperature
electrochemical loading of cathodically
polarized metal with hydrogen is a procedure
widely used [6]. In addition to the simplicity of
the experimental set-up, the electrolysis allows
(0 obtain extremely high hydrogen and/or
deuterium equivalent pressure on the surtace of
the cathode. In fact, by a Nerst-type expression
(7, 8]:. the hydrogen equivalent pressure
increases exponentially with the effective
cathodic overpotential n9', which is the
potential difference between the cathode and the
platinized-platinum reference e¢lectrode,
measured after that the electrolysis has been
switched off (typically after 30 us) {7, 8], so
that 1t is only a fraction of the whole
overpotential. If we impose, for example, a



cathodic voltage of -100 mv, relative to a
hydrogen electrode ir the same solution, the
cquivalent pressure in the "dynamic” regime 1s
on the order of 2400 atm, but substituting 1n
the Nerst-type equation the effectuve value 1’
the effective equivalent pressure 1s much lower
(on the order of 9 atm) [&]. For instance, even
the gold has got a dynamic overpotential
different from zero, but as soon as the
electrolysis is switched off, i1t quickly reaches
zero (in fact it is well known that the gold can
not be loaded with hydrogen). For these
reasons, in order to be sure to rcach large
effective pressures, as high as possible
overpotentials are necessary.

As regards the dc electrolysis large values
of currents are not available, not only due 10 the
intrinsic current saturation limit, but maiply
because the evolution of the hydrogen bubbles
on the cathode forbids the clectrochemical
process. For these reasons in this chapler, n
order to reach larger overpoiential values and
much higher equivalent pressure, the ps pulsed
electrochemical technique has been explored.
This method has been set by our staft for the
charging of different metals, as palladium, to
very high D/Pd ratié (up to 1.2) at room
temperature [9). In the pulsed electrolysis the
hydrogen bubbles are not a serious problems
and the existence ol intrinsic current himits in
dynamical conditions is not yet clear. Using
high current (overpotential) peaks, higher
loadings should be available since the

electrochemical cell works always tar away

from the saturation conditions.

The YBCO pellet i1s the cathode ol an
aqueous solution containing the electrolyte,
LiOH 0.3 M, and is polarized by short (1.3+5
us) and high power peaks with a low duty-
cycle at room emperature.

In section II the samples preparation and
the expenmental apparata used (o charactenze
and to load the samples are described. The
peliets have been characterized by the X-ray
diffraction and, measured as a tunction of the
temperature, by the ac magneuc suscepubility.,
In secuon IlI the loading procedures and the
results are reported and discussed. In some
conditions the YBCO pellets exhibited an
enhancement of the transition temperature up to
95.4 K without a significant weakening of the
superconducting grain coupling. These effects
appear strongly dependent on the lcading

conditions.

2. SAMPLES PREPARATION AND

The YBCO pellets have been prepared
following a modified citrate pyrolysis
procedure and only two subsequent thermal
treatments (calcination and sinterizauon) in
ozone-enriched atmosphere [11). The typical
sample dimensions (within 5%) have a
diameter and a height respectively equal to 20
mm. and 5 mm. These samples do not show
spurious phases in the limit of the X-ray
ditfraction sensitivity. Moreover their chemical

stability 1n aqueous environments s enough tor



our purposes: the. superconducting {eatures are
not signiticantly attected by a 20 hours
immersion in distilled water.

In order to have the possibility of testing
the superconducting features of the loaded
samples, they have been characterized by
measurements of ac shielding properues.

The ac magnetic susceptibility has been
measured using a two-coils coaxial
susceptometer. The external coil generates the
ac magnetic field, the inner one 1s the pick-up
coil. The reported measurements have been
obtained after subtraction of instrumental
blank, stored in the data-acquisition computer.
The blank measurements have been performed
by substituting the superconducting sample
with a teflon disk of the same geometrical
dimensions. In spite of the higher sensitivity of
a bridge configuration, the simpler two-cotls
system avoids the frequency dependent
balance; moreover, the large volume of the
pellets do not require, 1n our measurements,
hig'h signal sensitivity. In order to detect Y’ and
x", we acquire the in-phasc and the out-of-
phase voliage signals at the pick-up coil by a
lock-in amplifier (EG&G 5208). The
susceptometer calibration, and in particular the
real part ' of the susceptibility, has been
previously obtained (at 4.2 K) by means of
lead samples with the same shape of the peliets.
In our measurements the amplitude ot the ac
magnetic fieid HQ is equal t0 0.2 or | G at the
frequency of 107 or 1070 Hz. The local carth
magnetic field was shielded at 0.2 G. The

temperature 1s measured by a silicon diode
(DT470SD12, Lake Shore Cryotronics), in
good thermal contact with the sar:ple, through
an high-resolution temperature controller
(DR91C, Lake Shore Cryotronics). Starting
from room temperature, the samples arc cooled
down 10 T=77 K with a decreasing raw ol 15
K/min under the ac applied magnetic ticld
(Field Cooling, FC). After at least one hour at
77 K the measurements have been performed
with a warming up rate of 0.3 K/min, up to
room temperature.

The measured quanuties are recorded by a
computer-controlled acquisition sysicm by HP-
IB bus. In f1g. la the experimental apparatus
used to perform the us pulsed electrolysis is
reported. The pulses, with negative polarnty,
ar¢ obtained by means of an home-made
capacitive-discharge pulse generator.

The power pulse generator (PPG) supplies
high peak power (up to 1.2 kW) with a high
repetition rate (up to 10 kHz) and high peak
current density on the YBCO surface (3
A/cm?2). Between the output of the PPG and
the input of the electrolytic ccll there is a fast-
power diode D! (4dOHFLB0SQS). In this way
we can avoid the self-discharging phenomena
of the electrolytical ccll duning the off-penod of
the pulser (typically 99%) and we obtain, at the
same time, a seif-polarization of the YBCO
sample. In fig. 1b we describe a simplified
scheme of the PPG.

We have chosen 3 main parameters (o
charactenze the sampies: the onset temperature
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Fig. 1.(a) Expenmental set-up for hydrogen loading by
means s pulsed electrolysis. (b) Simplified scheme of
the pulse power generator (PPG). The PPG is made by
a driver, controlied by an external tngger, which dnves
the 2 switches, S1 and S2, in counter-phase. The
switches allows the discharging of the capacitor
through the electrolytitical cell for a durauon,
supplying to the cell a pseudo-urapezoidal voltage
signal. The pulses are fast (rise ume < 200 ns, fall
time < 300 ns) with an high repetition rate (up to 10
KHz). The high frequency is aliowed by the 2 swiicbes,
which are active circuits, and by the fast recovery diode
D2 (1IN4937A), which allows a fast restoring of the
charge.

of the superconducting transition Tgp, the
temperature Tp corresponding o the maximum
of x" as a function of temperature and the
FWHM (Full Width Half Maximum) of the
peak of x"(T).

N

The Tgn 15 defined as the temperature
corresponding to the beginning of the deviation
of x: and " from the normal state behaviour
and its variation is related to the change of the
superconducting properties of YBCO gencerated
by the presence of hydrogen tnside the grains,

The temperature Tp, following the Bean
model and neglecting the demagnetization
factor, corresponds to the tull penctration
conditions of the magnetic field: Jc (Tp) =
Ho/r. where ris the radius of the pellet. In this
way, for a given transition temperature, an
increasing or a decreasing of Tp respectively
correspond to an increasing or a gecreasing ol
Je(T), at each temperature. In a granular system
Jo(T) 1s determined by the Josephson coupling
between grains, so that a decreasing of J¢(T) is
the direct evidence of the increasing of non-
superconducting phases in the grain boundarics
and vice versa.

The value of the FWHM 15 a measurcment
of the intergranular coupling cven it Tonp

changes: greater 1s the superconducting
coupling among the grains, lower is the
FWHM value [10].

The thermal equihibrium of both
measurement systems has been checked by
means of measurements of the onset of the
superconducting transition temperature of
unloaded YBCO samples: they showed a Top
of 91-92 K depending on the sample quality.

3. LOADING PROCEDURE _ _AND
RESULTS,
As previously descnibed the gas loading




usually brings to a detenoration of the sample,
moreover it is not safe to charge with hydrogen
or deutcrium gas under high pressure. Because
of these reasons and others already explained in
the introducuion, we have tried to load the
samples by an electrochemical method.

We preparea an aqueous solution of LiOH
(0.3 M). The YBCO pellet is the cathode,
around which we have wrapped a nickel-
passivated wire, which is in good electrical
contact with the sample and leads the current to
it. The cathode i1s faced to the anode, made by a
grounded nickel-passivated network.

In the pulsed electrolysis method the
absorption rate into the bulk of the sample is to
pe optimized as a funcuion of the width and
height of the pulses. For this purpose we
loaded several samples at room temperature,
changing some parameters, but keeping
constant the repetition rate of the pulses (5
kHz). |

The first pellet (a) was charged imposing
the pulse height equal to 12 V (5.5 A of peak
current) and the width equal to 5 us; the
loading lasted 20 hours.

In fig. 2 and 3 are respectively shown the real
and imaginary part 6f magnetic susceptibility
measured at 1 G and 107 Hz, before (1) and
after (a2) the charging. In fig. 2 we did not sce
any significant vanawon of the Tgp, but only a
larger transiuon width with a lower value of the
modulus of ' at 77 K of a2 in respect to al.
In fig. 3 we observed a FWHM enlargement

cqual to 1.4 K in respect to the same
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Fig. 2 - Real part of the magnetic¢ susceptibiiity (3 for
the a sample. al YBCO peilet before Hy loading; a2
YBCO sampie after Hy loading.
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(') for the a sample. al YBCO peliet betire H)
ioading; a2 YBCO sample after Hp fcadiny

measurement before the loading and a value of
X" at 77 K different from zero. From the
above results, we can infer that in this case the
hydrogen weakened the coupling without
modifying the superconducting properties of

the grain. In fact [12] the hydrogen loading



usuvally causes the precipitation of non-
superconducting hydrides, which decouple the
grains. Further on the precipitation should
probably prevent the diffusion of the hydrogen
into the grains, so that the variations of the
superconducting properties (2] of the matenial
are not allowed and the Tgp does not change.

A sccond pellet (B) was subjected to the
charging for 2 hours with an higher pulse
height (35 V, 15.2 A), but with a shorter width
(1.3 us). Inthis way we nearly halved the area
of the pulse. In fig. 4 and 5 the ac susceptibility
measurements at 1 G and 107 Hz before (B1)
and after (B2) the loading are compared.

In respect to the previous sample, we can
obscrve an enhancement of the Ton of about §

K (93.2 K) without a significant enlargement
of the FWHM.

In this case the loading did not substantially
decrease the intergranular coupling, while it
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Fig. 4 - Real pant of the magnetic susceptibility (') for

the B sample. B1 YBCO pellet before Hp loading; 32
YBCO sampie after H2 loading.
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Fig. 5 - Imaginary part of the magnetic susceptibility
(x') for the B sample. B1 YBCO pellet before Ha
loading; B2 YBCO sample aficr H7 loading.

enhanced the (ransition temperatures. A
possible explanation is that the higher pulse
height determines an higher equivalent
hydrogen pressure which allows the hydrogen
to penetrate 1nto he grains. Moreover in these
conditions the precipitation of the hydrides at
the grain boundaries scems not to give
significant effects. During this charging the
sample lost a little matenal, this fact could be
related to the decreasing of the value of the
modulus of x' at 77 K.

After these positive results we decided o
verify them with a further test, kecping
constant the elcctrical parameters used for the
electrolysis of the § sample. We loaded a new
pellet (y sample) for 120°. Subscquently the
sample was cooled down to 77 K and the ac
susceptibility was measured at 0.2 G and 1070
Hz during the warming up to 300 K.
Aflerwards the sample has been loaded for 30"



and the magnetic suscepubility has been
measured warming again the sample. After the
first charging, the temperature dependence of
the imaginary parts, plotted in the curves v2 of
fig. 6, shows a Ton enhancement from 91.7 K
to 92.5 K without a meaningful vaniauon of
FWHM with respect to the curve ¥l measured
before the loading. On the contrary, as shown
in the plot of " (curve ¥3 of fig. 6) obtained
after the second loading, the Ton decreased
about 0.4 K in respect to the curve yl, while
the FWHM 1is not changed.

Because of the non-monotonic vanation of the
Ton, generated by two subsequent loadings,
we decided to repeat this experiment in order to
verify such a behaviour on the same sample,
without changing any experimental condition.
Between the first and the second couple of
loadings 7 days elapsed with the sample kept at
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Fig. 6 - Imaginary part of the magnetic suscepubility
(x') for the y sample. Y1 YBCO pellet before H)
loading; y2 YBCO sample after the first H2 loading
(120%; v3 after the second H2 loading (30').
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Fig. 7 - Imaginary part of the magnetic susceptibility
(x") for the vy sampie. ¥Y3 YBCO pellet after the sccond
H? loading; ¥4 YBCO sample after the third H? loading
(1207; 15 after the forth H? loading (30").

room temperature in a closed environment. The

suscepubilily measurements are shown in fig.

7.

After the first loading (curve ¥4), Ton increased

from 91.5 K to 95 K (3.5 K), while we

observed an enlargement of FWHM. Later on
the second loading (yS) Ton diminished of
about 3.4 K, while FWHM shqwed values
closed to the ones of ¥3.

From the first two chargings (fig. 6) we
can deduce that:

a) since the FWHM does not increase, the
hydrogen loading does not decrease the
intergranular coupling between the grains,
so that the quanuty ot spurious phases at
the grain boundanes are not increased;

b) the hydrogen penetrates into the grains and
changes the cnitical temperature Tgp.

Moreover tn the first charging of the



second couple (fig. 7) there 1s a grealer
enhancement of the Tgp 1n respect to the first
chargings and a broadening of FWHM due to a
decreasing of the intergranular coupling. In this
way 1t 1s possible to deduce that the pellet has a
memory of the first couple of loadings, as the
second one has been performed in the same
experimental conditions, while different results
are obtained.

As the last charging (and/or the thermal
cycle) has restored the FWHM of the curve y5
to about the value of the curve y3 before the
loading, the enlargement observed on v4 is
reversible. For this reason, the effect can not be
generated by hydrides precipitation, since in
this case the enlargement of FWHM would
have been permanent. The worsening could be
due to an "overloading™ of the pellet surface.

4. CONCLUSIONS,

The pulsed elecirochemical method can be
used to load quickly YBCO samples with
hydrogen by means of an easy and safe
experimental apparatus, if compared with our
previous expenence about the gas loading. In a
reproducible way, with this procedure, we are
able to increase the transition temperature of
sintered pellets without weakening the
superconducting coupling between grains. It
clearly appears that these effects are dependent
on the hydrogen equivalent pressure.

Anyway the effects of the hydrogen
loading by pulsed electrolysis seems to be
rather complex. In order to explain the non-

monotonic behaviour of the transition

temperature with the number of loadings, three

possibilities exist: |

I - the hydrogen may go out from the material
duning the thermal cycles, so that we are
not sure that subsequent loadings increase
the hydrogen content;

2 - a maximum of the transition temperature vs.
the hydrogen content may exist;

3 - the loadings and/or the thermal cycles up to
room temperature may arrange the
hydrogen in different sites into the crystal
structure, with different elfects on the
{ransition temperature.

In order to distinguish among the different
possibilities, it should be necessary not only a
measurement of the mean hydrogen content in
the whole pellet, but its effective location.

We must consider two main aspects of the
hydrogenation of the YBCO sintered pellet: the
hydrogen quantity going into the grain and the
hydrogen effects on the intergranular
properties. It is very difficult for us to estimate
the hydrogen quantity into the grain because of
the following reasons.

The measurements of the H content are
averaged on the whole bulk of the sample, in
this way 1t is not considered the possible
consequence due to different microscopic
situations as the concentration gradient in the
pellet: the H may be present in different sites in
the cr);stal structure of YBCO giving different
results. As a consequence 1n literature {1, 2, 4,
13] the authors give ditferent relations between
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the transition temperature and the hydrogen
content (H/'YBCO between 0.1 and 5, with a
great difference in the superconducting
properties of the H-YBCO composite). For
example the weight difference (betore and after
the charging) measurement is not Teliable
because dunng the electrolysis some material
fall down in the solution, and it is difficult to
quantify the amount of water adsorbed in the
sintered pellet. Besides, as some authors
suggested, [13] the addition of hyvdrogen
influences the superconducting properties
similarly to oxygen removal: in our
electrochemical case the hydrogen could reduce
the oxygen 1n the YBCO. This tangled situation
could explain the contradictions among results
reported by different authors {1, 2, 4, 13-15]

as far as the dependences of both T¢ and of

lattice parameters on hydrogen content is
concerned. Up to now detailed measurements
of the hydrogen content in our loaded pellets
are not available. A systematic X-ray
diffracuon analysis and the evaluation of the
mean hydrogen content by an electrochemical
method and by the outgoing gases are in
progress.
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