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Rare-earth based alloys are the most popular combinations for creating electrode materials
for nickel�metal�hydride (NiMH) batteries. This paper presents the results of electrochemical
hydrogenation of AB type alloys Gd1−xTixNi (0 < x < 1). Good hydrogen storage properties of
rare-earth metals are known, thanks to the insertion of the third component in the form of titanium
the kinetics of hydrogen sorption/desorption have been improved and corrosion resistance has been
increased. The synthesized of Gd1−xTixNi (0 < x < 1) alloys were studied by various experimental
techniques, such as XRD, SEM, EPMA, gas and electrochemical hydrogenations. The insertion of Ti
had a signi�cant impact on improving the stability of charge/discharge cycles, corrosion protection,
and reducing production costs by reducing the amount of rare earth metals. As an element capable
of absorbing hydrogen titanium tends to form a passive oxide in 6M KOH electrolyte, which prevents
corrosion of the anode.
Key words: alloys, electrochemical hydrogenation, hydrides, NiMH batteries, electrode materials,

corrosion.
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I. INTRODUCTION

The ever-increasing demand for energy and the
depletion of fossil fuels and crude oil are forcing the
search for new alternative and more economical energy
sources. Environmental protection and the development
of energy-saving technologies are equally important.
Recently, an increase in the production of electric vehi-
cles and hybrid cars can be observed, in which batteries
play a dominant role as energy storage and conversion
devices [1,2]. In recent years, there has been signi�cant
development of NiMH (metal hydride) batteries. The
main area of research are negative electrodes in these
cells. The nicke�hydride cell has a similar structure to
that of nickel�cadmium batteries; the main di�erence is
that nickel�hydride batteries use hydrogen absorbed in
a metal alloy, which is a positive material.

Compared to nickel�cadmium batteries, NiMH cells
have many advantages. These include high energy
density, high e�ciency, environmentally friendly
electrode materials, no electrolyte consumption during
charge/discharge cycles, no memory e�ect [2�14]. Due
to the growing interest in these cells, new materials are
being sought for use as the anode in these batteries.
Rare-earth elements have a variety of physical properti-
es, which allows using them as functional materials;
more and more often they are chosen as negative
electrodes in hydrogen cells.

The most important features that the alloy should
have to be used as an anode material in NiMH are:
good corrosion resistance, adequate hydrogen balance
(suitable hydrogen equilibrium), long service life, good
electrochemical catalysis, low cost (including energy
consumption), long life cycle, balance of potential and
current density, as well as stability during storage at
high temperatures [1,2,13]. The electrochemical behavior

of such compounds depends on the structure, the type of
phases, and the amount of elements in the intermetallic
compound. These properties can be in�uenced by design-
ing the composition of the hydrogen storage alloy in
order to ensure the highest e�ciency of NiMH batteries.
The alloys occurring as electrode materials in hydrogen
cells consist of two types of metal in di�erent stoichi-
ometry, i. e. elements A and B with positive and negati-
ve hydrogen a�nity, respectively. Depending on the ratio
of A to B, hydrogen storage alloys are mainly classi�ed
as AB5 type alloys, AB2 type alloys, AB3 type alloys,
and AB type alloys. With increasing energy demand,
new intermetallic compounds are being developed. One
of them is electrode materials based on AB group with
competitive parameters for industrial applications. The
�rst alloy of type AB used in NiMH batteries in early
1970s, Ti�Ni, became a popular subject of research due
to the relatively low cost of production, fast activation,
and the high hydrogen storage capacity [10,11,15]. Large
groups of metallic compounds, metals and alloys have
been tested for their use as electrodes in hydrogen cells;
the most promising among them are alloys based on rare-
earth metals and alloys based on titanium and zirconium
[4,11].

II. EXPERIMENTAL PART

A. Synthesis

The group of alloys Gd1−xTixNi (1 < x < 0) was
prepared from the following reagents: gadolinium (wi-
rereel, cutinto small pieces, 99.9 at.% Sigma Aldrich),
nickel (powder, 99.9 at.% Sigma Aldrich), titanium (wi-
re,cutinto small pieces, 99.9 at.% Sigma Aldrich). The
pieces of the pure metals with calculated stoichiometries
were pressed into a tablet and afterward were melted by
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arc melting under pure argon atmosphere.
For the analysis of the number of phases in the

synthesized alloys, the TESCAN electron microscope

equipped with an EDS/WDS X-ray microanalyser was
used. The phases content of the alloys was determined
by X-ray di�raction (XRD, RigakuMiniFlex 600).

Alloys Main phase Additional phase

GdNi Gd � 51.1% Ni � 48.9% Gd � 64.2% Ni � 35.8%

Gd0.9Ti0.1Ni Gd � 50.1% Ti � 3.2% Ni � 46.7% Gd � 43.5% Ti � 8.0% Ni � 48.5%

Gd0.8Ti0.2Ni Gd � 44.9% Ti � 5.2% Ni � 49.8% Gd � 42.8% Ti � 8.2% Ni � 48.9%

Gd0.7Ti0.3Ni Gd � 43.6% Ti � 6.7% Ni � 49.8% Gd � 33.6% Ti � 9.9% Ni � 56.5%

Gd0.5Ti0.5Ni Gd � 42.2% Ti � 8.4% Ni � 49.2% Gd � 7.9% Ti � 43.3% Ni � 48.8%

Gd0.3Ti0.7Ni Gd � 21.7% Ti � 30.6% Ni � 47.7% Gd � 4.6% Ti � 47.2% Ni � 48.2%

Gd0.1Ti0.9Ni Gd � 0.8% Ti � 47.3% Ni � 51.9% Gd � 3.7% Ti � 41.9% Ni � 54.4%

TiNi Ti � 51.8% Ni � 48.2%

Table 1. Percentage composition of individual elements (atomic %)

 

Fig. 1. The image from scanning electron microscope from
a) GdNi, b) Gd0.9Ti0.1Ni, c) Gd0.8Ti0.2Ni, d) Gd0.7Ti0.3Ni,
e) Gd0.5Ti0.5Ni, f) Gd0.3Ti0.7Ni, g) Gd0.1Ti0.9Ni, h) TiNi

B. Electrochemical hydrogeneration

Electrochemical analysis of all compounds was
performed using potentiostat/galvanostat CH
Instruments 600E (Austin, Texas, USA) and 8-channel
BST8-MA battery analyzer (MTI Corporation, USA).
Studies of the electrochemical characteristics were
performed in SWAGELOK-type cells. Potentiokinetic
polarization tests were carried out to characterize
the corrosion resistance of the alloys tested. The
electrochemical hydrogeneration was performed in
two- and three-electrode SWAGELOK-type cells. The
electrolyte in both cases was 6M KOH. The corrosive
potential and cyclic voltammetry were measured in

a standard three-electrode cell. The ZView software
package (ScribnerAssociates, 2017) was used to create
and analyze impedance charts.

C. Hydrogen gas sorption investigation

Sorption properties were tested using a gas sorpti-
on analyser IMI HIDEN ISOCHEMA. The analyser
allows us to determine the amount of gas absorbed by
the sample, under controlled pressure and temperature
conditions, using the Siverts volumetric method. The
kinetics of the sorption/desorption process as well as
the durability of the material at cyclic absorption and
desorption of gas within a speci�c range of temperature
and pressure were investigated.

III. RESULTS AND DISCUSSION

A. Phase analysis

Figure 1 shows a list of images taken using SEM/EDS
extension for group Gd1−xTixNi alloys (0 < x < 0).
Scanning electron microscopy (SEM) con�rms that the
alloys have been properly synthesized in an appropriate
mass ratio. The addition of titanium to the alloys as the
third component decreased homogeneity. Table 1 shows
the percentage compositions of individual elements
occurring in each phase. For all alloys containing titani-
um, the formation of homogeneously distributed black
dots is observed, in which the presence of the phase wi-
th the predominant proportion of titanium is revealed.
X-ray analysis showed that in the synthesized samples
the main phases are solid solutions based on binary
compounds of GdNi and TiNi. The GdNi and TiNi
phases crystallize in di�erent structural types for this
reason; between these phases limited solid solutions are
formed. On the basis of the qualitative and quanti-
tative phase analysis and EDS spectra analysis, it can
be concluded that in the synthesized samples part of
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Ti atoms (about 5%) is replaced with Gd atoms and
vice versa. Di�ractograms of Gd1−xTixNi alloys are
shown in Fig. 2; they show signi�cant amorphousness
of the synthesized samples. Figure 3 shows the regi-
on of homogeneity and extension of solid solutions
Gd1−xTixNi and Ti1−xGdxNi, between which there is
a two-phase equilibrium.

 

Fig. 2. Powder patterns for some alloys from Gd1−xTixNi
solid solution (GdNi, Gd0.9Ti0.1Ni, Gd0.8Ti0.2Ni,

Gd0.5Ti0.5Ni)

 

Fig. 3. The region of homogeneity and extension of
Gd1−xTxNi and Ti1−xGdxNi solid solutions

B. Electrochemical hydrogenation

After the phase and structural analysis some samples
of synthesized alloys were selected for electrochemical
studies. The obtained alloys were tested in the battery
prototype with a two-electrode cell consisting of an anode
(alloy), electrolyte (6M KOH) and cathode (alkaline
paste consisting of Ni(OH)2 and graphite).

 

Fig. 4. Galvanostatic charge/discharge cycles for Gd0.8Ti0.2Ni
(top), Gd0.1Ti0.9Ni (bottom)

 
Fig. 5. (Color online). The cyclic voltammograms for

Gd0.8Ti0.2Ni (red), Gd0.1Ti0.9Ni (blue)

 

Fig. 6. (Color online). Potentiodynamic polarization curves
for GdNi (red), Gd0.8Ti0.2Ni (blue), TiNi (red), Gd0.1Ti0.9Ni

(blue)

Figure 4 shows the galvanostatic charging/discharging
curves for Gd0.8Ti0.2Ni and Gd0.1Ti0.9Ni alloy electrodes
in 6 M KOH, using the set value of the charging
current (icharge = 2mA cm−2) and discharge (idischarge =
1mA cm−2), which indicate the good cycle stability of

4705-3



K. KLUZIAK, V. PAVLYUK

both electrodes.
Figure 5 shows cyclic voltammogram (CV) curves

of the Gd0.8Ti0.2Ni and Gd0.1Ti0.9Ni electrodes in the
6 M KOH solution. In the cathodic branch of the
voltammogram, a change in the slope of the curve is
observed at a potential around −1.0V, which is probably
associated with the adsorption of hydrogen atoms on the
electrode surface.

The corrosion potential of the electrode (E corr) for
GdNi is −0.64V, while for the alloy Gd0.8Ti0.2Ni it is
shifted to −0.68V (Fig. 6). The situation is similar in
the case of TiNi alloy, for which the corrosion potential is
−0.39V and for Gd0.3Ti0.7Ni there is a shift to −0.46V.
The analysis of previous research showed that the additi-
on of a small amount of titanium improves the corrosion
resistance [5], which was con�rmed by our research.

 

Fig. 7. EIS results for Gd1−xTixNi (a), data analyzed by �tting to an equivalent electrical circuit (inset) for Gd0.8Ti0.2Ni (b)
and for Ti1−xGdxNi (c, d) electrodes in 6 M KOH solution

Figure 7 shows the electrochemical impedance spectra
(EIS) of Gd1−xTixNi and Ti1−xGdxNi alloy electrodes.
The depressed semicircle is attributed to the charge

transfer resistance (Rct). For both solid solutions, as a
result of the replacement with the third component, there
is a decrease in the diameter of the semicircle, which indi-
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cates that the charge transfer reaction is facilitated for
the substituted alloy electrodes.

 

Fig. 8. Hydrogen sorption test for the Gd1−xTixNi (x = 0.1)
alloy in temperature range 30�100◦C

 

Fig. 9. Hydrogen sorption test for the Gd1−xTixNi (x = 0.1)
alloy in temperature range 200�400◦C

 

Fig. 10. Powder patterns for Gd0.7Ti0.3Ni alloy and their
hydrides

 

Fig. 11. Hydrogen sorption test for the Ti1−xGdxNi (x = 0.1)
alloy in temperature range 30�100◦C

C. Gas phase hydrogenation

The PC isotherms of the hydrogen absorpti-
on/desorption for the both solid solution phases of
Gd1−xTixNi and Ti1−xGdxNi were measured in the
temperature range from 30◦C up to 400◦C and the
hydrogen pressure range from 0.01 to 20 bar. For the
Gd1−xTixNi, phase the formation of cubic hydride phase
in the temperature range up to 100◦C was observed. The
cubic hydride phase formed by insertion of hydrogen
in the structure of the initial intermetallic phase. The
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maximum solubility of hydrogen in Gd1−xTixNi phase
reached 0.7 wt.% (Fig. 8). At temperatures above 100◦C,
in addition to the cubic phase, a stable tetragonal phase
is formed and the hydrogen content reaches 1.1 wt.%
(Fig. 9).

 

Fig. 12. Hydrogen sorption test for the Ti1−xGdxNi (x = 0.1)
alloy in temperature range 200�400◦C

After the sorption test, the powder di�ractometer
test was carried out again to check which part of the
hydrogen remains in the alloy to form hydride. On the
di�ractograms of a hydrogenated sample, additional di-
�raction re�exes appear (at angles 29.5◦ and 39.0◦) that
belong to a new tetragonal hydride phase, which is more
stable (Fig. 10). The absorption of hydrogen by the
Ti1−xGdxNi alloy of the solid solution is much better,
and in the temperature range up to 100◦C the hydrogen
capacity reaches 1.7 wt.% (Fig. 11). At temperatures
above 100◦C, the hydrogen capacity decreased and the
equilibrium plateau disappeared (Fig. 12).

D. CONCLUSION

Our research showed that partial replacement
of gadolinium atoms with titanium improves the
electrochemical and sorption properties of this system.
Moreover, a solid solution based on GdNi and TiNi is
formed, which was con�rmed by tests carried out usi-
ng a powder di�ractometer. Sorption tests for selected
alloys were carried out in a wide temperature range.
After analysis of their results, it can be seen that the
reversibility of the absorption process is much better
at lower temperatures. Di�ractograms for hydrogenated
samples (after sorption tests) show the formation of two
new hydride phases, cubic Gd1−xTixNiHy (0 < x < 0.2)
and tetragonal Gd1−xTixNiHy (0.2 < x < 1.0).
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ÃIÄÐÎÃÅÍÑÎÐÁÖIÉÍI ÂËÀÑÒÈÂÎÑÒI Gd1−xTixNi (0 < x < 1)

Ê. Êëþçÿê1, Â. Ïàâëþê1,2

1Iíñòèòóò õiìi¨, Óíiâåðñèòåò iìåíi ßíà Äëó îøà â ×åíñòîõîâi,
àëåÿ Àðìi¨ Êðàéîâî¨, 13/15, 42-200, ×åíñòîõîâà, Ïîëüùà,

2Êàôåäðà íåîðãàíi÷íî¨ õiìi¨, Ëüâiâñüêèé íàöiîíàëüíèé óíiâåðñèòåò iìåíi Iâàíà Ôðàíêà,

âóë. Êèðèëà i Ìåôîäiÿ, 6, 79005, Ëüâiâ, Óêðà¨íà

Ñïëàâè íà îñíîâi ðiäêîçåìåëüíèõ ìåòàëiâ âàæëèâi äëÿ ñòâîðåííÿ åëåêòðîäíèõ ìàòåðiàëiâ äëÿ
íiêåëü-ìåòàë-ãiäðèäíèõ áàòàðåé (NiMH). Ó öié ðîáîòi ïîäàíî ðåçóëüòàòè åëåêòðîõiìi÷íîãî ãiäðóâà-
ííÿ ñïëàâiâ òèïó AB Gd1−xTixNi (0 < x < 1). Âiäîìî, ùî áiíàðíi ñïëàâè ðiäêiñíîçåìåëüíèõ ìåòàëiâ,
ëå îâàíi òðåòiì êîìïîíåíòîì, à ñàìå: òèòàíîì, ìàþòü ïîëiïøåíó êiíåòèêó ñîðáöi¨/äåñîðáöi¨ âîäíþ òà
ïiäâèùåíó êîðîçiéíó ñòiéêiñòü. Ñèíòåçîâàíi ñïëàâè Gd1−xTixNi (0 < x < 1) âèâ÷àëè ðiçíèìè åêñïå-
ðèìåíòàëüíèìè ìåòîäàìè, ÿê-îò: ðåíò åíiâñüêà äèôðàêöiÿ, åëåêòðîííà ìiêðîñêîïiÿ, ñïåêòðàëüíèé
ìiêðîïðîáíèé àíàëiç, ãàçîâå òà åëåêòðîõiìi÷íå ãiäðóâàííÿ. Ëå óâàííÿ ñïëàâiâ òèòàíîì ìà¹ çíà÷íèé
âïëèâ íà ïiäâèùåííÿ ñòàáiëüíîñòi öèêëiâ çàðÿäó/ðîçðÿäó òà ïiäâèùåííÿ êîðîçiéíî¨ ñòiéêîñòi. Òèòàí
ñõèëüíèé óòâîðþâàòè ïàñèâóâàëüíó îêñèäíó ïëiâêó â åëåêòðîëiòi (6M ðîç÷èí KOH), ÿêà çàïîáiãà¹
êîðîçi¨ åëåêòðîäà.

Êëþ÷îâi ñëîâà: ñïëàâè, åëåêòðîõiìi÷íå ãiäðóâàííÿ, ãiäðèäè, NiMH-áàòàðå¨, åëåêòðîäíi ìàòåði-
àëè, êîðîçiÿ.
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