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In this paper the effect of indium on the hydrogenation behaviour of the LaNi,3(Co, Al)g7x Iy (X =0,
0.1, 0.2, 0.3) alloys at room temperature is presented. The pressure—composition (p—c) measurements
show that the highest hydrogen concentration of 1.68 wt.% is reached for indium-free (x = 0) alloy.
The partial substitution of Al or Co by In causes a slight diminishing of maximum hydrogen
concentration. Indium decreases also the plateau hydrogen equilibrium pressure from peg = 0.37 bar
(In-free alloy) to pey = 0.06 bar (for LaNis3C0o2Ing2Alo3Hy) hydride. The electrochemical
performance of the studied alloys were characterized using dc. polarization techniques.
Electrochemical galvanostatic hydrogenation experiments at 60 mA/g discharge rate revealed the
largest discharge current capacity of 305 mAh/g for LaNis3Cog4Alg2Ing; alloy. The hydrogen
discharge capacity evidently drops with total substitution of aluminium by indium. There is no
significant difference in the discharge potentials for the tested electrodes. The relative diffusion
coefficient of hydrogen (D/a?) varies in the range of (1.2 to 3.5) -10° s™.
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1. INTRODUCTION

Hydrogen storage alloys (HSA) are a group of materials which can be used in the
rechargeable metal hydride (Ni-MH) batteries. Materials suitable for the above applications should be
characterized by a high hydrogen capacity, moderate hydride stability and reasonably fast hydrogen
absorption/desorption processes. The HSA should also demonstrate a nearly constant equilibrium
pressure during a solid phase conversion (MH, to MHg). The information about these characteristics is
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commonly derived from the pressure-composition, (p-c) isotherms [1,2] and -electrochemical
charge/discharge measurements [3,4]. At present, the commercialized hydrogen storage electrode
materials are mainly ABs-type alloys, which usually display a capacities of 300-330 mAh/g. Many
methods such as optimization of composition, doping of different elements and adoption of non-
stoichiometric composition were applied to improve both the HSA discharge capacity and cycle life
[5]. However, the beneficial effect of the substituents for either La or Ni is often accompanied by
undesirable decrease in hydrogen absorption capacity, long activation and low rate of hydrogen
absorption/desorption process. In our recent paper [6] we described the hydrogenation properties of
LagsREosNisgAloiLios (RE = Ce, Pr or Nd) alloys. Partial substitution of La with Ce, Pr or Nd in the
LaNisgAlg1Lig1 alloy causes the decrease of the hydrogen capacity and an increase of the hydrogen
equilibrium pressure. As it has been reported in literature [7-9], Al partial substitution for Ni decreases
the plateau pressure but evidently impairs the hydrogen storage capacity. Van Mal et al [10]
investigated the hydrogen absorption of LaNis.xCoy alloys and found that partial replacement of nickel
by cobalt decreased the equilibrium pressure. Unfortunately, the increasing cobalt content distinctly
decreases maximum absorption capacity of the alloys. It was reported that the addition of In to
lanthanum-based HSA caused the expansion of unit cell volume and increased point defect density in
the alloys [11,12]. In our previous report [13] we evaluated electrochemical properties of the LaNisg
(Co,Mn,Al);2Ing» type alloys and we have found that partial substitution of Co, Mn or Al by In caused
decrease of both exchange current density of H,O/H, system and current capacity of the electrode
materials. We also investigated electrochemical properties of the LaNis«Iny (x = 0.1, 0.2 and 0.5)
alloys [14] and found that the maximum discharge capacity of the alloys decreased from 319 mAh/g
(x=0.1) to 239 mAh/g (x = 0.5). However, we found that partial substitution of Ni by In in LaNis
compound caused distinct decrease of the H, equilibrium pressure which makes them very interesting
materials to be used as negative MH electrodes in the Ni/MH batteries. In the present paper we are
aimed at identifying the effect of the In additive on the hydrogenation properties of LaNis3(Co, Al,
In)o 7 alloys, which are being considered as negative electrodes in Ni-MH type batteries [15,16].

2. EXPERIMENTAL

The alloys studied in this paper, with the general chemical formula of LaNi43(Co, Al,)o.7-xINx (X
=0, 0.1, 0.2, 0.3) were prepared in an arc-furnace under high-purity argon atmosphere. The purity of
all used metals was higher than 99.9 wt.%. The ingots were being turned over and remelted at least
three times for homogeneity. Additionally, the alloys were annealed in an induction furnace at 850°C
for 4 h under vacuum (about 10 %torr). The annealed alloys were mechanically crushed and ground to
powder for the X-ray powder diffraction (XRD) and electrochemical measurements. The hydrogen
storage properties were evaluated using a Sievert-type apparatus. Prior to hydrogen absorption and p-c
measurements, the alloys were activated by heating to 250°C under a vacuum of 107 torr for at least 2
h to remove the impurities. Then, the alloys were hydrided under a hydrogen pressure of 20 bar and
dehydrided to pressure less than 0.05 bar. The amount of hydrogen absorbed by the samples was
determined volumetrically. The p-c measurements were carried out after the samples activation (3
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absorption/desorption hydrogen cycles). The desorption pressure-composition (p-c) isotherm
measurements were carried out at room temperature (23°C).

Hydride electrodes were prepared by rolling of 85% corresponding alloy powders, 10% PVDF
and 5% acetylene carbon black into pellets 0.4 - 0.5 mm thick. Alloy powders were obtained by
hydrogen decrepitation and their initial granulation was on the order of 1 - 100 um. The average grain
size was not possible to evaluate with satisfactory accuracy, since greater powder particles had cracks
and fissures and their number increased as a result of cycling. The electrochemical charge/discharge
tests were carried out in a conventional three electrode cell, consisting of a metal hydride working
electrode, a reference saturated calomel electrode (SCE) and a Pt wire counter electrode, using a CHI
1140 A (Austin, Texas) workstation. The electrolyte was Ar-saturated, 6M KOH solution at a
temperature of 23+0.2°C. The electrodes were charged at a current density of 185 mA/g for 2 h and
discharged at 60 mA/g to the anodic potential of —0.6 V (vs SCE). The chronopotentiometric discharge
technique was applied to determine the relative hydrogen diffusion coefficients of the hydrogen
saturated LaNi3(Co, Al, In)o 7 electrodes.

3. RESULTS AND DISCUSSION

The tested alloys can be roughly divided into two groups, namely (i) LaNis3C0g4AlosxInk (X =
0, 0.1, 0.2, 0.3) and (ii) LaNis3(Coga-xIny)Alps (x = 0.0, 0.1, 0.2). Partial (x = 0.1, 0.2) substitution of
In for Al in the LaNis3Co004Alg3 compound leads to monophase alloys (solid solutions) with the
hexagonal CaCus-type structure. However, in case aluminium is fully substituted by indium (x = 0.3)
the X-ray diffraction pattern indicates that the sample (LaNis3C004Ing3 alloy) consists of more than
only one phase. The corresponding XRD patterns are shown in Fig. 1.
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Figure 1. X-ray powder diffraction patterns (KaCu radiation) of the LaNis 3C004 Alg s« Ink samples (x

=0,0.1,0.2,0.3).
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3.1 Pressure-composition isotherm studies

The pressure—composition (p—c) curves of hydrogen desorption at room temperature (23°C)

are presented in Figs. 2 and 3. Some characteristic parameters estimated from the p — ¢ curves are
collected in Table 1.
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Figure 2. p—c room temperature isotherms for hydrogen desorption of LaNis3C004Alg3x Ny (X =0
0.1, 0.2) alloys.
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Figure 3. p—c room temperature isotherms for hydrogen desorption of LaNis3(Co, Al)g7x Iny (X =
0.1,0.2,0.3) alloys
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Under hydrogen pressure of 10 bar the largest hydrogen concentration, w = 1.68 wt.%, has
been reached for In-free composition (x = 0). The increase of In content in the Al position is prone to
gradual decrease of hydrogen concentration to w = 1.45 wt.% (for x =0.1) and w = 1.20 wt.% (for x =
0.2).

Table 1. Hydrogenation parameters of the tested LaNis3(Co, Al)o7.xIny alloys determined from the p-c
measurements (23°C).

Maximum Reversible H, plateau
Alloy chemical formula hydrogen hydrogen capacity | equillibrium

concentration (Wrev) pressure

(Wmax) (Peq)

[wt. %] [wt. %] [bar]
LaNi4_3C00_4AI0_3 1.68 1.03 0.37
LaNi4.3COo.4A|0.2|n0.1 1.45 0.83 0.12
LaNi4.3COo.4A|0.1|n0.2 1.20 0.81 0.27
LaNi4,3000,4In0,3 1.38 0.77 0.72
LaNi4.3COo.3|n0.1A|o.3 1.22 0.94 0.19
LaNis3C0og3Ing 1Alg11ng2 1.27 1.01 0.19
LaNi4_3C00_2In0_2AIo_3 1.35 0.67 0.06

As it is shown in Table 1, the Co substitution by small amount of In (x = 0.1) decreases the
maximum hydrogen concentration t0 Wmax = 1.22 wWt.% but larger substitution (x = 0.2) increases it
to 1.35 wt.%. From the hydrogen storage properties point of view, the most important parameter is a
reversible hydrogen capacity (RHC). The RHC is the amount of hydrogen gas reversibly released
during isothermal desorption. The RHC of the alloy depends on a few factors, involving its crystal
structure, phase composition and structure, grain size, composition uniformity, surface state, etc. The
RHC hydrogen capacity values shown in the Table 1 were estimated from the width of plateau part of
p-c isotherms. The longer and more horizontal the pressure plateau, the more advantageous storage
characteristics of the alloy. The accuracy of measurements of the plateau width (in wt.% units)
depends on the level of plateau pressure and, in particular, on the sensitivity of the bottom range of the
used pressure gauge. In our case the pressure transducer used for the measurements would registered
hydrogen pressure values not lower than 0.05 bar. Because of comparatively low plateau pressures
for the most of studied alloys, the values of reversible capacities given in Table 1 can be
underestimated. It seems, the more correct results for RHC are possible to determine from the
discharge current capacity analysis in electrochemical experiments (see further parts of the paper).

The equilibrium pressures for hydrogen desorption presented in Table 1 were read in the
middle of plateau. As it results from Table 1, the Al substitution by small amount of indium (x = 0.1)
Is prone to a decrease of the plateau pressure (peq = 0.12 bar), however, greater substitutions distinctly
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increase it (peq =0.72 bar for x = 0.3). In case the cobalt is substituted by indium, the drop of plateau
pressure is dramatic: from peq = 0.37 bar (for In-free alloy) to peq = 0.06 bar (for alloy with x = 0.2).

3.2 Electrochemical characterization

The changes of electrochemical discharge capacity (Q) of the tested LaNig3(Co,Al)g7-xINk
electrodes vs cycle number are presented in Fig. 4. As it is seen from Fig. 4, the discharge capacities of
the alloys practically settle down on a constant level after 3-4 cycle.
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Figure 4. Discharge capacity (at anodic current 60 mA/g) of the tested alloys as a function of cycle
number (Ar, 6M KOH, 23°C).

Some of tested alloys reveal for Q a slight tendency to decrease with further cycling but some
of them seem not to reach a maximum value even after 8th cycle. The number of hydrogen atoms
which are absorbed by the compound formula unit (M is a simplified symbol of ABs type alloy) is
equal to

—F 1)
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where Qmax IS @ maximum discharge capacity (expressed in mAh/g), My is the molar mass of
the applied compound and F is Faraday constant, equal to 96500 A s mol™ = 26806 mAh mol™. The
hydrogen capacity expressed as hydrogen concentration (wt %) in the alloy is equal to

el OO

™ @

where M, is the molar mass of the hydride phase. The Qmax discharge capacities and
corresponding concentrations of hydrogen (wt %) as well as relative effective hydrogen diffusion
coefficients determined for the alloys from electrochemical experiments are listed in Table 2.

Table 2. Results of electrochemical measurements of the tested LaNij 3(Co, Al,)o7x Inx HSA

Alloy chemical formula Maximum discharge | D/a°

capacity

Qmax W

[mAh/g] | [wt. %] [s7]
LaNi, 3C0g 4Alo 3 289 1.07 1.3-10°
LaNi4 3C00.4Alo21Ng 1 305 1.13 2.5.10°
LaNi4 3C0g.4Alo 1IN0 292 1.09 2.2.10°
LaNi4 3C0g4INg 3 174 0.65 1.2-10°
LaNi4 3C0o3Ing 1Alg 3 280 1.04 1.8-107
LaNi, 3C0g31Ng 1Al 11N 293 1.09 3.5.10°
LaNiz 3C0g2INg 2Alg 3 303 1.12 3.3.10°

There appears from data in Table 2 that the Qmax capacities of indium substituted,
LaNi4 3C0p4Alp 3 based alloys are generally comparable (ca 280 — 300 mAh/g or ca 1.04 — 1.13 wt.%).
When aluminium is fully substituted by indium, the calculated discharge capacity is distinctly smaller:
ca 170 mAh/g and 0.65 wt.%, respectively. . The observed phenomenon results from phase structure of
the tested alloys. As it can be seen from XRD patterns presented in Fig.1., the LaNi,3Coq4Ing3
sample is a multiphase material. The distinct drop in the calculated hydrogen stoichiometric index
compared to its corresponding value for monophase sample indicates that there exist some quantity of
impurity phases in the alloy structure that absorb hydrogen irreversibly. These results are in good
agreement with those found in p-c measurements (compare w values in Table 2 with w,, in Table 1).

When Ni-MH batteries are applied to electric vehicles (EVs) the discharge potential of MH
electrode is considered to be particularly important property, because the discharge potential
determines the specific power of EVs [17]. More negative value of discharge potential leads to higher
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specific power of the battery. In Fig. 5 the changes of hydrogenated electrode potentials measured at i,
= 60 mA/g vs discharge time of the tested alloys are shown. It can be seen that each discharge curve
can be divided into two regions. Initially, the discharge process is controlled by charge transfer as
indicated by a potential plateau. After a certain period of time, a drastic decrease of potential occurs
due to the depletion of hydrogen atoms from the electrode surface [18]. For the LaNis3Co0g4Ino 3 alloy
electrode the width of the discharge potential plateau decreases distinctly in comparison with the other
six electrodes. The Co substitution by small amount of In (x = 0.1) increases insignificantly the
potential at half discharge time. Moreover, a flat discharge profile is characteristic for these alloys
which can be ascribed to fast hydrogen transport across the electrode. Only the LaNi43C004Ing3 alloy
reveals rather unstable discharge potential. Thus, indium partial substitutions for Co and Al ensure not
only stable discharge performance but also high specific power of a Ni-MH battery.
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Figure 5. Galvanostatic discharge curves for the tested LaNi43(Co, Al)o7x Iny electrodes at 60 mA/g
discharge current density measured for 8" cycle.

In order to study hydrogen transport rate within the hydrogenated electrode, the conventional
chronopotentiometric method has been widely used [19-21]. However, for a constant flux at the
surface and uniform concentration of hydrogen in the bulk of the alloy, the value of relative effective
diffusion coefficient (D /a® where a is an average alloy particle radius) may be evaluated with
satisfactory accuracy using the following simplified equation [22]:
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< Q] 3

z

a

where Q, is the capacity of the charged electrode, i, is the applied discharge (anodic) current
density and z is the transient (discharge) time, i.e., the time when the hydrogen surface concentration
approaches zero. Another words, the ratio Qo/i, corresponds to the discharge time necessary to
discharge completely the electrode under hypothetical conditions when the discharge process proceeds
without interference of diffusion [23]. In the absence of any other oxidation processes, the discharge
process carried out at a constant current should establish a constant hydrogen flux condition [23].

In order to evaluate the diffusion coefficient using Eq. 3 it is necessary to estimate the capacity
of the charged electrode (Q,) and transient time (z ). According to our numerous experiments [24,25],
the capacity of the charged electrode can be expressed as follows:

Qo =i ten (4)

where, i; is charging current density and tc, is time necessary for saturation of the electrode
with atomic hydrogen. In practice, after t.,, the tested electrode takes on values typical for cathodically
polarized H,O/H, system and generation of H, bubbles on the electrode surface takes place. In Fig. 6,
the graphical ways of determination of t, (Fig. 6a) and = (Fig. 6b) are visually presented.
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Figure 6. Galvanostatic charge (a) and discharge (b) curves for LaNis3C0g21Ing2Alg3 electrode and
visual presentation of t;, and t determination method.

After the ty, period of time the electrode potential settles down on a constant level
(corresponding to the H,O/H, system) and hydrogen bubbles start to evolute on the electrode surface.
As it is shown in Fig. 6b, after the transition time z, a drastic potential jump occurs to compensate the
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hydrogen surface concentration decreasing and start undesirable electrode material oxidation in order
to keep a constant current.

Because, it is hard to determine the real average particle size (and, thus its mean diameter a) of
the powdered alloy obtained by hydrogen decrepitation, we use D/a® fraction to evaluate hydrogen
diffusivity within the alloy. The calculated values of D/a’ (we name them “relative effective diffusion
coefficients™) are listed in the last column of Table 2. As it can be seen, the D/a® values determined
from the galvanostatic measurements are on the order of 10™ s™. Similar D/a’ values for the hydrogen
diffusivity were also determined by Zheng et al [19] and Zhao et al [26] in the ABs — type alloys.

4. CONCLUSIONS

Indium substitution for Co and Al in LaNis3(Co, Al,)o7-xInx compound modifies the alloy
hydrogenation behavior - it causes distinct decrease of the H, equilibrium pressure. From the
application point of view, the lowering of hydrogen pressure is a positive tendency, enabling its use in
battery applications. Unfortunately, the lower equilibrium pressure is achieved by the cost of reduced
hydride capacity. The tested alloys reveal acceptably high current capacities (280-305 mAh/g after 4-5
charge/discharge cycles) which practically does not change with several further cycles. For
LaNi,3Cog4Ing 3 alloy the discharge capacity is clearly less: 174 mAh/g only. The relative hydrogen
diffusion coefficients in the tested alloys are of the level of (1.2 to 3.5) 10°s™.
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