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Abstract

This thesis forms one of the final parts of an extended studheohydrogen storage and

generation properties of i@ borohydrides.

Manganese borohydride, Mn(BH, which is expected to Hermed by the mechanchemicé
activation synthesis (MCAS) from mixture of sodium borohydride, NaBHand manganese
chloride, MnCly, is the candidate explored in this thesis. The effect of catalytic additives
graphene andltrafinefilamentarycarbonylnickel (Ni), in addition to lithium amide (LiNE)

is also studied.

The mixture of (2NaBkt-MnCly) was ball milled in a magnetwill. No gas release was
detected. The XRD patterns of the ball milled mixture exhibit only the Bragg diffraction peaks
of NaClktype salt which on the basis of ther&y diffraction results reported in the literature
is possibly identified as a solid solutidta(CIx(BH4)wx), possessing a cubic NaGipe
crystalline structureNo presence of any crystalline hydride was detected by powday X
diffraction which clearly shows that NaBHin the initial mixture must have reacted with
MnCl2 forming a NaCltype by-product and another hydride that does not exhib@yXBragg
diffraction peaksMassspectrometryMS) of gas released from the ball milled mixture during
combined thermogravimetric analysis/differential scanning calorimetryGA/DSC)
experiments, confims mainly hydrogen (£ with a small quantity of diborane gasHB. The
Fourier transform infraied (FTIR) spectrum of the ball milled (2NaBHMNCIy) is similar to
the FFIR spectrum of crystalline manganese borohydrideln¢BH4)2, synthesized by ball

milling which strongly suggests that an amorphobérgBH4). hydride was formed.



The catalytic additives of Wt. % graphene and ultrafine filamentary nickel added before ball
milling significantly improved the dehydrogenation characteristics of the maixtlihe
addition of graphene suppressed the formation:blsBTrhe powder mixture desorbed wa.

% H> after 24 hours at 120°C.

5 wt. % lithium amide, LiINH, when added before ball milling changed the nature of the
dehydrogenation reaction from endothertaie@xothermic and almost completely eliminated

the release of diboranThis powder mixture desorbed ~3 wt. %adfter 24 hours at 140°C.

The highlight of this works the crystallization of likely amorphous Mn(BJproduced after
MCAS without additivesiuring the subsequent filtration/extraction process and the generation

of ~7.5wt. % of H by this powder, which has never before been reported in literature.
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1. Introduction

1.1. Motivation

In recent yearsgountries the world over have shown increasing intareséducing their
dependency on fossil fuels atrdnsitioning to a economy based arleanrenewable energy.
This drive to shift to a clean energy future has been accelerated by the imminent threat of

climate destabilizatioft].

The concept othe Hydrogen Economy a future economy based on hydroggon the

exhaustion of coal as a source of power in the United Kingdaras first proposed in 1923

byJ. B. S. Hal dane in his talk ASci[f.®siocethennd t he
the use of hydrogen as a potential future energy carrier has been widely suggested for a variety

of industrial and commercial applicatiof3.

For this future to become reality, there are numerousssthat need to be addressed, chief

among which is the safe and effective storaigeydrogen.

This issue is magnified for applications that require the power source to have a high degree of
portability, such as vehicles (automobiles, ships and aircsaftyll electronic devices and

household appliancg4].

Therefore the motivation for the present work stems from the urgent need to find a viable

hydrogen storage medium for mobile applications.

1.2. Hydrogen Storage Method®r Mobile Applications

One of the most widely used energy generation devices for the mobile applications listed above

is the Proton Electrolyte Membrane Fuel Cell (PEMFC).



A PEMFC stack as used in vehicular or other mobile applicatpesates at 1:1.8 bar

pressure andenerates waste heat that increases coolant temperature8avC70
1.2.1. High-pressure tanks

Hydrogen is most commonly stored in steel kRpghssure tanks that can withstand up to
300 bar cyclic pressurdlore expensive and technologically cdeypcustom composites
reinforced withcarbonfibre tolerate up to G0 bar of pressurfb]. Even at these high
pressures, these vessels store only abéuivt % H, besides having low volumetric
capacity( & 4 0 /¥y wheh taking into account the size of the storage container.
Furthermore, tlre is imminent risk of hydrogen embrittlem@itin steel vesselandhigh

pressure poses a significant consumer safety risk.
1.2.2. Cryogenc storage

This method of storage involves supercooling (to 20K) and liquefying hydrogen and
storing it in an insulated pressure vegsgl This overcomes the disadvantage of low
volumetric capacity of gaseous hydrogen and atraompletely eliminates the safety risk
associate with higipressure cylindergiowever, the disadvantages outweigh the benefits.
Liquefying the hydrogen isost andenergy intensive as it requires a large amount of
electricity. Also, the evaporation lossvhile fueling and due to the heat and the

environmentis catastrophig8].
1.2.3. Solid State Hyddes

Solid state hydrides overcome the drawbacks of both compressed and liquefied hydrogen
storage. These metallic/intermetallic amminplex chemical hydridestore hydrogen at low

pressures andave high volumetric capacities. The hydrogen released from these

2



compounds is of very high (>99%) purity and can be used directly to poRestan
Exchange Membran®EM) fuel cell. Thesafes (and thus thenost desirablehydrides for

storage release hydrogen through an endothermic reaction.

1.3. US Department of Energy (DOE) Targets

In 2012, The US Department of Energy (DoE) released a Mekir Research, Development
and Demonstration Plan which it published system targets to be met feboard hydrogen

storage by 2020, and also the ultimate desired target.

With regards to gravimetric capacity, it is important to note Tladle 1 lists the targesystem
capacity and not the capacity of the material itself. Typically, the material gravimetric capacity
required to meet the targetapproximatelytwice that of the system capacityl(l wt% for

2020).

Simple metal hydrides, of the type ABypically hare gravimetric capacities that are too low
for practical applications. Among these, the only ones with high cagaéftyH> and LiH,

have very high desorption temperatui@s

In a book addressing the challenges for hydrogerage[10], the US Department of Energy
(DoE) found that intermetallics, of the typeBy, where both A and B are metals (such as Ni,

Ti, La, Zn and Mn, among many others) were unsuitable for hydrogen storage for portable
applications. Everthough these compounds met tesorption pressure requirement of 1 atm

as set by the DoE, they had vdow gravimetric storage capacities in comparison to other

solid state storage solutions.



Technical System Targets: Onboard Hydrogen Stage for Light-Duty Fuel Cell
Vehicles
Storage Parameter Units 2020 Ultimate
System Gravimetric Capacit wt% 5.5 7.5
System Volumetric Capacity Kg H2/L 0.040 0.070
Storage System Cost $/kWh net 10 8
Fuel Cost $/gge at pump 2-4 2-4
Operating ambient °C 40/60 40/60
temperature
Min/max delivery °C 40/85 40/85
temperature
Onboard efficiency % 90 90
System fill time (5 kg) Min 3.3 2.5
Minimum flow rate (9/s)/kwW 0.02 0.02
Fuel Quality % purity H 99.97% dry basis| 99.97% dry
basis
Loss of usable K (o/h)/kg H 0.05 0.05

Tablel: Technical System Targets: Onboard Hydrogen Storage, selectefliihta

As shown inTable2, high capacity complex metal hydridewvbdesirablegravimetric storage
capacitiesHowever, most desorb their hydrogen at a far greater temperature than that required

or tolerated by a PEM fuel cell.



Metal- Hydride Theoretical Theoretical Approx.
hydrogen maximum reversible desorption
system gravimetric H2 gravimetric temperature
capacity (wt%) capacity (wt%) range (C)
Li-B-H LiBH4 18.4 13.8 470
Mg-B-H Mg(BHa)2 14.9 11.2 300
FeB-H Fe(BHs)s3 12.1 Unknown Unknown
CaB-H Ca(BH): 11.6 Unknown 320
Na-B-H NaBHs 10.6 10.6 400-600
Li-Al-H LIAIH 4 10.6 7.9 110260
Al-H AlH3 10.0 10.0 150
Mg-Al-H Mg(AlIH 2)2 9.3 7.0 110-160
Li-N-H LiINH2(+LiH+TiCl | 8.8 6.0 150-280
3)
Zn-B-H Zn(BHa)2 8.5 8.5 85-140
CaAl-H Ca(AlHa)2 7.9 5.9 80-180
Mg-H MgH: 7.6 7.6 300400
Na-Al-H NaAlH4 7.5 5.6 229247
Mg-N-H Mg(NH2)2(+LiH) | 7.2 7.0 140250
Mg-FeH MgzFehs 5.5 5.5 300-400
Na-N-H NaNH; 5.3 Unknown <200

Table2: High capacity complex metal hydrides and their hydrogen storage propgtties




Of the compounds listl inTable2, complexmetal borohydrides from LiBithrough NaBH
have the highest theoretical maximum gravimetric hydrogen storage cap&oitye
borohydrides with desorption temperatures closer to the opetatmgerature of a PEM fuel
cell, like ZnBH,, have shown to evolwvdiborane B>Hs, a foul smelling, highly toxic gas that

destroys the PEM fuel cell membrane.

These materials also demonstrate a high rate of reversibility, albeit at high desorption
temperatoesand pressuresowering this temperature has been a lstanding challenge for
researchers, and the DoE requirement that storage materials be reversible for the refueling to

mimic presenday petrol and diesel fueling stations has been controversial.

1.4. Previous work

This work is a part of aesearch prograrthat isfocused on studying irreversible hydride
systems for relatively fast o-ah e ma Imydragen generatiogitherby mechanical or thermal
energy input which could be synthesized in solid state process known asiechane

chemical activation synthesis (MCAS).

This work is a continuation of previous studies by Varin et al. that repanagid release of
hydrogen from a (2LiBE+FeCb) mixture under mechanical energy input through the
formation/cecomposition of amorphous/disordered Fe{BHL2]. Similarly, Varin et al. and
others have extensively studieqZLiBH4+MnCl,) systemthat generates Hunder thermal
energy input (thermolysis) at reasonably low temperattinesugh the formation and
subsequent thermolysis of crystalline Mn(BH13, 14, 15, 16, 17, 18, 1%o far, crystalline
Mn(BHa4)2 has been synthesized by MCAS during ball milling as a result of a solid state

metathesis reaction between 2LiB&dMnCl2 [13, 14, 15, 16hccording to
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Mass spectrometryof the gas desorbed during thermolysis of crystalline Mi(B in the
abovereaction, combined with thermogravimetric analysis, showed the presence of varying

guantities of diborane gas4B8s) mixed with hydrogen gg47, 18]

However,very fewstudies have used another alkalmetal borohydride, such as NaBlh
the mechanehemical synthesis of Mn(Bfip. In general, NaBklis a much cheaper chemical
compound than its counterpart, LiBHvhich is an important economical factdihe most
extensive study with NaBHvas done byevera et al[20], which claimed that the manganese
borohydride complexes synthesized by MCAS using both Neaitd LiBH: as precursors

were amorphous armbuld not be detected by-pay diffraction.

Interestingly, studies prido Severa et al. all support thermation of crystalline Mn(Bh):
when the LiBH precursoris used. Severa et 420] went further toclaim that mechanro
chemicalactivationsynthesis of LiBH with MnCl, produced amorphous MnkB). whereas

changing the precursor to NaBproduced a different speciesmorphous NaMn(BH4)a.

Other studies such ddamasJansa et al[21] repored a formation of Na(BHh)1-xClx solid
solutions possessing cubic Na@pe dructure when a mixture of (3NaBHVINCl,) was ball

milled in a Fritsch Pulverisette planetary memdl.

Nakamori et al[22, 23]reported that when NaBhivas used in reaction (1) then only the NaCl
peaks were preserithis peculiar observation was interpreted by Nakamori et al. as evidence
of the” disordering (or, alternatively amorphization) of the crystal structure of Mn(B

in which there is no longange order of the Miiand (BH/" units forming a proper cryailine

structurge but a shordrange order still exists.
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Nakamori et al.[22, 23] concluded that reaction (1) with LiBHccurred more easily
producing crystalline Mn(Blj: - than the same reaction with NaBHbwing tothe similar

ionic radii of Li* (0.076 nm) and M#f (0.067 nm) irthe solid-solid cation exchange reaction

(1) as compared to a larger ionic radius of ([€a102nm). Very recently, Guda et §24] used
NaBHs with MnCl; to syntesize Mn(BH)2 by ball milling. They reported that the final
product contained crystalline Mn(BH and about 5wvt. % of NaBHs. This result is rather
surprising since they did not report the presence of NaCl which is a commonly observed by

product of themetathesis reaction between Nagithd MnCht (reaction (1) with NaBhk).

The effect of catalytic additives on the dehydrogenation kinetics of My)¢Bids never been
studied. The use of additives such as Reduced Graphene Oxide (RGO) and ultrafine
filamentay nickel in small quantities is thought to attract hydrogen atoms to the surface of
grains and facilitate the mechanism of formation girfdlecules and their accelerated release

at elevated temperatures.
1.5. Statement of Objectives

It is clear that there till adisagreemerdbout the nature of species produced by MCAS when
the NaBH precursor/reactant is used in the mixture with Mn&reaction (1) Therefore, the
scientific objective of the presenwork is to investigate the microstructure of the
(2NaBH4+MnCl.) mixture processed by ball millirend the effect of catalytic additives &
hydrogen generation behavior. Furthermore, for the first,time results of the solvent
extraction/filtration of Mn(BH). from a mixture with a NaGlype salt will e presented and
discussed. One of the most remarkable results in this work is the crystallization of likely

amorphous Mn(Bh)> produced after MCAS during the subsequent filtration/extraction



processand the generation of ~7vla. % of H by this powderwhich has nevebefore been

reported in literature.



2. Experimental Procedure

2.1. Sample Preparation

As received sodium borohydride, NaBHf 98% purity, and manganese chloride, MinGf
99.99% purity, from Alfa Aesar Canada were mixed in a 2:1 molar ratindber of samples
were prepared, some of which were mixed \Bittit. % ultrafinefilamentary nickel i), 5wt.

% reduced graphene oxide (RGO) powdad 5wt. % lithium amide (LINH).

The specialtyNi, gradeN04 (as trademarked) was produced by a praég@ryecarbonyl method

by CNEM Corporation CanadHs properties are listed ifable3 below:

Apparent density (g/ci 0.28
Fisher SukSieve Size (FSSS) (um) 0.85
Chemical composition wit%
Ni 99
C 0.77
@) 0.22
S 0.0015
Co <0.001
Fe <0.02

Table3: Properties and chemical composition of ultrafine filamentary nickel used in this
work (obtained from CNEM Corporation Canada)

The Few Layer Reduced GrapheneOxide platelets (flakes) (FRGO), referred to as

Agraphened in the text, whetp:/Bvwwonanbraatemmals. gl  f r o m

Warsaw, PolandThe bulk densityof graphenavas 2.1 g/ci(+ 0.1 g/cri). The chemical
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composition (by weightof gr aphene is as foll ows: 085% ¢

hydrogen, O3% nitrogen, O0.1% manganese sulf

As received lithium amide, LiNE of 95% purity and density 1.178 g/ml, from Sigma Aldrich

USA, was useas a catalytic additivie the experiment.

The powders were handled a glovebox in whicha moistureabsorbing Drierite granulated
compoundwas used as a desiccant. On absorbing moisture, a colour changeléovpas
observed and the Dri¢ei was replenished as needed. Befardiing, the glove box was
purged a few times with high purity argon gas (99.999% purity) in order to minimize any

possible contamination by moisture or oxygen from air.

Each powder mixture was loaded separately into atighit milling vial with an Gring and
equipped with a pressure valve mounted on the lid. Four hardened steel balls were placed in

the vial with the balto-powder weight ratio (R) of 132.

These mixtures were then ball milled in a {Ball-Mill 5 magnetemill apparatus purchased
from A.OC. Scientific Engineering Pty Ltd., Australia. The ball milling was carried out for
0.5, 1 and 5 h for each type of powder mixture in an-hligh purity hydrogen gas atmosphere
(purity 99.999%: @< 2 ppm; HO<3 ppm; CG< 1 ppm; N< 6 ppm; CO<1 ppm; THC<1

ppm) atD450 kPa pressure.

During milling, the strong impact mode (IMP68) was used, in which two magnets are
positioned at 6 and D40 andd2 mnm, espéciivelyaftomthéweal. di st e
The rotational speed of the milling vial wB200rpm. The vial was continuously cooled by

two strategically placed air fans during the milling process. The possible release of hydrogen

11



during ball milling was continuously monitored by the pressure increase observed in the

milling vial, which was measurdaly a pressure gage (with an accuracy @.1wt. % H>).

2.2.Milling energy input and milling mode

As mentioned 4], the milling energy in the magneball mill can be controlled by changing
the angular positions of two strom¢fdFeB magnets and changing the number of hard steel
balls (mass 65 g and 25 mm in diameter each) in a milling vial. The detailec isgrnical
method of calculating milling energy in the magnbssl mill, Uni-Ball-Mill 5, and the

quantity of milling enegy input in (kJ) per unit maskour (kJ/gh) can be found j&5].

For the milling mode IMP6&B-R132, which was applied in the present work, the injected
energy input per hour is1@3=72.8 kJ/gh25, 26] Then the total milling energy input,r&

(kJd/g), can be calculated for a duration of each milling event in hours (h) keeping all the other
milling parameters fixed. This novel approach uses only one physical parameter for describing
the canditions of ball milling, the quantity of injected energy (kJ/g), which makes it a universal

milling parameter, directly related to the microstructural changes occurring during ball milling.

2.3. Solvent extraction

The figure below represents a schematic efdimple preliminary solvent extraction/filtration
method performed. The ball milled powaheixtures (2NaBH+MnCly, 2NaBH+MnCla+5 wt.
% Ni and 2NaBH+MnClx+5 wt. % graphene) were eachixed with diethyl ether (EO) in
the mass ratio of 1:4. This mixtueassubsequently stirred at room temperature (RT) for 2
ata rotational speed of 225 rpm in order to dissolve the newly formed MY BHhe EtO

solvent and separate it from NacCl.
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Figure 1. Schematic of solvemixtraction process used in this work for separation of
Mn(BHs). from the mixture with NaCl

The suspension after stirring was injected into a 6&yrihge and filtered with a 0.2nu
syringe filter. The filtering was done to collect NaCl at the filter atidw suspended
Mn(BHa)2 and in specific cases, Ni and graphdaneass through the filter. In order to extract
Mn(BHa)2 from the suspension in £, an evaporation process of the suspension after filtering
was carried out on a hot plate at a temperatfrd2°C for 20 min, accompanied by
simultaneous vigorous stirring at 1000 rpm to agitate the solution. A sample of the powder
after evaporation was characterized by XRD and other techniques. The solvent extraction
procedure was carried out entirely in tiieve box that was purged and subsequently filled up

with high purity argon gas (99.999% purity).
2.4. Measurement of H desorption

The thermal gas desorption was evaluated by means of a second generation volumetric

Sievertstype apparatus custebuilt by A.O.C. Scientific Engineering Pty Ltd., Australia.
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This apparatus, built entirely of 316 austenitic stainless steel, allows loading a powder sample
into a stainless steel reactor in a glove box under high purity argon and its subsequent transfer
to the main nit in a sealed reactor without any exposure to the environment. Samples with a
nearly constant masses of-80 mg were used in a desorption test. Before starting the
desorption test, the inner tubing of the apparatus was evacuated and purged fourtimes wi

ultra-high purity hydrogen.

With the inner tubing and reactor kept at 1 bay tHe furnace of the apparatus was heated
separately to the desired test temperatureth@tightly sealed powder sample reacteas
subsequently insertddside. The powdesample in the reactor usually reaches the furnace
temperature within ~400s in the temperature range 6RDOOC which is negligible compared

tothetimerequired to complete the desorptiéfence, the test can be considered as isothermal.

Desorption cures were corrected for the hydrogen gas expansion because of increase in
temperature. The amount of desorbed hydrogen was calculated from the ideal gas law as
described in detail ift] andAppendix Aandexpressed in wo with respect to theotal weight

of powder sample. The calibrated accuracy of desorbed hydrogen capacity sCabauit %

H> and that of temperature reading and stabilizatiori °C. The apparent activation energy

for volumetric hydrogen desorption wasiestted using the registered dehydrogenation curves

by applying a simple Arrhenius equatitj following Sandrock et a[27]:

Q QT (2

In the equationk is the slope of # linear portion of volumetric hydrogen desorption curves
(rate of hydrogen desorptiemt. % H2/h) [28] recorded by the Sievertgpe apparatus, Hs

the apparent activation energy in kJ/mol, R is the gas constant (8.3144a12K)/nT is
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absolute temperature (K) angli& a constant. The measured rates were plotted in the Arrhenius

form as In k vs. 1000/RT.
2.5. X-ray Diffraction (XRD), SEM and FTFIR analysis

The crystalline properties of the powders were characterized by a BRMkeX-ray
diffractometer using a monochromated GuK radiation ¢ = 0.15406 nm) with an

accelerating voltage of 40 kV and a current
and the rate was 1.2°/min with a step size of 0.02°. The powder sample vekitotte glove
box into a homenade brass holder with Cu/glass plates and a polymeric Kapton window

transmittable to Xays in the upper part of the sample holder.

The morphology of powders was studied using the LEO 1550 high resolution, field emission
sanning electromicroscope (FESEM) employing a secondary electron mode (SE) with the
accelerating voltage of 10 kV. Powders were dispersed on a sticky carbon tape in a glove box

filled with high purity argon and then transferred quickly to the SEM sahuitker.

The Fourier transform infrarespectrometryFT-IR) measurements were performed with a
Nicolet 6700 apparatus at room temperature in the wavenumber rang®@DEm' to
examine the features of chemical bonding states of samples. TiRedpparais was put in a

glove bag and purged continuously with high purity (5N) nitrogen. The glove bag was opened
and the glass vial containing a powder sample was inserted into a glove bag. After closing the
glove bag the sample was dispersed onto the samplerteoid inserted in the machine under
nitrogen atmosphereSubsequently, further measurements were carried out under the

atmosphere of high purity (5N) nitrogen gas. The measurements were carried out in DRIFTS
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mode. The raw data, with automatic backgrosulbitraction, were plotted. The resolution was

4 cmt for all data and the units on the plots are Kubétkank units.
2.6. DSCand TGAanalysis

The differential scanning calorimetry (DSC) analysis was conducted simultaneously with the
thermogravimetric analysiSTGA) on a Setaram Sensys Evo 3d analyzer (France). The
analyzer was coupled with a quadrupole mass spectrometer Hiden Analytical (United
Kingdom). Each powdered sample (=30 mg) was loaded into an alumina crucible of DO
volume and covered with alina powder almost to the top of the crucible to prevent the
oxidation and hydrolysis during the quick transfer to the analyzer and also to avoid a volatile
foaming and flowing out of the crucible if the powder sample melted. After loading to the
analyzer,each sample was flushed with high purity helium gas (<10 ppan® HO, BIP
quality, Air Products) for 90 min and after that heating of sample was performed from 30 to
520°C with the rate of 5°C/min. Carrier helium gas flow was set to 28 ml/min. Hydeogen
diborane gas (B1e) level was measured with the use of mass spectrometer by analyzing the
intensity of ions with the m/z=2 @ 27 (BHs), 26 and 24 rati¢species that may form owing

to the decomposition of Bls). For the purpose of graph plottingetimeasured pressure of
escaping gases was normalized by the mass of the powder sample. Such a normaéigation
done becausé allows a qualitative direct comparison of the peak intensities of various
released gases observed on the rapsstrometryMS) plots that will be discussddter in the
present work The mass normalizing was performed only to avoid misleading differences in

signal intensities caused by different masses of the samples.
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2.7. Solvent extraction process

The solvent extraction processsdabed inChapter 2.3andFigure 1had an average yield of
4.35%. Some changes were made in the process to enhance itd/gistidmportantly the

mass ratio of powder mixture to diethyl ether was increased from 1:2&pvihich means

that for every 1gof powder, 28g of EO was added. First, 14g was added to the flask
containing the powder, swirled (like wine in a glass) while closed with a rubber stopper until
bubbling ceasedA slate grey precipitate and a pale yellow suspension was obserieth

was transferred through the 60 ml syringe andudafilter assembly into the second flask.
Then the process was repeated (another 149.6f &as added to first flask and dissolved)
while keeping the second flask closed with a rubber stopper. Then tlemicohthe second

flask was heated at 42°C for 25 min while stirring at 2000 rpm until the extract was obtained.

A sample of the powdenbtainedafter evaporation was characterized by XRD and other
techniques. A schematic of the improved proéceshown i Figure 2below. The improved

extraction process increased yield elef@d from 4.35% to 49.6%.

Previously, to obtain a sufficient yield for further investigation of the extracted sample, three
batches of the ball milled starting powder mixture weagpiired. After this minor process

modification, a single batch was sufficient to provide enough yield for subsequent analyses.
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Figure 2: Schematic ofheimproved extraction process to remove NaCl from a mixture of
Mn(BHa)2 and NaCl

Table4 below shows the different types of ball milled samples investigated in this work. As

seen in the table, all solvent extraction was done with samples that were ball millddl &sr

this was the milling time that provided the most desirable desorption characteristics. This fact

is discussed further in the next chapter of this work.
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Milling time » 0.5h 1h 5h
Sample
2NaBH; + MnCl; 0 0 0
2NaBH; + MnCl2 + 5 wt. % 0
graphene
2NaBH; + MnCl2 + 5 wt. % 0 0
Ni
2NaBH; + MnCl2 + 5 wt. % 0
LiNH 2
2NaBH: + MnCl; (extracted) o]
2NaBH; + MnCl2 + 5 wt. % 0

Ni (extracted)

Table4: Types of samples preparéat this work
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3. Results and discussion

3.1. Characterizationof morphology andmnicrostructure of the balmilled samples

During the ball milling of the 2NaBHMnClI, powder mixture, the pressure in the milling vial
was continuously monitored by a pressure gage. For all three milling tihtelg ¢ hand5

h), no g& release was detected. This means that the mixture with NaBELUrsor is more
stable during ball milling than its LiBHounterpart, which in previous studies by Varin et al.

desorbed about 0.2 and @& % H> during milling for 0.5 and 1 i8], respectively.

Figure 3: SEM micrographs dds received NaBHa) lower magnificatiorand (b)higher
magnification

Figure 3 (a) and (b)show scannig electren micrograph images of the-essceived NaBH
reactant. The crystals are regularly shaped and roundedarandvhite in colour Their
dimensions are quite coarsanging from roughly 100 to 5Q@m. In contrast, the morphology
of the as received Mng&leactat (Figure 4 (a) and (b) appears to be globular, resembling

agglomerates of fibrous, thinner particlsnCl. is pink in colour.
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Figure 4: SEM micrographs ofsareceived MnGI[20] (a) lower magnificatiorand (b)

higher magnification

Figure5 (a) and (b)show the evolution of morphology of the (2NaB#InCl,) mixture after

0.5 h (@r=36.4 kJ/g)1 h (Qr=72.8 kJ/y and 5 h (=364 kJ/g) of milling duration in the

magnetemill, Uni-Ball-Mill.

Figure 5: SEM micrographs of 2NaBHMnCI> 0.5 hBM (Qrr=36.4 kJ/g)(a) lower
magnificationand (b)higher magnification
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Figure 6: SEM micrographs of NaBHMnCl2 5 hBM (Qrr=364 kJ/g)(a) lower

magnification andb) higher magnification

Theenergy input injected into the powder mixtures after 0.5 h ball milling is, in general, rather
small(Qrr=36.4 kJ/g) By 