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ABSTRACT

This study investigates the electrochemical characteristics of nanostructured
LaNis intermetallic synthesized via the sol-gel method for application as an anode
material in nickel-metal hydride (Ni-MH) batteries. A comparison with a commercial
counterpart produced by fusion synthesis with mechanical grinding revealed that
the nanostructured material, with primary particle sizes of 300-700 nm, exhibits
significantly improved kinetic properties, including reduced charge transfer
resistance and more efficient mass transport. The synthesized LaNi; demonstrates
rapid activation, reaching a maximum capacity of 180 mAh/g by the 5" cycle,
although degradation to 130 mAh/g is observed by the 50* cycle. In contrast, the
commercial sample exhibits slow activation, with a gradual capacity increase to
190 mAh/g followed by stabilization. This discrepancy between enhanced kinetic

LaNi properties and cycle stability in the nanostructured material presents a promising
5

Nanoparticles

direction for optimizing anode materials in Ni-MH batteries.

1. Introduction

Nickel-metal hydride (Ni-MH) batteries are wide-
ly used in portable electronics and electric vehicles
due to their combination of high specific energy,
stable operation across a broad temperature range,
environmental safety, and recyclability [1-3]. The
anode plays a crucial role in such systems, requir-
ing efficient and reversible hydrogen storage. The
most common anode materials are ABs-type inter-
metallic alloys, with LaNis being one of the most ex-
tensively studied representatives of this family [4].
Under full hydrogenation (LaNisH¢), a theoretical
specific capacity of approximately 372 mAh/g can
be achieved. However, under real conditions, where
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the partial pressure of hydrogen is close to atmo-
spheric, practical capacities of only 150-200 mAh/g
are attained, corresponding to LaNisH, hydrides
(x = 2.4-3.2) [5,6]. This discrepancy between theo-
retical and practical values is attributed to thermo-
dynamic and kinetic factors influencing hydrogen
absorption, as well as technological aspects related
to powder preparation.

The most established method for synthesizing
LaNis involves high-temperature melting (arc [7] or
induction [8]) in an inert atmosphere at tempera-
tures exceeding 2000 °C, followed by mechanical
grinding of the resulting ingot [9]. While this method
ensures precise control over the chemical composi-
tion and phase purity of the alloy, achieving fine par-
ticle fractions requires prolonged grinding, leading
to high energy consumption and difficulties in ob-
taining submicron particles [10]. Extended mechan-
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ical grinding can reduce particle sizes to the micron
range (20—100 um), with occasional fractions reach-
ing as small as 500 nm [11]. However, such exten-
sive grinding often results in a high concentration
of defects. The excessive defect density caused by
impact and friction can degrade the hydrogen ab-
sorption properties [12,13].

An alternative approach is mechanical alloying,
where La and Ni powders (or their compounds) are
co-milled in planetary mills, inducing local heat-
ing and reactive interactions without the need for
high-temperature melting [11]. However, this meth-
od also requires considerable energy input and does
not always ensure uniform nanostructuring without
unwanted phase transformations.

The challenge lies in the fact that the particle size
of LaNis directly determines the efficiency of electro-
chemical processes in Ni-MH batteries: as the size
decreases, the specific surface area and electrolyte
contactincrease, and as a result, diffusion limitations
during charge-discharge cycles diminish [14]. How-
ever, forced grinding of the initial coarse-grained
alloy leads to defect accumulation, which can neg-
atively impact performance [15]. Another issue is
LaNis degradation during cycling: by the 100*"-200
cycle, capacity decreases by 30-40%, attributed to
intermetallic disproportionation (formation of LaH,
and metallic nickel) [16], as well as irreversible struc-
tural changes during repeated hydrogen absorption
and desorption cycles [17]. Moreover, particles of
varying degrees of fragmentation degrade uneven-
ly, lose electrical contact, and accelerate anode de-
terioration. These factors highlight the potential of
synthesizing LaNis directly in submicron or nanocrys-
talline form, avoiding prolonged and energy-inten-
sive grinding and minimizing associated structural
defects.

One method for producing dispersed powders
is gas atomization or spray drying of molten metal:
droplets rapidly cool in a gas flow, forming spher-
ical particles of the desired size. For instance, Lui
et al. reported a gas-phase synthesis of LaNis parti-
cles measuring 28-58 nm [18]. However, gas-phase
methods often result in low yields, and gas atomi-
zation equipment is expensive and technologically
complex.

Consequently, increasing attention is being given
to chemical synthesis methods based on low-tem-
perature exothermic reactions, which allow direct
synthesis of nanostructured powder [19]. For exam-
ple, Yasuda et al. [20] synthesized LaNis by heating
a mixture of La,0;, Ni, and Ca in a hydrogen atmo-
sphere, where calcium reacts with H, to form CaH,,

releasing significant heat. This exothermic reaction
provides the energy necessary for La,0; reduction to
metallic lanthanum, followed by intermetallic syn-
thesis, yielding particles of 5-10 um. The resulting
material exhibited a hydrogen sorption capacity of
1.31 wt.% H, (theoretical: 1.4 wt.% [21]), confirming
the method's effectiveness. Burlakova et al. [22] em-
ployed the reduction of La,Ni o(CO;)s(OH),(x54H,0
carbonate precursors using CaH,, obtaining parti-
cles around 200 nm at temperatures up to 1000 °C.

Liu et al. [23] applied the sol-gel method, utiliz-
ing exothermic reactions between metal salts and
an organic reducing agent (glycine), leading to ox-
ide formation, which was subsequently reduced at
~600 °C to LaNis with particle sizes of approximately
170 nm. The resulting powder exhibited a hydrogen
sorption capacity of about 1.0 wt.% and demon-
strated improved kinetics, with complete hydrogen
desorption in less than 5 min at 0.05 MPa pressure.
However, over time, a decline in sorption capacity
was observed, which the authors attributed to the
high number of grain boundaries promoting struc-
tural defect accumulation.

During gas-phase hydrogen absorption, charac-
terized by rapid kinetic processes, molecular hydro-
gen dissociates at active surface sites and diffuses
into the crystal lattice. Local atomic hydrogen ac-
cumulation near defect zones can lead to hydride
phase formation with increased hydrogen concen-
tration. This process may cause structural instabil-
ity due to internal stresses, phase transitions, and
potential material degradation. In contrast, electro-
chemical hydrogen sorption occurs at lower rates,
enabling gradual atomic hydrogen intercalation into
the crystal lattice. This reduces the probability of
localized overstress and facilitates structural relax-
ation. Presumably, the more controlled hydrogen
uptake during electrochemical intercalation could
mitigate defects through their redistribution and
possible lattice restructuring.

Therefore, this study investigates LaNis synthe-
sized via the sol-gel method, aiming to leverage
the potential kinetic benefits of nanostructuring for
Ni-MH battery anodes. Critically, and representing
the primary advantage over many previous works,
we conduct a direct and detailed electrochemical
comparison between this synthesized nano-LaNis
and a standard commercial microcrystalline sam-
ple. This involves analyzing reaction kinetics through
cyclic voltammetry and impedance spectroscopy,
alongside evaluating long-term cycling stability via
galvanostatic charge-discharge tests. Such a di-
rect comparison is essential for understanding the
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practical trade-offs between enhanced kinetics and
cycling durability associated with using sol-gel de-
rived nanostructured LaNis as an anode material,
revealing faster kinetics but lower stability for the
nanostructured form in contrast to the commercial
counterpart.

2. Experimental section
2.1 Materials

Nickel nitrate hexahydrate (Ni(NO;),x6H,0,
>99.9%), lithium chloride (LiCl, 99.0%), lanthanum
nitrate hexahydrate (La(NO;);x6H,0, 299.9%), lan-
thanum-nickel alloy (LaNis, 299.5%), calcium hy-
dride (CaH,) (99%) and a 60% aqueous emulsion of
polytetrafluoroethylene (PTFE) were purchased from
Sigma-Aldrich (USA). Ammonium chloride (NH,CI)
(299.5%) was obtained from Reachem (Russia). All
chemicals were used without further purification.

2.2 Synthesis of LaNi;

The two-stage synthesis of the LaNis intermetal-
lic was carried out according to the methodology
described in [23], with an optimized washing pro-
cedure. In the original method, washing the synthe-
sized product to remove CaO was performed with
a 0.11 M NH,CI solution in absolute ethanol, which
resulted in the formation of CaCl, and the release
of NH;. However, due to the low solubility of NH,CI
in absolute ethanol (0.6 g per 100 g at 20 °C), the
efficiency of CaO removal was limited. In the pres-
ent method, treatment was conducted in air using
an aqueous 4 M NH4Cl solution. This significantly
improved CaO removal efficiency due to the high
solubility of NH,Cl in water (up to 37.2 g per 100 g
at 20 °C), ensuring a sufficient reagent concentra-
tion. After washing, the purified product was dried
at 80-100 °C under vacuum.

2.3 Grinding of Commercial LaNi;

The large particles of commercial LaNis (~100 um,
Sigma-Aldrich) were unsuitable for electrode fabrica-
tion, necessitating mechanical grinding in a planetary
ball mill. Wet milling was performed using zirconia
oxide balls at a ball-to-material mass ratio of 6:1 for
4 h at a rotation speed of 400 rpm. Ethanol was used
as a solvent due to its low boiling point (78.4 °C),
which reduced drying time and prevented particle
agglomeration. After homogenization, the material
was dried in a vacuum oven at 200 °C for 4 hours.

2.4 Fabrication of LaNis Electrode Material

A 300 ml agate mortar was loaded with 450 mg
of active material (synthesized/commercial LaNis)
and 84 mg of a 60% PTFE emulsion in a mass ratio of
LaNis:PTFE = 9:1. The mixture was manually ground
with a pestle, followed by the addition of isopropa-
nol to achieve a paste-like consistency. The paste
was then rolled into a thin film (~10 um thick), air-
dried for 2-3 h, and further dried in a vacuum oven
at 80 °C for 12 hours. The final electrodes were cut
to a diameter of 7 mm.

2.5 Characterization Methods

The synthesized powders were analyzed using
X-ray diffraction (XRD) on a TD-3700 diffractometer
(Tongda, China) equipped with a copper radiation
source (\CuKal = 1.54056 A and ACuKa2 = 1.54439 A).

Particle size distribution was determined using
laser diffraction analysis on a HORIBA LA-960 parti-
cle size analyzer (Japan).

The morphology of the LaNis particles was exam-
ined by scanning electron microscopy (SEM) using a
Quanta 3D 200i Dual system microscope (FEI, USA).

Electrochemical measurements were performed
using electrochemical impedance spectroscopy
(EIS), cyclic voltammetry (CV), and galvanostatic cy-
cling with a Biologic SP-300 potentiostat-galvanos-
tat. All electrochemical experiments were conduct-
ed using a Swagelok-type three-electrode cell, with
a carbon cloth counter electrode (SCF180H, China),
a mercury/mercuric oxide (Hg/HgO) reference elec-
trode, and a 6 M KOH electrolyte.

Cyclic voltammetry was carried out at a scan rate
of 1 mV/s, while galvanostatic charge/discharge cy-
cling was performed at a 0.5C rate within a voltage
range of -1.2 Vto 0.4 V (vs Hg/HgO). Electrochemical
impedance spectra were recorded over a frequency
range of 0.1 Hz to 7 MHz with an input signal ampli-
tude of 10 mV.

3. Results and Discussion

Following the synthesis and preparation of LaNis
intermetallic, a series of studies were conducted to
determine its phase composition, morphology, par-
ticle size distribution, and electrochemical charac-
teristics.

The phase composition of the obtained product
was analyzed by X-ray diffraction analysis. The dif-
fractogram (Fig. 1, green curve) shows a set of re-
flexes characteristic for LaNis intermetallide crystal-
lizing in hexagonal structure (space group P6/mmm).

Eurasian Chemico-Technological Journal 27 (2025) 13-20



16

Nano- and Micro-Sized LaNis Electrochemical Behaviour as Anode Material for Ni-MH Batteries

1,2x10* 5 i ! —_—
syn LaNig | !
com LaNig after ball milling : :
4+
L0107 | Lanig : :
: 1
I
8,0x10° - : '
I
I
2 , ! ‘ | Lk
2 6,0x10° i .
2 ! 1
E | '
1
4,0x10° : i
I
: I
1
2,0x10° 4 : !
s l i A ! Aa A A /.//
0,0 Il I [ I :I//—"r""rl I [ N
T T T T T T 1
10 20 30 40 50 60 70

26

80

Fig. 1. Diffractograms of synthesized (green) and commercial, after grinding (black) LaNis.

The refined unit cell parameters (a = 5.019(4) A, c =
3.978(2) A, V = 86.826(6) A3) agree well with the lit-
erature data [23] (a=5.013 A, c=3.987 A, V=286.77
A3). No impurities were detected, which indicates
the complete conversion of oxide phases into the
target intermetallic phase LaNis.

To evaluate the electrochemical characteris-
tics of the synthesized material, a comparison was
made with a commercial LaNis sample, which, ac-
cording to the manufacturer, has a coarse particle
size distribution (approximately 100 um). Since par-
ticles of this size make electrode formation difficult,
the powder was subjected to mechanical grinding
in a ball mill.

To ensure that the mechanical treatment did not
disrupt the crystalline structure of the intermetallic
compound, the commercial LaNis after grinding was
also analyzed using X-ray diffraction (Fig. 1, black
curve). The positions of the main reflections remained
unchanged, indicating the absence of phase transfor-
mations and the preservation of the structure. At the
same time, a significant broadening of the peaks was
observed, which, in this case, cannot be directly at-
tributed to a reduction in the average crystallite size,
as ball milling produces powder in the micron range.
Most likely, this broadening is due to the accumula-
tion of structural defects (microstrains, dislocations)
arising from mechanical impact during grinding.

To assess the morphology and particle sizes of
the obtained samples, both LaNis samples (synthe-
sized and commercial after grinding) were examined
using complementary methods: scanning electron
microscopy (SEM) and laser diffraction analysis (Fig.
2). According to SEM data, the synthesized material
consists of particles with lengths ranging from 300
to 700 nm, whereas the commercial sample con-

tains larger particles, mostly in the range of 1-5 pum.
In both cases, the particles tend to form aggregates.

Laser diffraction analysis (Fig. 2 b, d) showed that
both the synthesized and commercial powders have
an unimodal size distribution. However, the peak
values for the synthesized sample (about 5.9 um)
and the commercial one (approximately 8.4 um)
were significantly higher than the values obtained
from SEM. This discrepancy is explained by the fact
that laser analysis detects already-formed agglom-
erates of primary particles.

After the physicochemical studies were conduct-
ed, electrodes were fabricated from both the syn-
thesized and commercial LaNis; samples using the
method described in the experimental section.

To analyze the kinetics of the electrode processes
and investigate the electrochemical reversibility of
hydrogen sorption/desorption reactions, cyclic vol-
tammetry was used. The cyclic voltammograms of
the second cycle, presented in Fig. 3, demonstrate
differences in the electrochemical behavior of the
synthesized (solid black line) and commercial (dashed
green line) LaNis samples. In the region of negative
potentials, both samples exhibit cathodic loops of
the anodic peak, corresponding to the processes of
hydrogen adsorption and desorption [24,25].

However, the synthesized LaNis is characterized
by sharper and narrower peaks (in both the cathodic
and anodic regions), whereas the peaks of the com-
mercial sample are noticeably broader and accom-
panied by lower current densities. The "sharper"
peaks of the synthesized material indicate reduced
resistance to the electrochemical process, which
suggests improved kinetic characteristics and en-
hanced reversibility of hydrogen sorption/desorp-
tion reactions.
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Fig. 2. SEM images and particle size distributions of LaNis: (a, b) synthesized; (c, d) commercial (after grinding).
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Fig. 3. Cyclic voltammograms of the second cycle for
commercial (green, dashed) and synthesized (solid

black) LaNis at a scan rate of 1 mV/s.

These differences may be attributed to structural
features: despite the similar agglomerate sizes (ap-
proximately 5 um for the synthesized material and
9 um for the commercial material after mechanical
grinding), the synthesized LaNis consists of nanopar-
ticles, whereas the commercial material is formed

from fragmented larger pieces. It is assumed that
the presence of nanosized primary particles pro-
vides an increased specific surface area, facilitates
contact with the electrolyte, and promotes acceler-
ated transport and diffusion of hydrogen within the
active material.

To gain a more detailed understanding of the
resistance of electrochemical processes and to de-
termine the nature of the differences in the behav-
ior of the synthesized and commercial samples, the
electrodes were polarized to -1 V (charged state)
and subjected to cyclic impedance spectroscopy.
The obtained impedance spectra were refined using
an electrical circuit model consisting of sequentially
connected elements and their groups: aninductance
(L1) and a resistor (R1) (representing the contribu-
tion of wires and electrolyte), a parallel combina-
tion of a constant phase element (Q1) and a resistor
(R2) (accounting for the intergranular resistance
of agglomerates), another parallel combination of
a constant phase element (Q2) and a resistor (R3)
(representing the intragranular resistance of indi-
vidual particles), and a constant phase element (Q3)
(contributing to electrode blocking and partially to
ion diffusion in solution) (Fig. 4c). For both samples,
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Fig. 4. Resistance of equivalent elements in the electrical circuit model obtained from impedance spectroscopy
data: (a) contribution of intergranular resistance of agglomerates; (b) contribution of intragranular resistance of

individual particles; (c) equivalent electrical circuit.

the contribution of the electrolyte and wires (R1) to
the total resistance remained constant at approxi-
mately 2 Q, which is expected for the electrolyte. It
is also worth noting that the intragranular resistance
— ion migration within the material particles — was
nearly identical (~3 Q), confirming the structural sim-
ilarity and comparable properties of the investigated
samples (Fig. 4b). However, the intergranular resis-
tance of agglomerates in the synthesized sample de-
creased more significantly over multiple impedance
spectra cycles (by approximately a factor of 2 over
10 iterations) compared to the commercial sample
(by about 1.5 times over 10 iterations) (Fig. 4a).

It can be assumed that when an alternating cur-
rent is applied to the electrodes, some form of ma-
terial activation occurs, enabling more efficient ion
transport between agglomerates. Given the smaller
particle size of the synthesized sample, it is likely that
cracking occurs more effectively, thereby increasing
the active surface area and reducing the overall sys-
tem resistance. This observation is in good agree-
ment with the cyclic voltammetry data.

The electrochemical stability and specific ca-
pacity were evaluated using galvanostatic cycling.
Figure 5 presents the capacity evolution over time
for the synthesized (black curve) and commercial
(green curve) LaNis samples. During prolonged cy-
cling, both samples undergo an activation stage,
but in different ways.

The commercial LaNis starts with a relatively
low specific capacity (~110 mAh/g), which gradual-
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Fig. 5. 50 charge/discharge cycles for commercial
(green) and synthesized (black) LaNis.

ly increases to ~190 mAh/g by the 30" cycle, then
stabilizes around 185 mAh/g. This smooth increase
is likely due to the gradual fragmentation of large
particles, the breakdown of surface oxide layers,
and the formation of microcracks, leading to an in-
creased accessible surface area and improved hy-
drogen diffusion conditions within the material.

The synthesized LaNis also undergoes an acti-
vation stage, but it progresses much faster: by the
fifth cycle, its specific capacity reaches ~180 mAh/g,
starting from 114 mAh/g in the first cycle. However,
a gradual degradation follows, and by the 50" cycle,
the capacity decreases to 130 mAh/g.
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The observed capacity fade of the synthesized
nano-LaNis during prolonged cycling (Fig. 5), de-
creasing to 130 mAh/g by the 50% cycle, is consis-
tent with the findings of Liu et al. [23] for similar
nanostructured materials. Although nanostructur-
ing enhances the initial kinetics, the high density of
intergranular boundaries and the increased specific
surface area seem to accelerate degradation pro-
cesses. Repeated lattice volume changes during
cycling concentrate mechanical stress at the grain
boundaries, facilitating the generation of internal
defects. These defects are predominantly newly
formed during cycling due to the repeated stress.
This is supported by data from Liu et al. [23], who
recorded a significant decrease in crystallite size
and the formation of lattice defects within LaNis
nanoparticles after cycling, even while the overall
particle morphology remained stable. Simultane-
ously, the large surface area increases the materi-
al susceptibility to passivation or corrosion in the
electrolyte. The accumulation of this surface and
internal damage over time leads to particle pulveri-
zation, loss of electrical contact, and consequently,
to lower long-term stability compared to the mi-
crocrystalline commercial sample. Thus, a critical
trade-off between enhanced kinetics and reduced
cyclability becomes apparent for the nanostruc-
tured anodes.

4, Conclusion

This study presents a comparative investigation
of the electrochemical properties of nanostruc-
tured LaNi; intermetallic, synthesized via the sol-gel
method, and its commercial counterpart, produced
by traditional fusion followed by mechanical grind-
ing, for application as an anode material in Ni-MH
batteries. It was established that the synthesized
material, consisting of primary nanoparticles rang-
ing from 300 to 700 nm that form agglomerates of
about 5.9 pum, exhibits significantly improved kinetic
characteristics compared to the commercial micro-
crystalline sample (agglomerates ~8.4 um), includ-
ing lower polarization resistance and more efficient
mass transport. The synthesized LaNi; activates rap-
idly, reaching a maximum capacity of ~180 mAh/g
by the 5% cycle. However, upon prolonged cycling, it
exhibited lower stability, with the capacity decreas-
ing to 130 mAh/g by the 50% cycle, in contrast to
the commercial sample, whose capacity gradually
increased to ~190 mAh/g and then stabilized. This
observed trade-off between the enhanced kinetic
properties and the reduced cyclability of the nano-

structured LaNis highlights important aspects for
the further optimization of anode materials based
on this intermetallic compound.
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