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Review article

In situ investigation of chemical processes by X-ray

diffraction technique.

Studies of metal hydrides formed during
electrochemical evolution of hydrogen

Remigijus Judkénas*

Studies of nickel hydride formation during electrochemical hydrogen evo-

lution on the nickel cathode are reviewed. Particular attention has been
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given to the use of X-ray diffraction (XRD) method in situ as well as ex
situ. The formation of the nickel hydride in acid and alkaline media with
promoters such as thiourea, As,O

,0.,, Sb and GeO, is considered.
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INTRODUCTION

X-ray diffraction (XRD) has been used in chemical
science and industry for nearly as long as a hun-
dred years. As the beginning of this wide use can
be considered the year 1916 when the so-called pow-
der method was found by Debye and Scherrer. Up
to this date, studies of X-ray diffraction were per-
formed only with monocrystals. The discovery of the
powder method, also called the polycrystal method,
expanded the use of XRD both in science and in-
dustry. XRD methods were constantly improved and
this opened new possibilities of their application.
One of them is the use of XRD technique in in
situ studies of chemical and electrochemical proces-
ses. As an example of a successful use of this met-
hod, studies of metal hydrides can be presented.
They reflect the wide possibilities of XRD techni-
que, such as determination of phase composition,
evaluation of internal structure of crystallites (their
size and microdeformations), measurement of stres-
ses. All the above characteristics can be evaluated
by XRD technique in the course of hydrides forma-
tion, this circumstance being of vital importance due
to the fact that hydrides of many metals (e.g., Ni)
are unstable and rapidly decompose with a decrea-
se in hydrogen pressure.
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Investigation of formation of metal hydrides and
possibilities of their use in the recent decades have
become important both for electrochemistry and stu-
dies of materials. Metal hydrides are associated, di-
rectly or indirectly, with electrodes used in new cur-
rent sources, fuel cells and electrolysers. Knowleage
of the regularities of hydrogen absorption and hyd-
rides formation is essential for corrosion control
when seeking to protect metals from the phenome-
non of hydrogen brittleness. Penetration of hydro-
gen into metals hinders its use of it as a fuel in
aircraft and spaceship technologies. Most of the re-
cent works dealing with hydrides are devoted to hyd-
rides formation in nickel-based metal alloys. Howe-
ver, there remain actual and not yet solved pro-
blems associated with peculiarities of nickel hydride
formation in nickel electrodes charged with hydro-
gen in both acid and alkaline solutions. It is not
clear why the amount of nickel hydride formed in
alkaline solutions is lower than that formed in acid
solutions under the same charging current density
and what is the mechanism of promoter accelera-
ting action during hydride formation.

1. The very first studies of nickel hydride by XRD
technique

It has long since been known that nickel hydride is
formed during cathodic hydrogen evolution on nic-
kel electrode [1-3] or when nickel is saturated with
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hydrogen in the hydrogen gas atmosphere of high
pressure [4]. As early as the beginning of 1960 the
regularities of nickel hydride formation were star-
ted to be studied by using both the electrochemical
methods [2, 3] and XRD technique [5-8]. Two of
the nickel hydride phases have been determined to
form: a-NiH, and B-NiH_with x < 0.03 for the first
phase and x = 0.7 for the second phase. It has been
proved [3] that the a-NiH_phase always forms first,
whereas the formation of B-NiH, requires more ti-
me, a sufficiently high density of the charging cur-
rent i, and a temperature not higher than 80 °C.
Besides, this phase is formed at a greater speed
and is more abundant in the presence of promoters
such as thiourea, As,O, and H,SeO, [2]. From me-
asurements of the volume of hydrogen absorbed in
nickel it has been calculated that the H/Ni ratio in
cathodically charged Ni electrodes varies from 0.1
to 0.9, depending on the cathode potential E_ and
the temperature of the solution [3].

Both phases of Ni hydride are unstable and, af-
ter interruption of the charging current, they beco-
me decomposed within several hours (those formed
without promoters within 3-5 min) [7]. It has been
established by XRD technique that the crystal lat-
tice of the B-NiH, phase is cubic, face-centered, si-
milar to that of nickel, with the difference that its
constant a is about 6% higher [7]. Later on the
exact values of the lattice parameter a for the [-
NiH,, and B-NiD,, phases have been determined:
0.37251 + 0.00008 and 0.37191 £ 0.0008 nm, res-
pectively [8]. The use of the neutron diffraction met-
hod made it possible to establish that in the course
of formation of the NiH B phase the hydrogen atoms
occupy octahedral, but not tetrahedral cavities in
the face-centered cubic crystal lattice of nickel [9].
By the XRD method the kinetics of nickel hydride
decomposition has been studied. [6, 10-13]. There
is no general agreement among authors regarding
the kinetics of B-NiH_ ., phase decomposition: some
of them state that it is a first-order kinetics [6, 10]
whereas the others negate this [13]. For the defor-
med nickel foils the decomposition rate constant of
the hydride phase has been found to be higher [12].
Diffusion of hydrogen is considered to occur through
both the boundaries of crystallites and twins, dislo-
cations and the crystal lattice [13].

Monev and others [14] who studied a change in
internal stresses of nickel coatings during cathodic
charging and after its interruption noticed a change
in a hydride lattice parameter. They determined by
the XRD ex situ method that 4-16 minutes after
interruption of charging a = 0.3756-0.3747 nm, and
after 56-76 minutes the value decreased up to
0.3734-0.3711 nm. Such change in the parameter of
the hydride phase lattice was attributed by the aut-
hors to the formation of solid solution of hydrogen
in hydride phase during the process of charging.

2. Early XRD in situ investigations of nickel hydride

Though it is obvious that for investigation of such
unstable phases as nickel hydride the in situ met-
hods could be very useful, publications dealing with
nickel hydride studies by XRD in situ are rare. Po-
lukarov with co-workers [15] investigated a change
in the parameters of the fine internal structure of
Ni crystallites versus the number of charging-dischar-
ging cycles in H,SO, solution with thiourea. As so-
on as after one cycle the size of X-ray coherent
scattering blocks D was found to decrease by 1.5-
2 orders. Little attention was paid in this work to
regularities of nickel hydride formation or decom-
position. The B-NiH_phase was determined to form
at i, 25 mA cm?, but to hold the formed amount
of hydride phase in the cathode, i, = 2 mA cm? is
sufficient. At the beginning of the charging process
an increase in the parameter of nickel crystal lattice
was found to be as low as 3%, a higher increase
(by 6%) in the a value having been obtained only
at the end of the process, i.e. when almost all the
nickel foil was turned into nickel hydride.

3. The problem of bulk nickel hydride formation in
alkaline media

All the above studies were performed during the
cathodical charging of nickel in acid medium or du-
ring its saturation in hydrogen gas. From the prac-
tical point of view, it is much more important to
study the regularities of nickel hydride phase for-
mation in alkaline media, as it is alkaline solutions
that are used in the electrolysers designed for hyd-
rogen production and also in the current sources.
XRD investigations of nickel hydride formation in
alkaline solution are described only in [16]. By wat-
ching the nickel cathode potential in the promoter-
free alkaline solution at a hydrogen current density
300 mA cm?, the E  was found to become more
negative by [(b00 mV within an hour. Under such
conditions the nickel cathode was charged with hyd-
rogen for 2 h and then, following 20 min after swit-
ching the polarisation off, its diffractogram was re-
corded with two weak but clear peaks of B-NiH .
After adding 1 g dm™ As O, into the solution, the
Ni cathode potential at a current density 300 mA
cm~ immediately (within several minutes) became
more negative by B350 mV and, as is seen from the
intensity of XRD peaks, a much larger amount of
hydride phase was formed. Based on these data,
the authors state that it is the nickel hydride that
accounts for an increase in the hydrogen evolution
overvoltage n,,.

In the literature there are no data nickel hydri-
de formation in alkaline medium by using the XRD
in situ technique. Baranowski in his early works [3]
doubted the possibility of nickel hydride [3-phase for-
mation during the charging of nickel in alkaline so-
lutions, and later on [17] he expressed a belief that
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in alkaline solutions the bulk B-NiH is not formed.
According to him, in alkaline solutions only the sur-
face nickel hydride or semi-surface one can be for-
med, whereas the bulk nickel hydride, which in acid
medium can be obtained in desirable amounts [18]
and which can be fixed by XRD technique is not
formed. We also failed to find works dealing with
the question why at the same charging current den-
sity the formation of nickel hydride in acid medium
is much easier and more abundant than in alkaline
medium. It is not improbable that this is related to
a different mechanism of hydrogen evolution reac-
tion (HER) in acid and alkaline solutions.

When summarising the literature on nickel hyd-
ride, one can see a lack of XRD in situ studies
dealing with regularities of nickel hydride forma-
tion, especially in solutions without promoters and
in alkaline solutions where formation of hydride pha-
se is less abundant. Not much data are also avai-
lable about the influence of promoters on hydride
formation. To fill this gap, in our laboratory we per-
formed studies of nickel hydride formed during hyd-
rogen evolution on a nickel cathode by using the
XRD in situ and ex situ techniques [19-22]. By using
a cell designed at the laboratory for XRD in situ
studies of electrochemical processes, the formation
of CuH during chemical deposition of copper was
also studied [23].

4. Electrolytic cells for XRD in situ studies

More than 40 years ago, first attempts were made
to use the XRD in situ method for investigation of
phase changes occurring in the electrodes (inclu-
ding their surface layer) of alkaline cadmium-nickel
accumulators during the process of their charging-
discharging [24, 25]. Besides, attempts were made
to study changes occurring in the internal structure
of metal coatings during the process of their elec-
trocrystallisation [26-28]. In 1990-91, at the Institu-
te of Chemistry some electrolytic cells for XRD in
situ studies were designed and tested [19].

The cells described in the literature can be divi-
ded into 3 groups:

= Cells in which part of the electrode being stu-
died by the XRD method emerges periodically from
the electrolyte solution [26-28];

e Cells in which during XRD studies the elec-
trode is pressed to the window made in one of the
cell walls by using an X-ray transparent material
[29-31];

= Cells in which the electrode being investigated
by XRD method serves at the same time as one of
the cell walls [15].

Each of these cells has its advantages and shor-
tages. In cells of the first type the electrode under
study is not exactly in the same conditions of elec-
trolysis as during a traditional electrochemical expe-
riment, because part of the electrode periodically

emerges from the solution and has a contact with
air. In the second type cells, in order to reduce X-
ray absorption and dispersion in the solution, the
electrode studied is pressed as close as possible to
the wall surface and so the conditions of electroly-
sis are again disturbed, as diffusion limitations are
in this case unavoidable. As regards the exactness
of an electrochemical experiment, most acceptable
seems to be the third type cell, but in this case
arise some problems, sometimes insurmountable, as-
sociated with production of the electrode studied.
The electrode needs to be transparent to X-ray, i.e.
rather thin, so that the X-rays after diffraction in
crystallites present on the electrode surface, which
is in contact with the solution, remained sufficiently
intensive. As such an electrode can serve a nickel
foil maximum 8-12 um thick. However, making such
a foil is impossible when the metal or alloy coating
is characterized by great internal stresses.

6. Tests of the cell for XRD in situ studies

As the third type cell is the simplest one from the
technical point of view, it was the first one that was
produced ant tested at our laboratory. Its scheme is
shown in the drawing (Fig. 1). To clear up the pos-
sibilities of its use, formation of electrolytic copper
coating in sulphate electrolyte was studied (in these
coatings Cu,0 was found by some investigators by
means of electronography). A discussion was star-
ted on the question at what stage the oxide beco-
mes formed: during electrocrystalisation process or
after removing the coating from the solution. In the
XRD in situ studies, as a cathode was used (60 nm
thick Cu film evaporated in vacuum on an 8 um
thick PETF film. The recorded XRD patterns sho-
wed an increase in Cu coating thickness during elec-
trolysis, but Cu,O peaks were not fixed. This is not
a proof that during the process Cu(l) oxide is not
formed at all, but only a proof that it is not formed
in significant amounts detectable by XRD.

(8) Pt anode (7) Luggin capillary

3) Rubber washer
e (
Threaded o
holes / (2) Window
° ° (4) Nickel foil
(1) Cell frame ——(5) Ni-coated Cu foil
...?._. o o]
—~— (6) PETF film
[}
hed o Q
Plexiglas plate —1—
o o

Fig. 1. Schematic representation of the electrolytic cell
for in situ XRD investigations
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Another study performed during the cell tests
was devoted to evaluation of interdiffusion between
electrolytic coating and cathode metal atoms in the
process of electrocrystallisation. The used PETF film
was prepared similarly as in the first case, the only
difference being that on the Cu film, evaporated in
vacuum, a 5 um thick Cu coating was electroplated
additionally. On this Cu electrode, electrodeposition
of Zn from zincate electrolyte in the cell for XRD
in situ studies was performed with a simultaneous
recording of the diffractogram. At a cathodic pola-
risation of 100 mV, as soon as 20 min after the
beginning of electrodeposition, the &-CuZn, inter-
metallic phase was detected. This was a proof of a
rather quick metal interdiffusion due to which the
intermetallic phase is formed not only on a thin
surface coating/cathod layer (this has been already
determined by the method of cyclic voltammetry),
but also in a larger volume of a micron order. La-
ter the regularities of Cu and Zn interdiffusion we-
re studied in more detail by using the XRD ex situ
technique [32].

The third experiment performed with this cell
dealt with NiH formation during cathodic evolu-
tion of hydrogen on a nickel electrode in 1N
H,SO, solution with 0.2 g dm=® thiourea and wit-
hout it. The electrode for the study was produ-
ced in another way than in the first two cases,
the reason for this being high internal stresses of
nickel electrolytic coatings (they used to peel off
from the PETF film soon) deposited even from
sulphamate solution. For producing a 8-10 pm
thick nickel foil, a Ni coating of this thickness
was deposited on a 50 um thick copper foil (Fig.
1 (5)) and then, by using 50 g dm? H,SO, and
500 g dm= CrO, aqueous solution, there was et-
ched in copper a 15 x 15 mm “window” for X-
rays (Fig. 1 (4)). Such a nickel coating foil with
a frame of copper was attached to the cell wall
in which a window of a corresponding size was
cut out (Fig. 1 (2)). On the external side of the
nickel foil the PETF film was put on to prevent
the electrolyte outflow from the cell in case of
cracks occurrence in the foil. The nickel foil and
the PETF were pressed up to the cell body by
using a frame made of a 4 mm thick plexiglass
plate and four bolts. Such nickel electrode was
used for studies of NiH formation kinetics during
cathodic charging as well as hydride decomposi-
tion kinetics after switching off the polarisation.
It was found for the first time that during the pro-
cess of charging not only the intensity of hydride
phase XRD peaks but also the position of their
maximum, i.e. an X-ray diffraction angle 26 __ that
corresponds to the maximum of intensity are chan-
ged. Once this angle is determined, the crystal lat-
tice parameter a can be calculated. It has been
found that during the charging process the a va-

lue increases from 0.3725 nm to 0.3741 nm (for
nickel a = 0.3524) and after interruption of pola-
risation the a value decreases to 0.3727 nm wit-
hin [6 min. A change in the hydride NiH_  stoi-
chiometric coefficient x has been assumed.
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Fig. 2. Time variations of the intensity of diffraction lines
B-NiH_(200) and Ni(200) and of charging current density
i, during charging in solution containing 0.2 g dm= of
thiourea at E. = —450 mV

6. Variation of stoichiometric coefficient x of the
phase B-NiH,

6.1. Variation of 20 angle of XRD peaks correspon-
ding to the B-NiH , phase

Nickel hydride in work [19] was only one of the
three chosen objects suitable for XRD in situ stu-
dies. However, after detecting the effect of a chan-
ge in the position of NiH XRD peak maximum,
which had not been described in the literature
earlier, we decided to study this effect in more de-
tail [20].

The above described cell designed for XRD in
situ studies was used. The nickel foil was electro-
deposited from the Watts-type solution: NiSO,
7H,0 240, NiCl, 6H,0 45, HBO,30 g dm?, pH
48, t = 50 = 1 °C, i, = 20 mA cm? XRD
studies of Ni foil showed that it was strongly tex-
tured in the direction <100=>. Ni was charged in
1M H_SO, solution with various amounts of thio-
urea (0=5 g dm=). To establish as precisely as
possible within the shortest time the angle of X-
ray diffraction 26 _, a special method was used.
For exact determination of the lattice parameter
a of the hydride phase as a function of cathode
potential or current density, both the phase
amount and the lattice parameter must be kept
constant during the measurement. When looking
for such conditions, a change in the intensity of
peaks [B-NiH (200) and Ni(200) with time at a
constant potential E_was studied. Figure 2 shows
typical data obtained for charging of Ni in the
solution with 0.2 g dm= thiourea at a cathodic
potential of —450 mV. Under these conditions the
hydride quantity stopped changing after 100-120
minutes from the beginning of charging.
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Fig. 3. Time variations of the intensity of diffraction lines
Ni(200), Cu(200) and B-NiH_(200) during cathodic char-
ging in solution containing 0.2 g dm= of thiourea at E_
= =350 mV (t = 0-78 min and t = 240-260 min) and
when polarization was switched off (t = 78-240 min)

hydride is formed in a much shorter time. This is asso-
ciated with changes in the internal structure of nickel
occurring during the charging: atomic hydrogen occu-
pies octahedral cavities of the nickel lattice and thus
causes high internal stresses due to which the density
of dislocations becomes much higher and the size of X-
ray coherent scattering blocks becomes lower [15].
Figure 4 shows the variation of the position of ma-
ximums of Ni(200), Cu(200) and B-NiH, (200) XRD
peaks 28__ in the process of charging. The maximums
of the first two peaks do not change within limits of
errors, whereas the 26__ angle corresponding to the
maximum of the hydride peak diminishes. After swit-
ching off the charging current (t = 78 min), the angle
of the maximum rapidly increases up to [48.90°, and
when the charging current is switched on repeatedly it
decreases to [48.68°. Such shift makes up 0.45% of the
20 value, with an error of the measurement as small
as 0.025%. After calculation the hydride lattice para-
meter a from the average value of the minimum 26_
angle, the value 0.37400 % 0.00005 nm was obtained.
The parameters of Ni and Cu lattices calculated from
the simultaneously performed measurement data were
0.35202 # 0.00003 and 0.36120 =% 0.00005 nm, respec-
tively. The corresponding values of lattice parameters
for these metals presented in reliable sources [33] are
0.35238 and 0.36150 nm, i.e. on average by 0.00033 nm
higher than those obtained by us. After introducing
this correction, the value of the lattice parameter of -
NiH, phase becomes equal to 0.37433 nm. When pola-
risation is switched off after the charging for 78 min,

the hydride phase value diminishes within 5 min to
0.37280 nm.
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Fig.4. Time variations of 20, of diffraction lines Ni(200),
Cu(200) (a) and B-NiH, (200) (b) during cathodic char-
ging in solution containing 0.2 g dm= of thiourea at E_
= =350 mV (t = 0-78 min and t = 240-260 min) and
when polarization was switched off (t = 78-240 min)

After switching off the charging current the amount
of hydride decreases and that of nickel phase increases
(Fig. 3, t = 78 min). In about 160 min (240-78 = 160
min) the B-NiH_phase becomes decomposed. When
the charging is repeatedly started (Fig. 3, t = 240 min),
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Fig. 5. Dependence of B-NiH_ phase lattice parameter a
on cathode potential E_in solution containing 5 g dm™
thiourea

A minimum value of 26 __ angle corresponding to
the peak 3-NiH, (200) maximum depends on the elec-
trolysis conditions (cathodic current density or the po-
tential and concentration of promoter in the solution).
Figure 5 shows how the lattice parameter of the (3-
NiH, phase depends on the cathodic potential in 1 M
H,SO, solution containing 5 g dm= thiourea.
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6.2. Possible reasons for diffraction angle variation
The possible reasons for the variation of 26 an-

gle of the XRD peak can be: 1) deformatilc?ﬁX de-
fects in cubic face-centered metals, which can lead
to a slight shift of the peak, and crystal twins which
can cause an asymmetry of the peak and a slight
shift of the diffraction angle; 2) internal stresses of
the coating, which can result in a shift of the peak
maximum, this variation being proportional to the
magnitude of stresses; 3) the composition of the
solution, which can have an influence on the solid
solution lattice parameter a and on 26__.

It has been determined [15] that nickel hydride
is formed from small (20-20 nm) coherent X-ray
scattering blocks and is characterized by large mic-
rodeformations (Ad/d = 2.8 x 10%) as well as nu-
merous packing deffects (a = 0.01-0.014). We cal-
culated what a shift of the diffraction peak [B-NiH,
(200) 26, would yield due to packing defects at a
concentration of a = 0.01-0.014 and have obtained
a value 0.036-0.05°, i.e. A26 4-5 times less as com-
pared with that established by us.

Nickel coatings are characteristic of internal stres-
ses, and besides they undergo changes during the
charging process [14]. In the nickel coating obtai-
ned from the Watts-type electrolyte the magnitude
of internal stresses reaches 30-50 N mm=. As is
mentioned above, the magnitude of internal stresses
of the coating can be determined from the diffrac-
tion peak shift:

o = (El)ctg(0, )A0, ., )

where o is magnitude of internal stresses, E is
Young’s modulus (for nickel 205000 N mm=2), v is
Poisson’s coefficient (0.3-0.34), A6, is the diffe-
rence between 6 __ for a sample with internal stres-
ses and for a sample without stresses. If we assume
that internal stresses in the charged nickel foil re-
ach 50 N mm=?, the peak shift caused by them would
be 0.0043°. Hence, neither internal stresses can be
the reason for the changes in 26 _ value observed
by us.

6.3 Variation of the stoichiometric coefficient of 3 phase

A comparison of the influence of all known fac-
tors on the 26 __ value allows to state that the va-
riation of the B-NiH_(200) diffraction peak 20__
value during charging and after its interruption is
caused by changes in the stoichiometric coefficient
x of this phase. In the opinion of other authors
[14], this shift is related to the formation of a solid
solution of hydrogen in the B-NiH , phase when,
after switching off the charging current, hydrogen
evolution from the hydride phase occurs. As our
studies have shown, the diffraction peak of the hyd-
ride phase shifts towards the smaller angles in the
process of charging, but just after its interruption
20 . decreases. By the method of neutron diffrac-

tion it has been established that hydrogen atoms
occupy octahedral cavities in the nickel crystal lat-
tice. If they all were filled with H atoms, the ratio
H / Ni would be equal to 1. In the opinion of some
authors [2], the ratio H / Ni = 0.7, being charac-
teristic of nickel hydride B phase, can be a result of
filling up the holes of nickel d-shell by hydrogen
electrons. When the H / Ni ratio exceeds 0.7 and
the hydrogen absorbtion still persists, the absorbed
hydrogen atoms can be treated as additional ones,
in the sense that for them there are no free holes
left in the d-shell any more, though in the nickel
crystal lattice they occupy analogous (from the crys-
tallographic point of view) positions, i.e. octahedral
cavities. Therefore, they cannot be considered as
those forming a solid solution in hydride B phase.
However, the number of electrons common to nic-
kel and hydrogen, which falls on average per one
atom of hydrogen, starts to decrease and probably
due to this the Ni-H bond becomes weaker. After
switching off the charging current, the excess H
atoms easily move away from the nickel hydride crys-
tal lattice, this being a reason for a shift of the
diffraction peak, but not for a change in the peak
intensity. The B-NiH, phase itself could be treated
as a solid solution, since hydrogen content can vary
continuously. Vegard’s law is valid for a solid solu-
tion, according to which the lattice parameter of
the latter depends linearly on the content of dissol-
ved atoms. In the case of the hydrogen solid solu-
tion in the nickel there are two well defined points
of the above mentioned linear dependence: 1) pure
Ni (x = 0; a = 0.35238) and 2) B-NiH , phase (x
= 0.7; a = 0.3725 nm). Through these two points
a line can be drawn (Fig. 6). After putting on it the
maximum a values determined during charging Ni
in the solutions with different thiourea amounts, we
obtain the highest x or H / Ni values that can be
reached under the given conditions. In 1 M H_SO,
solution without thiourea x can be increased to 0.73;
in the solution with 0.2 g dm= thiourea the stoi-
chiometry coefficient reaches 0.76; with 5 g dm
thiourea the x value rises up to 0.81.

If nickel hydride were a solid solution of hydro-
gen in all intervals of H / Ni or x values, the pa-
rameter of the hydride phase lattice would vary con-
tinuously from 0.35238 nm to [0.380 nm. However,
nobody had detected NiH,_ with the lattice parame-
ter a smaller than 0.3725 nm, with i.e. the x value
smaller than 0.65-0.7. In our opinion, B nickel hyd-
ride may be considered as the NiH, phase with the
stoichiometric coefficient x equal to or larger than
[0.7.

The summary data obtained by us and other in-
vestigators allow to state that at the beginning of
nickel cathodic charging the formation of a-NiH,
where x < 0.03, occurs; then, with continuing the
evolution of hydrogen, formation of (3 phase starts;
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Fig. 6. Dependence of calculated (solid line) and experi-
mental (=) values of the lattice parameter a of B-NiH,
phase on the stoichiometric coefficient x of the hydride
phase

when this phase is formed but hydrogen evolution
is still in progress, the empty octahedral cavities in
the crystal lattice of B-NiH_, phase start to be filled
up, this being expressed by an increase in the lat-
tice parameter a. After interruption of the char-
ging, the excess atoms of hydrogen remove the first,
this being the reason for a decrease in the a value
to the value characteristic of B-NiH_ , phase; with
proceeding the desorption of hydrogen, the amount
of the latter phase diminishes and no changes in
the a or x value are observed any more.

7. Formation of nickel hydride in alkaline solutions

7.1 XRD in situ studies of nickel hydride formed in
alkaline media

In the next stage of our studies we dealt with forma-
tion of nickel hydride during cathodic evolution of
hydrogen in alkaline solutions. Since in alkaline me-
dia thiourea does not act as a promoter of hydride
formation process, we used As,O, which is active in
the whole range of pH values. By using the electrolyte
cell designed for XRD in situ studies, nickel foil was
charged in 3M KOH solution with 2 g dm® As,O,.
After switching on a 300 mA cm=2 current, at the be-
ginning the amount of B-NiH_, phase increases, but
after 4-5 min it starts to decrease (Fig. 7). After 10
minutes from the start of the charging, the B-NiH,
phase becomes undetectable by XRD technique any
more. An analogous behaviour of the hydride phase
was fixed at higher densities of the hydrogen current,
up to 800 mA cm=2inclusive. The attained maximum
amount of B-NiH_, phase V,, (the volume fraction
expressed in %) was not higher than 1%, whereas in
acid media it was as high as 70%. Several reasons for
the formation of low amounts of hydride phase are
possible: 1) full consumption of all the promoter; 2)
increase in the temperature of the solution due to a
high current density; 3) differences in the mechanism
of hydrogen evolution reaction (HER) in acid and
alkaline media.
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Fig. 7. Variations of intensity at the maximum of the
XRD peak B-NiH, (200) as a function of the nickel cat-
hode charging time in alkaline solution with 2 g dm=
As,O, at a constant current density of 300 mA cm™

7.2 Search for the reasons responsible for small
amounts of nickel hydride formed in alkaline solu-
tions

7.2.1 Studies of promoter exhaustion

To verify the first reason, we investigated the de-
pendence of V., on the electric charge Q passed
through the alkaline solution used for charging. Se-
veral copper electrodes, covered with a 10-12 pum
thick nickel coating deposited from the Watts’' type
electrolyte solution, were consecutively charged for
30 min each in the same 3M KOH solution contai-
ning 2 g dm= As,O, by using a 150 mA cm= cur-
rent density. Following no more than 2-3 min after
the charging, Ni(200) and B-NiH, (200) XRD peaks
were scanned and the value of V,, was calculated.
The dependence obtained is shown in Fig. 8. It
should be noted that the amount of the B-NiH_pha-
se reached [35%. After passing 1600-1700 C
through the solution and subsequent charging of the
Ni electrode in it, hydride was not detectable by
XRD any more. Let us note this amount of charge
as Q, By the method of X-ray fluorescence spec-
troscopy we determined the amount of As deposi-
ted on the surface of the electrodes under study. It
was found to decrease rapidly with increasing the
quantity of the charge passed through the solution
(Fig. 8). As soon as hydride is not found in the
charged electrode any more, arsenic is not found
any more, either. So, the B-NiH_phase ceases to be
detected when all the promoter is used up comple-
tely.

After increasing the As,O, amount twice, Q, do-
es not change noticeably (Fig. 8). But after increa-
sing the volume of the solution used for charging
from 25 to 50 ml, Q, becomes almost two times
larger (Fig. 9). This could be related to diffusion
limitations of AsO,” particles. Besides, such rela-
tionship between Q, and the solution volume ex-
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Fig. 8. Fraction by volume of B-NiH_ phase formed in

the Ni electrode in alkaline solution containing 2 and 4
g dm of As,O, at a constant current density of 150 mA
cm2 for 30 min as a function of the charge passed through
the solution. Dependence of the surface content of As,

Cc,, On the charge passed through the solution

plains, at least partly, why in the cell designed by
us for XRD in situ studies the hydride phase is
observed only for a short time (5 min). One of the
reasons for such a short-term existence of B-NiH,
can be a small working volume (only 10 ml) of the

cell.
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Fig. 9. Fraction by volume of B-NiH_ phase formed in
the Ni electrode at a constant current density of 150 mA
cm2 for 30 min as a function of the charge passed through
the solution with 4 g dm= of As,O,

Our studies proved that during the charging of
nickel in alkaline solution with AsO," particles the
bulk B-NiH_(about 35 volume %) but not the sur-
face or semi-surface one as reported by Baranowski
[17] is formed. Both the hydride amount and its
stability were sufficient for investigating this phase
by the XRD ex situ technique. On the other hand,
low amounts of hydride detected by the XRD in
situ technique can be explained not only by a small
volume of the cell, but also by different, as compa-
red with a usual electrolytic cell, conditions of hyd-
rogen absorption-desorption. In the cell designed for
XRD in situ studies, a nickel foil which at the same

time serves as one of the cell walls is charged. So
the portion of atomic hydrogen diffuses through the
foil to its external surface and becomes desorbed
here. Therefore, the amount of hydrogen sufficient
for the formation of the bulk B-NiH_cannot be ac-
cumulated in the foil volume. During the first mi-
nutes after switching the charging current on the
hydride does start to be formed, but it causes inter-
nal stresses and cracks in the foil as well as an
increase in the density of dislocations. This facilita-
tes hydrogen diffusion and thereby a decrease of its
concentration in the foil as well as decomposition
of the formed hydride.

7.2.2 Hydrogen desorption

In an ordinary electrolytical cell a Ni coating was
charged on the copper base, which does not allow
hydrogen to move away from nickel. It is known
[34] that a unit of copper volume accumulates 0.6—
4.8 volumes of hydrogen and nickel 18.0. To check
up whether desorption of hydrogen affects the for-
mation of hydride, in XRD in situ cell we used a
nickel foil with the external side covered with a
thin (0.5 um) layer of copper transparent to X-rays.
In the nickel foil prepared in such a manner the (-
NiH, phase was detected by the XRD technique
only as long as the charging current was flowing. It
had to be i, > 150 mA cm=. However, even for the
current density 800 mA cm? the amount of the
formed hydride V,,, was found not to exceed 5%.
This can be due to an incontinuous layer of copper
on the external side of the foil or its insufficient
thickness, t