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Metal hydrides are used as anode material in nickel metal hydride batteries and are of
particular interest because of the potential to be a part of energy systems completely
involving renewable sources (e.g. solar power, wind power etc.). Preparation and
electrochemical characterization of metal hydride electrodes have not previously
been performed at the Department of Chemistry – Ångström Laboratory. Two basic
techniques that are desired to be used in the characterization are cyclic voltammetry
and chronopotentiometry. This thesis work is aimed at preparation and
electrochemical characterization of a metal hydride electrode and, as a complement,
study the electrode with X-ray diffraction.
LaNi3.55Co0.75Mn0.4Al0.3, a standard material for metal hydride electrodes
previously studied by Khaldi et al. was chosen, to ensure that electrochemical
absorption of hydrogen was possible, and to be able to compare electrochemical
results [1-3]. LaNi3.55Co0.75Mn0.4Al0.3 was synthesized with arc melting, with
additional annealing at 900°C for five days, ground in a cemented carbide ball mill and
sieved to less than 56 µm. Electrodes were prepared containing 90 wt.-% of
LaNi3.55Co0.75Mn0.4Al0.3 powder, 5 wt.-% of polytetrafluoroethylene and 5 wt.-%
of carbon black. The hydrogen absorption and desorption capabilities of the electrode
were studied electrochemically with cyclic voltammetry and chronopotentiometry,
and the structural changes associated with absorption of hydrogen was studied with
X-ray diffraction.
The capacity increased, probably from activation of the material, during initial cycling
up to the maximum capacity of 294 mAh g-1, obtained after 9 cycles, followed by a
small decrease, probably caused by corrosion and passivation of the material, in
capacity of the remaining 11 cycles. Activation of the material causes the charge and
the discharge potential to shift to a more positive and a more negative value,
respectively. The final values for the charge potential and the discharge potential were
-841mV and -945 mV vs. Hg/HgO, respectively, after 16 cycles. Khalid et al.
[1-3]reported a maximum capacity of 300 mAhg-1, a charge potential of about -960
mV and a discharge potential of about -840 mV after 16 cycles the results obtained in
this study are considered to be in good agreement with those reported. X-ray
diffraction of the electrodes revealed, as expected, a cell volume change of the
charged electrode compared to the discharged electrode. The change in cell volume
corresponds to an estimated capacity of 303 mAhg-1, which is very close to the,
above mentioned, electrochemically obtained maximum capacity of 294 mAhg-1.
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Sammanfattning
Ända sedan den industriella revolutionen har vi människor använt fossila bränslen som energikälla.
Utarmningen av reserverna av fossila bränslen, det ökande energibehovet och miljöpåverkan av CO2utsläppen tvingar oss att finna alternativa sätt att täcka det framtida energibehovet. Förnyelsebara
energikällor såsom sol-, vind-, vatten- och geotermisk energi är alla lovande men kräver en
energibärare för mobila tillämpningar. En av de mest lovande energibärarna är väte, som kan
generera värmeenergi i förbränningsmotorer eller elektrisk energi i bränsleceller och batterier, med
endast vatten som förbränningsprodukt. Vätgas tar dock upp stor volym, för att kunna användas i
mobila tillämpningar måste man lagra vätet så att volymen minskar. Lagringen av väte kan
exempelvis ske i metallhydrider där väteatomer upptar positioner mellan metallatomerna i
materialet.
Målet med detta examensarbete var att tillverka och karakterisera en metallhydridelektrod med den
utrustning som finns tillgänglig vid Institutionen för Kemi - Ångström. Metoden skulle bidra till
information om kapacitet, uppladdnings- och urladdningspotentialer och hur de påverkas av cykling
samt belysa viktiga parametrar i metod och uppställning som kan påverka resultaten. Resultaten
utvärderades genom att jämföra tidigare rapporterade resultat av Khaldi et al. [1-3].
En intermetallisk förening med sammansättningen LaNi3.55Co0.75Mn0.4Al0.3, som är ett
standardmaterial för NiMH-batterier, användes som vätelagrande material i elektroderna. Pulvret
syntetiserades genom att smälta ihop stökiometriska mängder av de ingående elementen i en
ljusbågsugn, följt av värmebehandling och malning. Elektroderna tillverkades genom blandning av 90
vikts-% av metallegeringspulvret, 5 vikts-% polytetrafluoreten och 5 vikts-% kimrök. De
elektrokemiska experimenten utfördes i rumstemperatur i en treelektroduppställning med den
tillverkade elektroden som arbetselektrod, nickelnät som motelektrod och en
kvicksilver/kvicksilveroxidreferenselektrod. Elektrolyten bestod av en 1,0 M kaliumhydroxidlösning.
Som komplement till de elektrokemiska experimenten utfördes röntgendiffraktion för att studera
förändringar i strukturen hos materialet som kan kopplas till väteabsorptionen.
Kapaciteten för elektroderna ökade under första cyklerna för att nå en maximal kapacitet på 294
mAhg-1 efter den nionde cykeln, därefter minskade kapaciteten något fram till den tjugonde cykeln.
Uppladdningspotentialen ökade med antalet cykler till ett värde på -945 mV mot referenselektroden
och urladdningspotentialen minskade med antalet cykler till ett värde på -841 mV efter 16 cykler.
Detta stämmer väl överens med tidigare publicerade resultat. De elektroder som tillverkades visade
sig var lätthanterliga och möjliggjorde analys av små mängder av metallhydridpulver. För att få
väteabsorption i elektroden var det viktigt att det fanns så lite löst syrgas som möjligt i elektrolyten.
Elektroderna vättes därför innan experimenten och elektrolyten bubblades med argongasflöde 45
min före samt under experimenten. Röntgendiffraktion av elektroderna gav strukturella förändringar
som uppskattade kapaciteten till 303 mAhg-1, ett värde som är mycket nära den elektrokemisk
uppnådda kapaciteten på 294 mAhg-1.
Tillverkningen av elektrod och metoden för att elektrokemiskt karakterisera dem, som beskrivs i
denna rapport, kan nu användas på Institutionen för Kemi - Ångström för att i framtiden jämföra hur
andra elektrodmaterial uppför sig.
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Introduction
Ever since the beginning of the industrial revolution, marked by James Watt’s improved steam
engine powered by mineral coal, humans have relied on the combustion of fossil fuels as energy
source. The depletion of fossil fuel reserves, the increase of energy demand and the impact of CO2
emissions on the environment will force us to find alternative ways to ensure the energy supply [46]. Renewable energy sources like solar, wind, water and geothermal power are examples of
promising energy sources [6]. However, for mobile applications fossil fuels can easily be carried on
board to produce energy in a combustion engine, while the above mentioned renewable energy
sources are in need of an energy carrier. One of the proposed energy carriers is hydrogen which has
several benefits compared to fossil fuels; the main source of hydrogen as well as the combustion
product of hydrogen is water. The combustion is described in Eq. 1
     

   



Eq. 1

Hydrogen can yield thermal energy in a combustion engine or electrical energy in a fuel cell or
battery [6]. There are several ways to produce hydrogen from renewable energy sources (e.g.
electrolysis of water or production from algae under certain conditions), which would be needed to
complete a clean energy system, while, hydrogen is today generally produced from steam reforming
of fossil fuels [6,7].
A normal car, weighing 1.3 tons, needs about 35 liters (≈26 kg) of petrol to travel 500 km. The
equivalent amount of hydrogen is 5 kg, which, at room temperature and atmospheric pressure,
occupies a volume of 56000 liters which is, of course, not acceptable for a car [8]. There are two
obvious ways to decrease the volume, by storing the hydrogen as a gas at high pressures or as a
liquid at low temperatures. Pressurizing the hydrogen requires energy, the high-pressure cylinders
adds weight to the vehicle and huge safety precautions are required. The low temperature storage
method requires energy to power cool the hydrogen and to hold the temperature below the
necessary -250˚C [9].
A promising way to store hydrogen is by chemical and physical interactions with a solid compound in
three types of materials: hydrogen absorbents, complex hydrides, and metal hydrides. Hydrogen
adsorbents are high-porosity compounds that physisorb hydrogen. The problem lies in the weak
physical interactions which require temperatures around -200˚C to adsorb useful quantities [10].
Complex hydrides are salts of Ax+[BHz]x- -type where A is a group I or II element and B generally is a
transition metal. Metal hydrides are formed when a metal or intermetallic compound reacts with
hydrogen. Some of them absorb and desorb hydrogen close to room temperature and ambient
pressures. The structure of the metal hydride is similar to that of the metal structure with hydrogen
atoms at interstitial sites. Intermetallic compounds of the type AxBy are especially interesting
because partial substitution of A and B elements allows the properties to be tailored [6].
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Metal hydrides
There are several metals and alloys that absorb hydrogen both from hydrogen gas and by splitting
water electrochemically. In adsorption from gas, hydrogen molecules are dissociated at the surface
of the metal. In adsorption from an aqueous electrolyte, water molecules diffuse to the negatively
charged electrode and are adsorbed, electrons from the metal are transferred to the water molecule
thereby splitting it, and finally hydroxide ions are desorbed leaving adsorbed hydrogen atoms at the
surface [11]. Metals usually form interstitial hydrides in two steps with hydrogen, one with low
hydrogen concentration (α-phase) where the hydrogen atoms form a more or less random solid
solution and one with high hydrogen concentration (β-phase), with hydrogen atoms at specific
positions, see Figure 1 [9].

Figure 1. Schematic picture of hydrogen absorption in a metal hydride from molecular hydrogen and water. The grey
spheres represent metal atoms, the red spheres and blue spheres represent hydrogen atoms and oxygen atoms,
respectively.

The absorption of hydrogen atoms causes an expansion of the unit cell. The cell volume of the
metal’s unit cell expands proportionally to the amount of hydrogen per formula unit by
approximately 2-3 Å3 per hydrogen atom in the cell. Sometimes this expansion is so large that it can
cause a large piece of the alloy to pulverize [10]. The reaction rates between hydride and metal
phase increase substantially during the first cycles between the phases. The initial cycling is
therefore often referred to as activation. This activation is caused by an increasing surface area,
pulverization, and catalytic metal sites forming at the surface.
Commercial materials for hydrogen storage are essentially pseudo-binary compounds and there are
basically two types of binary compounds that make up the majority of the nickel metal hydride
battery market [12]; AB2-type and AB5-type compounds. In both systems the A compounds are
usually rare earth metals that form stable hydrides, while the B compounds are transition metals
and form less stable hydrides [10, 13]. A common example of AB5 type alloy is LaNi5 and its
derivatives, which have been studied for decades. The hydrogen absorption and desorption
properties of LaNi5 were discovered by an accident when searching for a paramagnetic structural
analogue of SmCo5 for nuclear magnetic resonance (NMR) measurements of the site occupancies
[14]. Electrochemical charge – discharge cycling of LaNi5 causes pulverization and rapid
decomposition to La(OH)3 and Ni, but partial substitution of nickel with other elements can increase
the corrosion resistance and thermodynamic stability of the metal hydride [13, 15].
2

Figure 2. A schematic pressure-concentration-temperature (PCT) plot for hydrogen absorption in metal. The hydrogen
equilibrium pressure is plotted as a function of the hydrogen content at fixed temperatures.

Pressure and temperature determines the amount of hydrogen stored in a material. The hydrogen
absorption can be described in a pressure concentration temperature (PCT) plot, as seen in Figure 2,
which shows the equilibrium hydrogen pressure as a function of absorbed hydrogen atoms per
metal atom at fixed temperatures. In the α-phase the hydrogen concentration strongly depends on
the hydrogen pressure, which is seen as a steep slope in the curve, at a point the α-phase is
saturated the β-phase is formed. In the region where α- and β-phase coexist (ideally a plateau as
seen in Figure 2), a large number of hydrogen atoms are absorbed with only a small pressure
change. When all of the α-phase is converted to β-phase further concentration increase requires a
large hydrogen pressure increase, which again is seen as a steep slope in the curve.
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Nickel metal hydride batteries
A battery consists of at least two electrodes and an electrolyte. The electrode where the oxidation
occurs is denoted the anode and the electrode where the reduction occurs is denoted cathode. In
the battery chemical energy is converted to electrical energy by redox reactions at the electrodes. If
the redox reactions can be reversed by applying a current or a potential, the battery is called
secondary, i.e. secondary batteries are rechargeable. If the redox reactions cannot be reversed, the
battery is called primary. Primary batteries are hence irreversibly depleted after discharge.
The nickel-metal hydride (Ni-MH) battery is a secondary battery. It consist of a Metal/Metal Hydride
(M/MH) electrode and a Nickel Hydroxide/Nickel Oxyhydroxide (Ni(OH)2/NiOOH) electrode and
potassium hydroxide water solution as electrolyte, see Figure 3 [16].

Figure 3. Schematic picture of discharge of a nickel-metal hydride battery. The battery consists of a metal/metal hydride
electrode, seen to the left in the picture, and a nickel hydroxide/nickel oxyhydroxide (Ni(OH)2/NiOOH) electrode, seen
to the right in the picture, with KOH electrolyte. During discharge hydrogen atoms, seen as red circles in the picture, are
desorbed at the M/MH electrode reacting with hydroxide ions in the electrolyte to form water molecules; NiOOH reacts
with water to form Ni(OH)2 and hydroxide ions at the Ni(OH)2/NiOOH electrode.

The main processes taking place at the MH electrode during charging are adsorption of hydrogen, by
splitting water, at the surface and absorption of hydrogen into the material thus forming the α- and
β-phase. Adsorbed hydrogen atoms are generated by electroreduction of water molecules at the
surface of the metal hydride electrode. The reaction can be written as
      



     

where M is the hydrogen storage alloy and MHads is the storage alloy with one adsorbed hydrogen
atom. Adsorbed hydrogen atoms are chemisorbed, forming a metal hydride on the surface. The
hydrogen atoms diffuse into the structure occupying random sites in the α-phase. As the
concentration of hydrogen reaches a certain limit α-phase converts into β-phase these reactions can
be written as
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where MH(α) is the α-phase and MH(β) is the β-phase. Additionally the adsorbed hydrogen atoms
can combine, forming hydrogen gas in two main steps.
 
       

    


         



During discharge reactions run in the opposite direction and thus overall half cell discharge reaction
taking place at the metal hydride electrode is
      

     



where x is an integer [13, 17].
The cell voltage is the difference between the half cell reaction potential at the cathode and the half
cell reaction potential at the anode. An approximate potential of the Ni(OH)2/NiOOH electrode is
0.490 V and
-0.828 V for the M/MH electrode, for a hydrogen storage material with equilibrium
pressure of 100 kPa; this gives a nominal cell voltage of 1.318 V. However, the potential for the
M/MH electrode is not constant, Reutschi et al. discussed the cell voltage of a Ni-MH battery and its
dependency on the hydrogen storage material, type of cell, discharge rate, and discharge state [12].
A normal metal hydride electrode have a capacity of about 250 – 350 mAhg-1. The nickel metal
hydride batteries today have slightly lower energy density per weight, about 100 Whkg-1, compared
to lithium-ion batteries, about 150 Whkg-1, but it is better than nickel cadmium batteries, about 50
Whkg-1 [18].
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Aim
Researchers at the Department of Chemistry – Ångström Laboratory have not previously been
preparing and performing electrochemical characterization of metal hydride electrodes. Instead the
characterizations of metal hydride materials have been focused on studying hydrogenation from gas
phase, for example using X-ray diffraction to see changes in the structure that are associated with
the absorption of hydrogen. It is of great interest to be able to perform characterizations closer to
nickel metal hydride battery applications than the gas phase hydrogenation. Two basic techniques
that are desired to be used in the characterization are cyclic voltammetry and chronopotentiometry,
which give information about charge and discharge potentials, capacity, and cycling behavior.
This thesis work is aimed at preparing and electrochemically characterizing a metal hydride
electrode, and, as a complement, studying the electrode with X-ray diffraction. Additionally, to
compare hydrogenation techniques, the material should be hydrogenated from gas phase and
studied with X-ray diffraction. The electrochemical characterization involves cyclic voltammetry and
chronopotentiometry and the charge potential, discharge potential, capacity, and cyclic behavior is
discussed.
The metal hydride material had to be synthesized, and the electrodes had to be prepared with the
equipment available at the Department of Chemistry – Ångström Laboratory. As research of metal
hydride materials often focus on tuning the properties by partial substitution of elements in the
metal hydride, the difference between a “new” material and a material already used in commercial
nickel metal hydride battery may only be small composition changes. Metal hydride electrodes with
different hydrogen storage material could therefore be prepared in the same way.
LaNi3.55Co0.75Mn0.4Al0.3 was chosen as hydrogen storage material in the electrodes in this thesis. The
material was previously studied electrochemically by Khaldi et al. [1-3] with electrodes prepared in a
way that, in the experimental information given, could be reproduced with the equipment available
at the Department of Chemistry – Ångström Laboratory, and was believed to enable X-ray diffraction
measurements [1-3]. Since these type of electrochemical characterizations have not previously been
performed at the department, the electrochemical results will be compared with the studies made
by Khaldi et al. to evaluate the preparation and set-up for electrochemical characterization [1-3].
The electrochemical characterization is compared with structural characterization, using X-ray
diffraction, of the material hydrogenated from gas phase and the electrodes hydrogenated
electrochemically.
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Theoretical background
Metal hydride electrodes
The hydrogen storage properties of a metal hydride electrode greatly depends on the composition
of the mother compound [19]. The desorption pressure plateau in the PCT plot, see Figure 2,
corresponds to the equilibrium potential of the electrode, e.g. a desorption pressure of 0.01 atm to
1 atm (0.98 kPa to 98 kPa) is high enough to give a sufficiently negative equilibrium potential (about
-0.93 V vs. Hg/HgO) which ensures that the amount of hydrogen stored can be completely released
[20, 21]. Most metal hydride alloys pulverize rapidly during cycling, caused by the expansion of the
unit cell, hence the electrode must be designed to accommodate fine powders and it should be thin
enough so that as much as possible of the particles can be utilized [15]. To obtain satisfactory
performance the electrodes are often prepared from metal hydride alloy mixed with a binder
material that holds the materials in place and reduces material losses due to pulverization. Common
binder materials are acrylates, polytetrafluoroethylene (PTFE) and polyvinyl acetate (PVA). If the
binder material is a poor electrical conductor powders of copper, nickel, acetylene black or carbon
black are added to increase the electrical conductivity of the electrode [20].
The capacity of the alloy material can be calculated by measuring the current and time of the
discharge as
 !" # 
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Eq. 2
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Where Q is the total charge released, i is the current, t is the time and m is the weight of the alloy. As
previous mentioned, the electrochemical adsorption and desorption of hydrogen atom is:
    



     

i.e. desorption of one hydrogen atom corresponds to a charge transfer of one electron. The capacity
can be calculated from the number of hydrogen atoms per formula unit as
 !" #

,- ./
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Eq. 3

Where NH is the number of hydrogen atoms per formula unit, Mw is the molar weight of the alloy
and F is the Faraday constant [13].
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LaNi3.55Co0.75Mn0.4Al0.3 - a metal hydride electrode material
The first material considered to meet the requirements for practical use in batteries was
MmNi3.55Co0.75Mn0.4Al0.3, where Mm stands for mischmetal, a natural mixture of rare earth elements
[13]. By improving separation techniques for rare earth elements, LaNi3.55Co0.75Mn0.4Al0.3 became
economically justified and the electrochemical hydrogen absorption and desorption of
LaNi3.55Co0.75Mn0.4Al0.3 has been thoroughly studied [1-3, 14]. In room temperature the absorption
and desorption pressures for LaNi3.55Co0.75Mn0.4Al0.3 are 1500 Pa and 1800 Pa, respectively, and the
absorption and desorption potentials are around -0.85 V and -0.95 V vs. Hg/HgO [2, 21].
In general for LaNi5-type materials it is said that lanthanum forms stable hydrides and improves the
hydrogen storage abilities of the alloy, while nickel forms less stable hydrides and reduces the metal
hydrogen bond strength [12-14, 20]. Since partial substitution of nickel with other elements affects
several factors such as structure, metal hydrogen bond strength, volume expansion during
absorption, corrosion etc., and since these factors are correlated, it is hard to discuss how
substitution of each element are affecting these factors [22]. There are some interpretations worth
mentioning though. Reduced corrosion rate with increasing cobalt content have been observed by
both Willems et al. [14] and Adzic et al. [23]. Willems et al. [14] attributed the decrease of corrosion
to a lower expansion of the unit cell during absorption of hydrogen with increasing cobalt content,
and in that way reducing cracks, and hence the corrosion. Kleperis et al. [20] presents the effect of
aluminium as tuning the metal hydrogen bond strength and Reilly et al. [13] mention a decrease of
corrosion with increasing aluminium content. Manganese content is associated with tuning the
metal hydrogen bond strength, increasing pulverization and hydrogen storage capacity [19, 24].
Table 1 summarizes the effects of the individual elements suggested in the literature [12-14, 19, 20,
24, 25].
Table 1. Effect of individual elements in AB5-type hydrogen storage alloys [12-14, 19, 20, 24, 25].

Element
La
Ni
Co
Mn
Al

Effect
Forms stable hydrides and improves hydrogen storage
Forms unstable hydrides and decreases the metal hydrogen bond strength
Reduces corrosion rates
Tunes the metal hydrogen bond strength and improve hydrogen storage
Reduces corrosion rates
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a)

b)

Figure 4. The unit cell of a) LaNi3.55Co0.75Mn0.4Al0.3 and b) LaNi3.55Co0.75Mn0.4Al0.3Hx. The black spheres represent A-sites
A
occupied by La, the turquoise spheres represents B-sites
B sites occupied by Ni, Co, Mn, and Al. The red spheres represent
interstitial positions with a hole radii between 0.40 Å and 0.43 Å possible for hydrogen to occupy [25, 26].

LaNi3.55Co0.75Mn0.4Al0.3 crystallize in CaCu5-type
type structure, seen in Figure 4 a), which has the P6/mmm
space group [26]. The hydrided LaNi3.55Co0.75Mn0.4Al0.3D4.83 still has the P6/mmm space group,
determined with in situ neutron diffraction where neutrons are scattered by the nuclei of the
elements
ts and therefore more sensitive to deuterium than hydrogen [25]. There are different
opinions about the distribution of Co, Mn and Al but it is generally agreed that the elements are not
equally distributed on the B-sites,
sites, the turquoise spheres in Figure 4 a) and b) represent the B-sites
B
[13, 25, 26]. In Figure 4 b) the red spheres mark all the interstitial positions with a of hole radii
between 0.40 Å and 0.43 Å, i.e. possible hydrogen sites. Not all of these interstices can be occupied
at the same time, the
he minimum distance between two interstitial hydrogen atoms is 2.1 Å [27].
Theoretically a maximum number of six interstices per formula unit can be occupied, but in practice
it have been hard to reach such high values. Reilly et al. even state that a sixth
sixth hydrogen per formula
unit cannot be absorbed due to a disorder caused by substituting nickel for cobalt, aluminum, and
manganese [13].
Adzic et al. determined the unit cell expansion to 3.06 Å3 per hydrogen atom [23]. With the
theoretical maximum number of six hydrogen atoms per formula units, this corresponds to a cell
volume of 108.36 Å3 and capacity of 381 mAh g-1. Table 2 summarizes the cell parameters and cell
volume for LaNi3.55Co0.75Mn0.4Al0.3 and LaNi3.55Co0.75Mn0.4Al0.3D4.83 [25, 26].
Table 2. Reported space groups,, cell parameters and cell volume for LaNi3.55Co0.75Mn0.4Al0.3 and
LaNi3.55Co0.75Mn0.4Al0.3D4.83 [25, 26].

Material

Space group

a [Å]

c [Å]

Vcell [Å3]

LaNi3.55Co0.75Mn0.4Al0.3

P6/mmm

5.0666

4.0477

89.99

LaNi3.55Co0.75Mn0.4Al0.3D4.83 P6/mmm

5.3330

4.2480

104.63
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Synthesis
Arc melting
Arc melting is a technique which is based on melting elements under inert atmosphere using a
plasma arc, created by a large potential between an electrode and a ground plate. In the arc furnace
used in this project, seen in Figure 5, the electrode was made from tungsten and the sample was
placed on a water cooled copper hearth. When the arc is directed to the sample, the sample is
heated to temperatures above 1200˚C and, in a matter of seconds, melting the elements. Heating to
such high temperatures risks material losses due to evaporation of the elements, the arc is therefore
only directed to the sample for a few seconds and the water cooled copper cruicible rapidly cools
the sample to back to room temperature. The quick cooling rate may cause the lump of metal to
crack and splitter in the furnace, which also can cause material loss.

Figure 5. The samples were synthesized in this, 70 year old, arc furnace by melting of stoichiometric amounts of the pure
elements.

The samples were prepared by arc melting of stoichiometric amounts of the pure elements (La:
99.9%, Reacton; Ni: 99.9+%, Alfa Aesar; Co: 99.999%, Johnson Matthey; Mn: 99,985%, Johnson
Matthey; Al: 99.999%, Gränges Essem). Small chips of all metals as well as all of the manganese and
aluminum were placed in the bottom of the pile to reduce sample loss, mainly due to evaporation.
The chamber was pumped to vacuum and flushed with high purity argon gas to 40 kPa three times,
to get rid of reactive gases (particularly oxygen). The argon pressure was then set to 53 kPa and the
arc was lit and directed towards a piece of titanium getter to further reduce the oxygen content in
the chamber. After keeping the getter melted for a couple of minutes the arc was directed towards
the pile of elements and finally turned off once they had melted. Before opening the furnace the
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samples were allowed to cool for a couple of minutes after which the samples were weighed to
ensure that there were no significant material losses. The melting procedure was repeated six times.
Between the final three meltings the samples were turned to ensure better homogeneity. The
material loss after arc melting was 0.25 wt.-%, which is good, and will later be discussed in X-ray
diffraction measurements of the synthesized sample. After the last melting the samples were
crushed in a cemented carbide crucible.

Annealing
Fused silica tubes were cleaned in aqua regia for four hours, rinsed with deionized water, dried in a
furnace and sealed in one end. The crushed samples were pressed into pellets and placed in the
prepared fused silica tubes which, after evacuation to avoid formation of oxides, were sealed to
form an ampoule. The samples were heated at 900˚C for 5 days, after which the samples were
crushed in a cemented carbide crucible. This is done to reduce internal strains caused by the rapid
cooling rates in the arc furnace.

Ball milling
The samples were mechanically ground in open air using a cemented carbide ball mill, seen in Figure
6, and passed through a 56 μm sieve. The sieved powder consisted of particles with one dimension
smaller than 56 μm. This preparation differed from the preparation of Khaldi et al. [1-3] who ground
and sieved their samples to less than 63 μm in a glove box under argon atmosphere.

Figure 6. Picture of the cemented carbide ball mill used to mechanically ground the synthesized material.

Hydrogen absorption from gas phase
Some of the annealed, ground and sieved material was hydrogenated from gas phase in a furnace,
shown in Figure 7. The chamber was flushed with argon gas three times prior to the experiment and
the hydrogen absorption was activated at 300˚C with an initial hydrogen pressure of 90 kPa and the
sample was allowed to cool for one hour in the hydrogen atmosphere.

Figure 7. The furnace used to hydrogenate the synthesized material from gas phase. In the left top corner a pressure
gauge can be seen measuring the gas pressure in the tube in which the sample was placed. The tube is covered by a steel
wire net for protection and is slid into the cylindrical heating chamber.
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Electrode preparation
The electrodes were prepared so that they contained 90 wt.-% of synthesized powder, 5 wt.-% of
carbon black (CB) and 5 wt.-% of polytetrafluoroethylene (PTFE). In the electrode CB was added to
enhance electric conductivity and PTFE was added as a binder material. In all of the electrodes the
synthesized powder and the PTFE were mixed with carbon black (Erachem Comilog NV, Super P for
lithium batteries). PTFE is resistant to alkali solutions, such as KOH, which was used as the electrolyte
in the electrochemical experiments. In these experiments electrodes were prepared from two kinds
of PTFE; a dry powder of PTFE (DuPont, Zonyl MP1600) and PTFE 60 wt.-% dispersion in water
(Sigma-Aldrich, 665800). Figure 8 is a schematic picture of the content of the electrodes.

Figure 8. A schematic picture of the content of the prepared electrodes. 90 wt.% of the powder of synthesized material
was mixed with 5 wt.% PTFE and 5 wt.% carbon black.

Synthesized material, CB and PTFE were mixed in a beaker using a glass rod. A couple of drops of
ethanol were added until the mixture was a granular paste. The paste was kneaded until the paste
held together and then rolled with a fused silica tube on Plexiglas. After about ten minutes the
mixture was more compact and behaved like latex. After each roll the material was folded and rolled
in a direction perpendicular to latest direction. The material was then rolled in roll mill with
adjustable distance between the rollers, gradually reducing the distance between the rollers from 1
mm to 0.3 mm. Figure 9 is a schematic picture of the mixing rolling and pressing of the electrode
material.
Electrodes prepared from polytetrafluoroethylene 60 wt.-% dispersion in water, carbon black and
hydrogen storage material formed a latex-like material that held together during rolling to a
thickness of 0.3 mm and were easily cut into pieces with as little as 20 mg of the synthesized
material being used.Electrodes prepared with the dry powder of polytetrafluoroethylene, carbon
black and synthesized material did not hold together during pressing. The electrodes fell apart and
did not have mechanical properties good enough to be tested electrochemically.
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Figure 9. A schematic picture of the preparation techniques of the electrode. The synthesized material was mixed with
PTFE and carbon black in a beaker with a rod, rolled with a tube, and pressed to a thickness of 0.3 mm.

After rolling the material it was dried in a vacuum desiccator over night to evaporate the ethanol.
The dried material was cut into sizes ranging from 0.3*0.3 cm2 to 1*1 cm2 pieces. The pieces were
pressed between tissue paper onto a nickel mesh (Alfa Aesar, nickel gauze – 39704), acting as a
current collector in the electrochemical experiments, with approximately 10 kN/cm2 of pressure for
one minute. To wet the voids of the electrode, it was put in a beaker with 1 M KOH electrolyte
solution that was placed in a vacuum desiccator.

Characterization
Electrochemical experiments
All the electrochemical experiments were carried out at
room temperature in a three-electrode open-air setup,
see Figure 10. The prepared hydrogen storage electrode
was used as a working electrode (WE). A nickel mesh
(Alfa Aesar, nickel gauze – 39704) was used as counter
electrode (CE) and a Hg/HgO electrode (Radiometer
analytical, XR400) was used as a reference electrode.
The electrolyte consisted of a 1.0 M KOH water
solution, which was bubbled with argon to reduce
dissolved oxygen for 45 min prior to and then during
the experiments, see Figure 10.

Figure 10. Schematic picture of the three electrode cell used in the electrochemical experiments. The nickel mesh
counter electrode, the Hg/HgO reference electrode, and the prepared working electrode are marked in the picture with
CE, RE and WE, respectively. Argon gas was bubbled through the electrolyte seen to the right of the picture.
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Cyclic voltammetry
In cyclic voltammetry a potential is applied between the working electrode and the reference
electrode. The potential is swept between an upper and a lower potential limit for a number of
cycles and the current is measured. Obtained data are presented by plotting current versus
potential. Figure 11 shows a schematic cyclic voltammogram for a metal hydride electrode [1]. A
redox reaction is indicated by a current, the current integrated over time, according to Eq. 2 where
the time is given by the sweep rate (Vs-1), is proportional to the number of redox reactions, seen as
the red area in Figure 11. The direction of the current (positive or negative) indicates if it is oxidation
or reduction. The potential hints what reaction that occur. A natural potential limit in experiments
with an aqueous electrolyte is the hydrogen evolution reaction by splitting water, occurring at about
-1.2 V vs. Hg/HgO seen as a tail to the left of the charge potential in Figure 11 [2].

Figure 11. A schematic picture of a cyclic voltammogram for a metal hydride electrode (black curve) with charge
potential and discharge potential marked with a green and blue line, respectively [1]. The red area A under the discharge
peak combined with the sweep rate corresponds to the capacity of the electrode.

In the experiments the potential of the electrode was swept between -0.65 V and -1.20 V versus the
Hg/HgO reference electrode, with a sweep rate of 20 µV s-1, for 20 cycles using an Autolab PGSTAT10
potentiostat. Cyclic voltammetry measurements were chosen to study discharge capacity. Since the
charge reaction and the hydrogen evolution reaction could occur simultaneously, the charge peak
could be drenched by the hydrogen evolution reaction and therefore making the charge potential
hard to determine. The experiments were also performed with the nickel mesh current collector as
working electrode to check that the adsorption and desorption of hydrogen are taking place in the
hydrogen storage material and not on the nickel current collector.
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Chronopotentiometry
In one a type of chronopotentiometry a constant current is applied. The current can be applied in
two steps per cycle (i.e. to simulate charging and discharging conditions in a battery) for a number of
cycles and the potential between the working electrode and the reference electrode is measured. An
upper and lower limit for the potential are defined to prevent destructive reactions. The data are
presented as potential versus charge. Figure 12 shows a schematic picture of a chronopotentiogram.
When a negative current is applied the potential of the electrode drops until a reduction reaction
occurs, alternatively drops to the cut off potential. If a substantial amount of a redox reaction
occurs, it is indicated by a shift of slope (it becomes less steep) of the chronopotentiogram near the
redox potential. The potential stays fairly constant for as long as the reaction can maintain the
applied current. In Figure 12 the reactions are drawn as plateaus, near the reduction potential and
the oxidation potential. In reality the potential response will not be constant, and the shape will not
be a perfect plateau, since the potential of the redox reactions are dependent on the concentration
of the reaction species, which will change when they are consumed in the reaction. The length of the
“plateau” corresponds to how long the reaction can maintain the current, i.e. to the number of
redox reactions, seen as the red line in Figure 12. The potential hints what reaction that occurs.

Figure 12. A schematic picture of a chronopotentiogram for a metal hydride electrode (black curve) with charge
potential and discharge potential marked with a green and blue line, respectively. The length of the red line L is the
length of the discharge plateau and corresponds to discharge capacity.

In the experiments the current was applied in two steps, -1 mA for maximum 11 h and +1 mA for a
maximum 11 h, for each cycle using an Autolab PGSTAT302N galvanostat. The potential limits were
set to -0.65 V and -1.01 V versus the Hg/HgO reference electrode. Chronopotentiometry was chosen
to study charge potential and discharge potential. The magnitude of the applied current affects if
one reaction is enough to maintain the applied current, therefore it can be hard to get only one
redox reaction.
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X-ray powder diffraction (XRD)
X-ray diffraction (XRD) is a technique that can be used to characterize the crystal structure of
crystalline compounds. The technique is based on the scattering of X-rays by the electrons of atoms
and ions in a material and the interference between these scattered X-rays. Diffraction give rise to
beams with high intensity at specific angles. The intensity and the angles are linked to the element
and the structure of the compound. Bragg’s law describes the relation between the diffraction angle,
the interplanar distance, and the wavelength of the incident X-ray according to
2 # (345 678 9
where n is an integer, 2 is the wavelength of the incident wave, dhkl is the interplanar distance and :
is the angle between incident wave and scattering plane, Figure 13 is a geometrical interpetation of
Braggs’ law [28].

Figure 13. Geometrical illustration of Braggs’ law; constructive interference between the waves occur if the path
difference is a multiple of the wavelength, 2Δ = n2
2#dhkl678θ.
678

XRD of the synthesized samples and the samples hydrogenated from gas phase were carried out
with a Bruker D8 diffractometer with a Våntec position sensitive detector with a 4˚ opening using
monochromated CuKα1 (λ=1.540598 Å) radiation in a θ-2θ locked-couple setup, with a single-crystal
silicon zero background sample holder. The samples were ground and suspended in ethanol to make
it easier to distribute the powder evenly on the sample holder.
The X-ray powder diffraction of the electrodes was carried out in a Siemens D5000 diffractometer
using monochromated CuKα1 radiation in a θ-2θ locked-couple setup. The electrodes were placed on
a wax pillar sample holder in order for them to be flat and at the right height for the incoming
radiation.
Phase analysis was made on the obtained patterns indexing the peaks, unit cell parameters for the
AB5 and AB5Hx were refined using the program CHECKCELL [29]. Additional phases were identified
using the program DiffracPLUS EVA.
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Results and discussion
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Characterization of the metal hydride material
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Figure 14. XRD patterns for the as cast arc melted, annealed and the ball-milled and sieved LaNi3.55Co0.75Mn0.4Al0.3
samples are marked with blue, red and black curves, respectively. The LaNi3.55Co0.75Mn0.4Al0.3 tics mark the Bragg
positions received from unit cell refinements. The Al9Mn, La and LaNi3 tics are reported Bragg positions for respective
phase.

The synthesized material contained several phases, in which the major phase was
LaNi3.55Co0.75Mn0.4Al0.3. The material loss during arc melting was 0.25 wt.-%, the additional phases are
probably caused by stoichiometric deviations from this material loss. The synthesized material is still
believed to contain a satisfying amount of the LaNi3.55Co0.75Mn0.4Al0.3-phase, the traces of other
material should not affect the hydrogen storage ability of the material.
Annealing at 900˚C for 5 days, mechanical grinding and sieving did not result in any additional phases
compared to the as cast arc-melted sample. As expected, annealing at 900˚C for 5 days resulted in
reduction of the internal strains, caused by the rapid cooling of arc melting, which can be seen as the
narrower peaks in the middle pattern compared to the upper pattern in Figure 14.
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Figure 15. XRD patterns for the synthesized material and the material hyrided from gas phase. The red upper and the
black lower pattern show the synthesized material and the material hydride from gas phase respectively. The black tics
mark the Bragg positions received from unit cell refinements of the material hydrided from gas phase. The red tics mark
the Bragg positions received from unit cell refinements of the synthesized material from arc-melting.

Activating the synthesized material at 300˚C and allowing it to cool under hydrogen atmosphere
resulted in a shift of the peaks toward lower angles for the LaNi3.55Co0.75Mn0.4Al0.3Hx phase,
compared to the synthesized mother compound, see lower pattern compared to upper pattern in
Figure 15. This shift can be attributed to an expansion of the unit cell caused by the hydrogen
absorption.
Table 3 summarizes the cell parameters and cell volume between the active material and the
hydride material. The cell volume change of 14.01 Å3 corresponds to absorption of 4.6 hydrogen
atoms per formula units, that is LaNi3.55Co0.75Mn0.4Al0.3H4.6 [23]. 4.6 hydrogen atoms per formula unit
corresponds to a capacity of 291 mAh g-1, see Eq. 3.
Table 3. Cell parameters, a and b, and cell volume received from unit cell refinements of the XRD patterns for the
synthesized material and the material hydrided from gas phase.

Sample

Space group

a [Å]

c [Å]

Vcell [Å3]

Synthesized
material

P6/mmm

5.076(4)

4.0515(8)

90.420(3)

Hydrogenated
material

P6/mmm

5.357(6)

4.201(7)

104.43(3)
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Characterization of electrode
Cyclic voltammetry
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Figure 16. Cyclic voltammograms for the electrode prepared from LaNi3.55Co0.75Mn0.4Al0.3. The fifth, tenth and fifteenth
cycles are marked with blue, red and green curves, respectively. With increasing cycle number the cathodic branch
potentials and the anodic peak potentials are shifted to a more positive and a more negative value respectively.

Figure 16 illustrates the cyclic voltammogram of the electrode prepared from LaNi3.55Co0.75Mn0.4Al0.3.
In the cathodic branch of the voltammogram a drenched peak is observed at a potential around
-1.05 V. This plateau is probably associated with the adsorption of hydrogen atoms on the electrode
surface according to
  



  ?    

and will be discussed in the results of the XRD characterization of the electrodes.
The peak at about -1.2 V in the cathodic branch, seen as a tail to the left in Figure 14, is associated
with hydrogen evolution at the electrode surface according to
   



 ?       

gas evolution was observed at the electrode in the cathodic branch, which indicates that the
reactions stated above occur. It is hard to separate the contribution of each reaction in the cathodic
branch, since they take place at the same time, which means no quantitative analysis of the
hydrogen adsorption was made from the cathodic branch.
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Both the drenched adsorption peak potential and the hydrogen evolution peak potential are shifted
to a more positive value with increasing number of cycles. This shift is probably due to activation of
the material, in which the material is further pulverized and the surface is activated [13].
In the anodic branch a peak is observed at around -0.77 V. This peak is associated with desorption of
hydrogen atoms from the electrode surface according to
     ?       



, and will be discussed in the results of the XRD characterization of the electrodes. The peak
increases from the first to the ninth cycle and then stays fairly constant. The desorption peak
potential is shifted to a more negative value with increasing number of cycles. This is, similarly to the
adsorption, due to the activation in which the material is further pulverized and will therefore
desorb hydrogen more easily.

0.002
0.000
-0.002

I [A]

-0.004
-0.006
-0.008
-0.010
-1.2

-1.1

-1.0

-0.9

-0.8

-0.7

-0.6

E [V] vs. Hg/HgO

Figure 17. Cyclic voltammogram for nickel mesh current collector.

Cyclic voltammogram for nickel mesh current collector as working electrode, see Figure 17, revealed
a contribution to the hydrogen evolution reaction but no other reactions were observed which
indicates that the absorption and desorption reactions are taking place in the hydrogen storage
material and not in the current collector.
If the argon gas flow was lower than two bubbles per second the desorption peak in the anodic
branch got shifted to smaller value, although the characteristic shape of the voltammogram was
preserved. A possible explanation for this is that oxygen reduction is competing with adsorption of
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hydrogen atoms on the electrode surface, resulting in a smaller amount of hydrogen stored in the
electrode, according to


    ?    

@
     @



 ? @ 

If the counter electrode was too small it could be a limiting factor in the cyclic voltammetry
measurements, resulting in less hydrogen absorbed by the electrode. No such problems were
obtained if the weight of the nickel mesh counter electrode was 7 times the mass of the active
material.
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Figure 18. Discharge capacity obtained with cyclic voltammetry measurements versus cycle number for the
LaNi3.55Co0.75Mn0.4Al0.3 electrodes.

The discharge capacities of the electrode were calculated from the area under the peak with zero as
baseline in the anodic branch of the cyclic voltammogram. These values are plotted in Figure 18.
While the initial the capacity was only 85 mAhg-1 the maximum discharge capacity obtained was 294
mAhg-1 after 9 cycles, and the capacity decreased by 16% to a value of 253 mAhg-1 after 20 cycles.
Activation, in which the material is further pulverized and surface is activated causing easier
absorption and desorption of hydrogen, causes the increase in capacity [13]. Cycling probably cause
corrosion and passivation of some material which makes less material active, and after the ninth
cycle these processes outweigh the activation processes and the capacity decreases [15].
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Chronopotentiometry
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Figure 19. Chronopotentiogram for the electrode prepared from LaNi3.55Co0.75Mn0.4Al0.3, with -1 mA applied for a
maximum of 11 h and +1 mA applied for a maximum of 11 h, and potential limits set to -0.65 V and -1.01 V. With
increasing cycle number the potentials of the charge curve shifts to a more positive value and the discharge curve shifts
to a more negative value.

Figure 19 illustrates the chronopotentiograms of the electrode prepared from LaNi3.55Co0.75Mn0.4Al0.3.
The curve with midpoint at about -0.95 V between 0 and -10 Q is attributed to the adsorption of
hydrogen atoms at the electrode surface according to
   



  ?    

, and will be discussed in the results of the XRD characterization of the electrodes.
The plateau at about -1 V between -10 and -40 Q is attributed to the hydrogen gas evolution at the
electrode surface according to
   



 ?       

The curve with midpoint at about -0.83 V between -40 and -30 Q is attributed to the desorption of
hydrogen at the electrode surface according to
     ?       



, and will be discussed in the results of the XRD characterization of the electrodes.
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Charge and discharge potentials [mV] vs. Hg/HgO

The hydrogen adsorption potential is shifted to a more positive value and the hydrogen desorption
potential is shifted to a more negative value with increasing cycle number, due to activation of the
material. The shift of adsorption and desorption potentials in chronopotentiometry are in
accordance with shift of adsorption and desorption peak potentials in the cyclic voltammetry
measurements.
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Figure 20. Charge and discharge potentials obtained with chronopotentiometry for the LaNi3.55Co0.75Mn0.4Al0.3
electrodes. With increasing cycle number the charge potential shifts to a more positive value and the discharge potential
shifts to more negative value.

In Figure 20 the charge and discharge potentials obtained with chronopotentiometry are marked
with black triangles and white triangles, respectively, with the potentials being the midpoint of the
charge and the discharge curve in Figure 19. As the number of cycles increase the charge potential,
i.e. hydrogen absorption potential, is shifted to a more positive value to a value of -945 mV vs
Hg/HgO after 16 cycles. At the same time the discharge potential, i.e. hydrogen desorption potential,
is shifted to a more negative value to a value of -841 mV vs Hg/HgO after 16 cycles. The shifts of
potentials are attributed to the activation of the material, where the adsorption and desorption rate
of hydrogen atoms increase [13].
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Characterization of charged and discharged electrode
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Figure 21. XRD patterns for electrodes. The upper red and the lower black patterns show the discharged and the charged
electrode, respectively. The black tics mark the Bragg positions received from unit cell refinements of the charged
electrode. The red tics mark the Bragg positions received from unit cell refinements of the discharged electrode. The
blue tics are reported Bragg positions for nickel.

Figure 21 shows the diffraction patterns for a charged (black lower) and a discharged electrode (red
upper). Charging the electrode resulted in an expansion of the unit cell of the
LaNi3.55Co0.75Mn0.4Al0.3Hx phase compared to the LaNi3.55Co0.75Mn0.4Al0.3 phase, seen as a shift of the
peaks to lower angles of the upper pattern compared to the lower one in Figure 21. This can be
attributed to the hydrogen absorption in the material. The nickel current collector gives three peaks
at 44.5˚, 51.9˚ and 76.4˚. The fact that these peaks agree with reported Bragg positions indicates
that the height of the sample in the diffractometer is correct which is important when comparing
the cell parameters. The unit cell refinements of the LaNi3.55Co0.75Mn0.4Al0.3Hx phase are in agreement
with the sample hydrided from gas phase.
Discharging the electrode resulted in a reduction of the unit cell of the LaNi3.55Co0.75Mn0.4Al0.3 phase
compared to the LaNi3.55Co0.75Mn0.4Al0.3Hx phase, attributed to hydrogen desorption in the material.
As in the previous XRD pattern for the charged electrode, the nickel current collector gives three
peaks at 44.5˚, 51.9˚ and 76.4˚. The unit cell refinements of the LaNi3.55Co0.75Mn0.4Al0.3 phase are in
agreement with data of the synthesized material, but with slightly smaller cell volume. This indicates
that the mother phase is obtained after discharge, but possibly some structural changes are
happening during cycling causing an decrease of cell volume.
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Table 4 summarizes the cell parameters and cell volume between the charged electrode and the
discharged electrode. The cell volume change of 14.6 Å3 corresponds, according to Adzic et al., to
absorption of 4.8 hydrogen atoms per formula units, that is LaNi3.55Co0.75Mn0.4Al0.3H4.6 [23]. 4.8
hydrogen atoms per formula unit corresponds to a capacity of 303 mAh g-1, see Eq. 3. The X-ray
diffraction indicates that it is in fact the hydrogen adsorption and desorption reactions seen in the
cyclic voltammogram and chronopotentiogram of the electrodes.
Table 4. Cell parameters, a and b, and cell volume received from unit cell refinements of the XRD patterns for the
charged and the discharged electrode.

Sample

Space group

a [Å]

c [Å]

Vcell [Å3]

Charged
electrode

P6/mmm

5.35(1)

4.215(1)

104.362(3)

Discharged
electrode

P6/mmm

5.064(5)

4.041(7)

89.760(1)

Summary of experiments
The XRD patterns for the electrochemically charged and discharged electrode are very much in
agreement with the synthesized material and the material hydrided from gas phase, respectively.
Unit cell refinements indicate that about 4.6 H/f.u. (gas phase) to 4.8 H/f.u. (electrochemically) are
absorbed corresponding to a capacity of about 300 mAh g-1. Table 5 compares shifts in cell volume
obtained from unit cell refinements of the XRD patterns for the synthesized material and
hydrogentated from gas phase, and for the discharged and charged electrode.
Table 5. A comparison between the change in cell volume (∆Vcell) from refinements of XRD patterns, hydrogen atoms per
3
formula units (H/f.u.) calculated from 3.06 Å per hydrogen atom and capacity calculated from H/f.u. from
hydrogenation from gas phase and electrochemically hydrogentation, respectively [23].

Hydrogenation

XRD refinements
∆Vcell [Å3]

3.06 Å3 per H/f.u. [23]
H/f.u.

Eq. 3
Capacity [mAh g-1]

From gas phase

14.0

4.6

291

Electrochemically

14.6

4.8

303

Electrochemically a maximum capacity 294 mAh g-1 was obtained with cyclic voltammetry, which is
close to the estimated capacity of 303 mAhg-1, calculated from the cell volume change of the
charged and discharged electrode according to Eq. 3. During cycling the capacity increased from first
to ninth cycle followed by a small decrease from ninth to twentieth cycle which is reported by Khaldi
et al. [1-3]. A much larger shift of the charge and discharge potentials is reported than those
obtained in this study. Khaldi et al. obtained a charge potential shift from -1100 mV to -960 mV and
the discharge potential shift from about -700 mV to -840 mV from the first to the sixteenth cycle [13]. In this report the charge potential shifted from -823 mV to -841 mV and the discharge potential
shifted from -961 mV to -945 mV from first to sixteenth cycle. A possible explanation for this may be
the particle size. Sieving the powder, in the preparation, should give particles of different sizes but
with (at least) one dimension smaller than 56 µm. The distribution of particle size was not studied in
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the thesis, neither discussed by Khaldi et al. [1-3]. If the size of the particles were smaller in this
study than in the studies made by Khaldi et al. a smaller effect of the pulverization would be
expected and hydrogen would adsorb and desorb more easily resulting in a smaller shift of the
charge and discharge potential. The fact is that a 56 µm sieve was used in this study compared to 61
µm sieve by Khaldi et al. also indicates that the particle size was smaller in these experiments [1-3].
XRD patterns for the synthesized showed several phases, in which the major phase was the
LaNi3.55Co0.75Mn0.4Al0.3-phase. Electrochemical experiments indicate that the material absorbed
hydrogen and therefore that the synthesis of the material gave a pure enough sample. XRD patterns
for the ball-milled and sieved sample showed no additional peaks compared to the as cast arc
melted sample, this indicates that the material does not form new phases during the grounding and
sieving in atmospheric conditions. Hence, for this sample it was not necessary to grind and sieve
under argon atmosphere as the material was prepared by Khaldi et al. [1-3].

Conclusions
A metal hydride electrode with LaNi3.55Co0.75Mn0.4Al0.3 as hydrogen storage material was prepared,
electrochemically characterized with cyclic voltammetry and chronopotentiometry, and the the
charged and discharged electrode was studied with X-ray diffraction.
It was not necessary to grind and sieve LaNi3.55Co0.75Mn0.4Al0.3 under inert atmosphere, however,
oxides forming under these processes might be a problem for other alloys. Polytetrafluoroethylene
60 wt.-% dispersion in water (Sigma-Aldrich, 665800) produced electrodes that were easy to prepare
and handle on laboratory scale, using as little as 20 mg of the synthesized material for
electrochemical analysis. Swapping the PTFE may cause the electrodes to not hold together at all.
Sieving the synthesized material with a 56 µm sieve gave comparable, but not completely the same,
results as a 63 µm sieve. The initial cycling is probably effected by the particle size, noted in half
charge half discharge potentials. Oxygen dissolved in the electrolyte could be detrimental to both
cyclic voltammetry and chronopotentiometry measurements. To remove as much dissolved oxygen
as possible the electrolyte was bubbled with argon gas for 45 minutes before measurements, an
argon gas flow was kept during measurements, and the electrodes were wetted in the electrolyte in
a vacuum desiccator before measurements to avoid air bubbles in the electrode.
The capacity increased during initial cycles up to the maximum capacity of 294 mAh g-1 obtained
after 9 cycles, due to activation of the material, followed by a small decrease of capacity the
remaining 11 cycles. Activation of the material causes the charge and the discharge potential shift to
a more positive and a more negative value respectively with increasing cycle number to -945 mV
charging and -841 mV discharging potential vs. Hg/HgO after 16 cycles. This behavior is essentially
reported by Khalid et al. [1-3]. Just as expected, the peaks in the XRD pattern are shifted towards
lower angles for the charged electrode comparing to the discharged, this is attributed to an
expansion of the unit cell caused by hydrogen absorption. Unit cell refinements estimate an
absorption of hydrogen corresponding to a capacity to 303 mAh g-1 very close to the obtained
maximum capacity which was 294 mAhg-1.
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Future outlooks
There are still some interesting things to study, but there were no time in this project, here are a few
of them:
•

•
•
•

Holding the potential, close to the expected adsorption potential, during cyclic voltammetry
and investigate how the desorption peak is affected by the time the potential is kept
constant
Decreasing the current in the chronopotentiometry experiments, and investigate which
discharge rate will obtain the maximum capacity for the material
Prepare electrodes with the same procedure but with new hydrogen absorption material,
such as Sc13Ru57
Try to make thinner electrodes with less weight percent of the metal hydride material and in
that way enables transmission X-ray diffraction studies of the electrode and, in time, in situ
transmission X-ray diffraction studies
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