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Abstract Surface of powdered LaNi5 intermetallic com-
pound has been modified by active particle coverage with
electroless nickel (Ni-P). The electrode degradation process
in 6 M KOH solution has been tested across 70 charge/
discharge cycles at −0.5 C/+0.5 C rates. It has been established
that after approx. 25–35 initial cycles, the electrode degrada-
tion process fulfills first order chemical reaction kinetics law:
logarithm of discharge capacity linearly decreases with cycle
number. The rate constant for the Ni-P protected material is
over 20 % lower than that of as received one. The surface
modification also improves the alloy hydrogenation kinetics:
exchange current densities of H2O/H2 system are generally
greater for modified material and, contrary to uncovered ma-
terial, do not practically decrease with long-lasting cycling.
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Introduction

One of the most important applications for alloys based on
LaNi5 intermetallic compound is their usefulness as the anodic
materials for nickel metal hydride (NiMH) batteries [1–6].

Together with the NiOOH/Ni(OH)2 counter electrode in
strong alkaline solution, the LaNi5-type electrode materials
(usually Ni is partly substituted by such elements as Co, Al,
Mn, Fe, etc.) form very efficient and heavy duty battery sys-
tems with EMF equal to 1.2 V, often resistant to more than
1000 charge/discharge cycles. Commercialization of the
NiMH type systems started with small cylindrical cells (700
to 5000 mA h) for portable electronic devices and progressed
to large, 100 A h cells for hybrid electric vehicles and station-
ary applications [1]. It needs to be emphasized that the NiMH
type batteries have ventured into the market with advantages
in high capacity, good electrochemical catalysis, long service
life, a wide temperature range, low costs averaged over the
service life, and environmental compatibility [1, 4–7].

The resistance of LaNi5 based materials to degradation pro-
cesses in alkaline media is limited mainly because of high
electrochemical activity of lanthanum (and other rare-earth el-
ements). Owing to effective lanthanum passivation in strong
alkaline media, the corrosion behavior of LaNi5 based alloys is
generally satisfactory; however, there are big literature differ-
ences in corrosion rates between LaNi5 based alloys containing
various substitutions or additions. The reasons and mecha-
nisms of corrosion of hydride materials containing rare earth
elements in view of worsening of their electrochemical param-
eters were subject of many publications, e.g., Refs [8–15].

It is worth noting that efficient hydrogen absorption of a
number of intermetallics (including LaNi5 type alloys) is pos-
sible when these alloys are powdered to form particles of
dimensions of some μm. The crystal lattice expansion/
contraction occurring during hydride material cycling (charg-
ing and discharging) is prone to further particle cracking, pul-
verization, and other forms of degradation, always accompa-
nied with oxidation of alloy constituents. The oxidation pro-
cesses of La and Ni in alkaline solutions occur rather slowly,
owing to passivation. Nevertheless, it is impossible to
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determine massive hydride alloy corrosion rate on the basis of
polarization measurements in alkaline media. Strictly speak-
ing, the OCP potential of cathodically charged alloy read from
potentiodynamic polarization curves in most of cases is close
to −0.93 V (vs HgO/Hg), i.e., it corresponds to equilibrium
potential of H2O/H2 system. This way, Tafel extrapolation
method determines exchange current of H2O/H2 electrode
but not corrosion current of the alloy [16]. In most of
applications, hydride electrodes are prepared from pow-
dered hydride materials, and it is rational to express
both hydrogen exchange currents and alloy corrosion
currents of such electrodes in mA/g.

Among studies under improvement of corrosion stability of
powdered hydride electrodes, there appear papers dealing with
protection of active particles by metallic coatings [9, 10,
17–22]. As the efficient coatings, the surface layers of such
metals as Cu, Ni, Co, and Pd have been successfully applied.
In one of our previous papers [22], we have shown that Ni-P
electroless coatings satisfactorily inhibit degradation process-
es of composite, powdered LaNi4.5Co0.5 hydrogen storage
electrode in strong alkaline solution. The encapsulation of
LaNi4.5Co0.5 particles with 0.8 μm thick Ni-P layers gets lon-
ger electrode lifetime: its half capacity decay cycle number
increases from 430 to 713 cycles [22]. Additionally, Ni-P
coatings improve a little the charge/discharge kinetics for this
Co-containing storage material [22]. In the cited paper, we
have also shown that Ni-P encapsulation practically does not
affect the starting discharge capacity of the active material.
The latest observation is understandable, since capacity is a
feature of the hydride alloy. However, this statement seems

not to be obvious for alloys exhibiting hydrogen partial equi-

librium pressure greater than the external pressure (i.e., peqH2
>

1 bar). The increase of hydrogen pressure always favors hy-
drogen absorption [23]. As a consequence, full hydrogenation
is possible for given hydride alloy when peqH2

for this alloy is

lower than the H2 external pressure. For LaNi4.5Co0.5 alloy,
the peqH2

is 1.15 bar (22 °C) [24]; therefore, at atmospheric

pressure (1.0 bar), one can expect nearly full saturation of this
material with hydrogen (to obtain hydride stoichiometry close
to LaNi4.5Co0.5H6). On the other hand, for LaNi5 compound
peqH2

is noticeably greater: it equals 1.6 bar (20 °C) [25]. As

result, the equilibrium solubility of atomic hydrogen in LaNi5
is always comparatively low at ambient external pressures. In
practice, when LaNi5 cathodically charged at atmospheric
conditions, it corresponds to stoichiometric index at H equal
to approx. 2–3 [23, 26]. Even so, when the active particles are
covered with tight seal, one should expect greater hydrogen
pressure within porous particle inner structural discontinuities
than the external pressure. Another words, one cannot exclude
for materials of peqH2

significantly exceeding 1 bar, that tight

encapsulation of material particles results in more efficient
hydrogen absorption.

The present work aims at determining of the role of LaNi5
particles encapsulation with electroless layers of Ni-P on elec-
trochemical parameters characterizing the electrode hydroge-
nation properties as well as an effect of encapsulation on
material degradation induced by long-lasting cycling in con-
centrated KOH solution. These results will act as reference
data for our further attempts under surface modification of
powders of commercial hydride materials.

Experimental procedure

High purity LaNi5 intermetallic compound (Alfa Aesar
GmbH, 99.9%) has been used as the active electrode material.
The alloy small pieces (4–6 mm) were powdered by milling
(Fritsch, Pulverizette, Ar-atmosphere) and sieved to separate
20–50 μm fraction. The test electrodes have been prepared in
two variants, using: (i) as received powder and (ii) powder
modified with thin (ca 1 μm thick) layer of electroless nickel
(particles encapsulated by Ni-P coatings). The protective Ni-P
coatings have been formed by treatment of the sieved powder
in the modification solution containing Ni(II) sulfate and so-
dium hypophosphite as reducing agent. The composition of
the modification solution was as follows (in [g·L−1]): 25
NiSO4·7H2O, 25 NaH2PO2, 10 CH3COOH, pH = 5.9.
The powder encapsulation was carried out during 5 min
at moderate agitation and at a temperature of 80 °C,
analogously as described in Ref. [19]. Such procedure
ensured smooth, equithick amorphous Ni-based coatings
on the LaNi5 particles, enriched with 5 ± 2 mass % of
phosphorus—see Fig. 1 [19].

The powders were thoroughly mixed with 5 mass % of C-
graphite as a conductive powder and 10 mass % of
poly(vinylidene fluoride)—PVDF as a particle binder. The
composite electrodes were formed from the obtained mixtures
by their pressing with a force of 5 MPa and had final form of
pellets (ø = 5 mm, h ≈ 0.3 mm). The electrodes porosity, in
terms of electrolyte accessibility to hydride material particles
within the pellet, was approx. 7 vol.% [27] which ensured
short time (25–30 min) of the pellet full soaking by the test
solution. The mean mass of the pellet was mpellet = 0.0350 g
and it was being determined with the accuracy of ±0.1 mg for
each electrode. The share of active material in the pellet was
85.0 mass %; thus, the initial mass of the LaNi5 powder in the
test electrode was mM = 0.0298 g, on average. The
pellets were used as working electrodes in 30-mL teflon
cell equipped with Au-auxilliary and HgO/Hg reference
electrodes. The reference electrode was completed with
Luggin’s capillary to avoid ohmic potential drop in the
solution. The charge/discharge measurements were car-
ried out galvanostatically in deaerated (Ar saturated),
6 M KOH solution at 22 ± 0.2 °C, using CHI
Instruments electrochemical station (Austin, Texas).
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The rates of the charge and discharge processes were
assumed to be −0.5 C and +0.5 C (which corresponds
t o t h e e x t e r n a l c u r r e n t d e n s i t i e s o f│ i 0 . 5 C

│ = 186 mA g−1). Owing to large ratio of electrolyte
and pellet volumes, the temperature changes caused by
electrode charge/discharge were negligible. The elec-
trode charging has been assumed to be 9000 s for all
cycles. The electrode charging/discharging has been car-
ried out up to N = 60–70 cycles (for greater cycle
numbers, the worsening of electrode coherence oc-
curred, which was accompanied with partial losing of
particles compact with binder).

All the electrode potentials were measured and are
expressed vs HgO/Hg electrode. As the end potential for each
cycle, the −0.50 V vs HgO/Hg has been set up. The time
periods corresponding to the end potential have been consid-
ered as discharge times (tdisch).

The discharge capacity has been defined for given cycle as
a product of discharge rate and discharge time (Qdisch = 186
[mA·g−1] × tdisch [h]). The capacity changes vs cycle number
have been presented in logQdisch − N coordinate system be-
cause, as it has been proved in Ref. [22], the capacity fade of
hydrogen absorbing alloys obeys first reaction order electrode
material decay law:

logQN ¼ logQ0−0:434kdegrN ð1Þ

where QN denotes discharge capacity for given cycle number,1

Q0 is a maximum capacity corresponding to starting, non-
oxidized storage material and 0.434 is reciprocal of ln10. The
kdegr [cycle

−1] denotes hydridematerial decay (degradation) rate
constant (at given charge/discharge rate) and has a sense of first-
order reaction kinetics rate constant. Substituting QN1=2

¼ 1
2 Q0

into Eq. (1), we can define the so-called half capacity decay
cycle number, N1/2, that corresponds to the cycle number after
which the electrode capacity falls to Q0/2:

N1=2 ¼ 2:303log2

kdegr
¼ 0:693

kdegr
ð2Þ

The mass concentration of active hydride material in the
electrode (cM, [g·cm

−3]) is defined for a given cycle as the
actual mass of hydride alloy in the working composite pellet,
mM, per pellet volume.2 The pellet density was 7.3 g cm−3;
hence, starting mean pellet volume V0 = 0.0350 g/
7.3 g cm−3 = 0.0048 cm3 and starting concentration of active
material cM,0 = 0.0298 g/0.0048 cm3 = 6.2 g cm−3. The initial
corrosion rate of the hydride electrode (corresponding to
N = 0), expressed in [g·cm−3·cycle−1], is:

rcorr;0 ¼ kdegrcM;0 ¼ kdegr
mM;0

V 0
≈6:2⋅kdegr ð3Þ

The electrode corrosion rate (rcorr) decreases with electrode
exploitation proceed because cM concentration decreases with

1 QN is expressed in mA h per 1.00 g of starting powdered hydrogen
storage alloy in the pellet. Prior to contact with KOH solution, the mate-
rial is not oxidized and its capacity takes on maximum value (Q0). To
measure such a value of capacity, the material needs to be activated. In
case of LaNi5 type alloys, full activation requires at least 5–10 charge/
discharge cycles. During electrode exploitation, the active particles un-
dergo partial oxidation, structural destruction, etc., which is prone to
gradual decrease of alloy active mass in the pellet. The electrode capacity
is proportional to the actual amount of active material in the electrode
pellet, mM.

2 The working pellet is a complex, multicomponent system which con-
tains 85.0 mass % of active powder (LaNi5), 5.0 mass % of C-graphite,
and 10.0 mass % of PVDF (binder). Its porosity (in terms of electrolyte
soaking) is about 7 vol% (after 10 cycles) [27], so the pellet immersed in
6 M KOH solution increases its mass from 0.0350 g (dry pellet) to about
0.0354 g (fully soaked pellet). The hydride material mass concentration,
cM, must be treated as a formal quantity because the pellet uniformity is
not on the molecular level. Finally, it must be taken into account that the
charged pellet volume is a little greater than that of discharged one.

PaLiN
Fig. 1 Cross-section of the representative Ni-P encapsulated LaNi5 particle and linear profiles of nickel, lanthanum, and phosphorus distribution (EDS
microanalysis, Hitachi S-3400 N SEM microscope)
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time (and, accordingly, with cycle number). For first order reac-
tion, this decrease has exponential character: cM ¼ cM;0e−kdegrN .
In particular, cM falls twofold after N1/2 cycle (compare Eq. (2)).

The exchange current densities of H2O/H2 system (ioH2O=H2
)

have been determined from charge/discharge plots, on the basis
of potential jump (ΔE) that corresponds to the external current
switching from negative (ic) to positive (ia) values, according to
Refs [28–30]:

logioH2O=H2
¼ 1

2
log jicj⋅iað Þ−ΔE

2b
ð4Þ

In Eq. (4), b is the Tafel coefficient of cathodic and anodic
straight lines of the hydrogen electrode, equal to 0.12 V on
LaNi5 type materials in strong alkaline solutions [16, 28].
Substituting charge and discharge rates to be in present
study −186 and +186 mA·g−1, respectively, the Eq. (4)
takes on the following, numerical form:

logioH2O=H2
¼ 2:27−

ΔE

0:24
ð5Þ

The equations (1–5) have been employed to evaluate the
fundamental electrochemical parameters of Ni-P encapsulated
LaNi5, powder composite electrode. More details relating
electrochemical measurement procedure applied in experi-
mental part can be found in our previously published papers
[19, 22–24, 29, 30].

Experimental results and discussion

In Fig. 2, representative plots of some chosen charge/
discharge cycles are presented for the powdered com-
posite LaNi5 electrode in 6 M KOH solution. As it is
seen, after a couple of first cycles, at E > −0.7 V, the
anodic curves become practically vertical to the time axis which
testifies to full discharge of the hydride electrode. Because of
such nearly vertical plots, it is justified to read the discharge
times (tdisch) for given cycle for the end potential
(Eend = −0.5 V). The charge curves in Fig. 2 display step-like
character which allows rough determining of the time periods
corresponding to the nickel (II) oxide reduction, atomic hydro-
gen absorption, and hydrogen gas evolution, similarly as in
Refs. [29, 30]. The reduction times enable determining of so-
called reversible corrosion rates of Ni, as described in Refs [26,
29, 31]. The reversible corrosion of Ni is neglected in further
discussion, since for long-lasting cycling the dominant for hy-
dride material corrosion is the role of irreversible oxidation of
lanthanum [22].

In Fig. 3, the long-lasting capacity fade is presented in
logQdisch − cycle number coordinate system for powder com-
posite electrodes prepared from bare (full circles) and Ni-P
encapsulated LaNi5 particles (rectangles). It is seen that in

the beginning, the logarithm of capacity increases with cy-
cling (up to N ≈ 20) and after N = 25–35 cycle, it starts to
decrease linearly with further cycling. The continuous in-
crease of the hydrogen capacity for initial cycles (up to
N ≈ 30 cycle) observed for both bare and encapsulated mate-
rials seems to testify for decisive role of hydride material
activation, its surface development, and negligent effect of
material oxidation in these cycles. The rectilinear seg-
ments satisfy the Eq.(1) with their slopes being −0.0028
and −0.0022 for bare and for encapsulated material, re-
spectively. The experimental error corresponding to
these slopes is very low; we evaluate it to be less than

Fig. 2 Typical galvanostatic charge/discharge curves for uncoated LaNi5
hydrogen storage material for chosen cycles. For charge curves, the
regions responsible for Ni (II) oxide phase reduction, atomic hydrogen
absorption, and H2-gas evolution are indicated by arrows. The ways of
discharge time as well as potential jump (compare Eq.(4)) determining are
visually shown on the example of N = 1 cycle. Experimental conditions:
6 M KOH solution, Ar, 22 °C, −186/+186 mA g−1, active material mass
in the pellet: 0.0315 g, powder fraction: 20–50 μm

Fig. 3 Logarithm of discharge capacity as a function of cycling for LaNi5
composite electrodes prepared from bare and Ni-P encapsulated powder
particles. Initial corrosion rates found from slopes of the rectilinear
segments are 0.040 and 0.033 g cm−3 cycle−1 for bare and Ni-P
encapsulated material, respectively
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±1 %. These slopes testify to over 20 % lower electrode
degradation rate for material encapsulated with Ni-P
coating. The extrapolation of linear segments allows
for determining of logQ0 for both electrodes (they are
equal to 2.27 and 2.28 for bare and encapsulated pow-
der, respectively). As seen, the Q0, values are close to each
other for both kinds of powder (Q0,bare = 102.27 = 186 mA h g−1

and Q0,encaps = 102.28 = 190 mA h g−1). Evidently, these values
do not practically depend on powder encapsulation and are
about 50 % less than the theoretical capacity of LaNi5
(Qtheor = 372 mA h g−1 but it can be achieved when external
pressure of H2 exceeds p

eq
H2

= 1.6 bar). It should be mentioned

that for LaNi4.5Co0.5 hydrogen storage alloy, theQ0 valueswere
distinctly greater [22]: 255 ± 4 mA h g−1 (as it has been men-
tioned, peqH2

for LaNi4.5Co0.5 alloy is only slightly greater than

1 bar). These results rather exclude speculation that presence of
Ni-P layers may be prone to noticeably greater hydrogen pres-
sures inside of particles.

The degradation rate constants (kdegr) for LaNi5 electrode,
calculated from Eq. (1), are equal to: 6.5·10−3 for bare and 5.0·
10−3 cycle−1 for encapsulated powder. The rate constants for
LaNi5 compound read from data presented in Fig. 3 are 4–5
times greater than these found for Co substituted alloy [22]
which confirms that partial substitution of Ni by Co is very
advantageous from material corrosion resistance point of
view. Accordingly, the calculated half capacity decay cycle
numbers for LaNi5 compound (Eq.2) are N1/2,bare = 106 and
N1/2,encaps = 139, i.e., are in similar proportions shorter (4 and
5 t imes , respec t ive ly) compared to those for
LaNi4.5Co0.5 electrode [22]. Despite low corrosion resis-
tance of LaNi5 compound, it is seen that its encapsula-
tion with protective Ni-P coating noticeably inhibits the
active material degradation.

The exchange current densities of H2O/H2 system, calculat-
ed on the basis of potential jump (ΔE) [Eq.(4 and 5)] for the
successive cycles and for bare and encapsulated electrode ma-
terial, are shown in Fig. 4. Generally, up toN ≈ 60, the exchange
currents continuously increase with cycling and are over 15 %
greater for the encapsulated material. However, for N > 60,
there appears a clear tendency for ioH2O=H2

to fall down (for bare

powder material) or to settle up (for encapsulated material). For
encapsulated material, in spite of long-lasting cycling, ioH2O=H2

remains practically constant and equals approx. 155 mA g−1.
Similar ioH2O=H2

values have been found for Ni-P encapsulated

LaNi4.5Co0.5 material [22]. The relatively large values of ex-
change currents for both kinds of encapsulated alloys can be
attributed to the presence of metallic nickel on the particle sur-
face. As it is known, nickel has documented catalytic properties
towards the H2O/H2 system [32–34]. It is also worth mention-
ing that the electroless nickel coatings are in significant degree
amorphous. It results from literature data [34] that
amorphisation of nickel containing films favors increase of
ioH2O=H2

. To sum up, the modification of LaNi5 storage alloy

surface by electroless encapsulation of its particles with Ni-P
coatings not only inhibits degradation of the active material
with long-lasting cycling but improves its hydrogen charge/
discharge kinetics as well.

All the parameters describing the functional properties of
hydride electrodes prepared from uncoated- and encapsulated
LaNi5 powders are listed for comparison in Table 1.

Conclusions

1. After about 30 charge/discharge (−186/+186 mA/g)
cycles of LaNi5 composite electrode exposure in 6 M
KOH solution, the logarithm of discharge capacity line-
arly decreases with cycle number which satisfies the first

Fig. 4 Effect of cycling on exchange current density of H2O/H2 system
for LaNi5 composite electrodes prepared from bare andNi-P encapsulated
particles

Table 1 Discharge capacity, exchange current density of H2O/H2

system, and corrosion kinetic parameters found on the basis of
log(capacity)—cycle number fade for the electrodes synthesized from
bare and Ni-P encapsulated, LaNi5 alloy (powder fraction: 20–50 μm,
thickness of Ni-P coating: 1 μm, charge/discharge rate: −186/+
186 mA·g−1, 6 M KOH, Ar, 22 °C)

Parameter Bare powder particles Particles encapsulated

Q0,disch [mA h g−1] 186 190

i0H2O=H2
[mA g−1]

39 (N = 5) 42 (N = 5)

105 (N = 20) 121 (N = 20)

131 (N = 50) 149 (N = 50)

118 (N = 90) 155 (N = 90)

kdegr [cycle
−1] 6.5·10−3 5.0·10−3

N1/2 106 139

rcorr,0 [g cm−3 cycle−1] 0.040 0.033
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order reaction kinetics law. The slopes of obtained straight
lines are measure of electrode material corrosion rate.

2. The LaNi5 particle encapsulation with Ni-P increases the
half capacity cycle number from 106 to 139

3. The encapsulation of active LaNi5 material with 1 μm
thick Ni-P coating inhibits the storage material corrosion
process by over 20 %. Additionally, the exchange current
densities of the H2O/H2 system on Ni-P covered particles
are approx. 15% greater than those on unmodified surface
and, contrary to bare particles, do not exhibit any tenden-
cy to drop with long-lasting cycling
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