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COMPUTATIONAL SCREENING OF DUAL CATION
AMMINE METAL BOROHYDRIDES

SUMMARY

Many researches are conducted to discover new energy sources. Reasons for this
interest can be summarized with the accelerating depletion of conventional fossil fuels,
instability of fossil fuel prices due to political reasons, harmful effects on environment
and human health. Hydrogen is one of the most promising candidate for future energy
source due to its high abundance on earth, high gravimetric energy density and its
environment friendly nature. However, absence of a safe and efficient hydrogen storage
material is one of the barriers that prevent widespread use of hydrogen as an energy
carrier. Even hydrogen can be stored as in the form of gas or liquid, these mediums
are not practical in everyday use. As an alternative, hydrogen can also be stored in
the solid form. For this purpose, both metal borohydrides and ammines are proposed
due to their high gravimetric and volumetric densities. Metal borohydrides have
some severe drawbacks e.g. requirement of a very high temperature for the hydrogen
decomposition. Therefore, they can be mixed with ammines to form ammine metal
borohydrides (AMBs) which have better thermodynamics properties; on the other
hand, they lead to undesirable release of harmful by-products. If a second metal is
added to ammine metal borohydrides, dual cation AMBs are obtained which have been
attracting interest due to their low dehydrogenation temperature, suppressed release of
by-product NH; and high gravimetric hydrogen content. However, only a few of them
were synthesized up to now [2—4] and hence there is a lack of information about their
crystal structures. In this study, we aim to find the most promising dual cation AMBs
with the general formula of Mle(BH4)x(NH3)y with M1 =Li, Na, K ; M2 = Mg, Ca,
Mn, Ni, Sr, Zn; y=2,3,4,5,6 for x = 3 and M1 = Li, Na, K ; M2 = Zr, Ti, Mn, Mo, Co;
y=2,3,4,5,6 for x = 5 using computational techniques in particular density functional
theory (DFT) which has been successfully used before for similar screening studies [5].
For a DFT calculation, an input including the crystal structure of the considered system
must be prepared. Since there is a little information about the crystal structures of dual
cation AMBs, it is wise to apply some crystal structure prediction tools to determine
their crystal structures. Here, we employed CrystAl Structure Prediction via Simulated
Annealing (CASPESA) algorithm [6—11] to reveal the crystal structures of the systems
mentioned above. Even these systems have a very complex alloying and decomposition
routes, in our screening we assumed a few simple alloying and decomposition reactions
to evaluate the complexes following the study of Hummelshgj et al. [5].
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CIFT KATYONLU AMIN METAL BOR HIDRURLERIN
HESAPLAMALI TARAMASI

OZET

Alternatif enerji kaynaklarinin gelistirilmesi iizerine bir¢ok arastirmalar yapilmaktadir.
Alternatif enerji kaynaklarimi gelistirmeye yonelik bu ilginin baglica sebepleri sdyle
siralanabilir; fossil yakit kaynaklarinin hizla tiikenmekte olmasi, fosil yakitlarinin
cevreye ve insan saglhifina zararlari, politik sebeplere baglh olarak fosil yakitlarinin
fiyatlarindaki diizensizlik. Hidrojen, gelecegin en umut vadeden alternatif enerji
kaynagidir. Hidrojen, diinyamizda bol miktarda bulunmasi, kiitlece yiiksek enerji
yogunlugu ve tamamen ¢evre dostu yapisi ile dikkat cekmektedir. Ancak, hidrojenin
enerji kaynagi olarak kullanilabilmesi i¢in bazi engellerin asilmasi gerekmektedir.
Bu engellerden en 6nemlisi hidrojen depolayacak elverigli bir malzemenin heniiz
varolmamasidir.  Hidrojen, gaz olarak bir yakit tankinda depolanabilirse de bu
yontem yiiksek basing uygulanmasi gerektiginden verimsizdir, ayrica hidrojen en
kiiciik atom oldugundan dolay1 icini doldurdugu tankin atomlar1 arasina sizarak
hem tankin malzemesini kirilganlagtirir ve giivenlik problemi olusturur hem de
kisa siirede tankin bosalmasina neden olur. Hidrojeni sivi halde depolamak ta
miimkiindiir ama hidrojeni si1vi hale doniistiirebilmek i¢in hidrojenin kritik sicaklig1
olan 30 K altindaki sicakliklara sogutmak gerekmektedir ki bu da bu yontemin
pratik olarak ulagim sektoriinde uygulanmasini imkansiz hale getirir. Bu yontemlerin
yaninda hidrojeni kati halde de depolamak miimkiindiir. Bu amacla bir ¢ok
farklt malzeme lizerinde arastirmalar yapilmaktadir. Bu malzemelere 6rnek olarak
metal hidritler [12], karbon nanotiipler [13], metal-organik sistemler [14], metal
borhidritler [5, 15], amonyum boran [16] ve amid/imid sistemleri [17] verilebilir.
Fakat bunlarin hi¢brisi FreedomCAR 2015 [18] hedeflerine ulasamamaktadir: yiiksek
tersinir depolama kapasitesi (3 kWh kg~!' ya da agirlikca % 9 hidrojen), hizh
kinetik (0.02 (g Hj) s7l kw—h, 1yi tersinirlik (1500 dongii), islem sicakligr (-40
- 60° ), diisiik fiyat ($2 kWh~! yada $67 (kg Hy)~'), yiiksek hidrojen saflig1
(<1 ppm CO) ve giivenlik. Metal bor hidriirler, MBH4 genel formuliindedirler
ve igerdikleri yiiksek hidrojen miktar1 sebebiyle arastirmacilarin ilgisini ¢ekmistir
fakat bu malzemeler hidrojen salimmmu ic¢in yiiksek bir sicakliga ihtiya¢ duyarlar.
Metal borhidriirlerin icerigine NH3 molekiilii eklenmesiyle amin metal bor hidriirler
(AMB) olusur. AMBler genel olarak M;(BHy4),(NH3), formuliindedirler ve metal
bor hidriirlere nisbeten daha diisiik sicakliklarda hidrojen salinimi yaparlar fakat bu
tepkime neticesinde zehirli yan iiriinler olan amonyak ve borazin salinimi da yaparlar.
Yakin zamanda yapilan arastirmalar neticesinde, AMBlerin icerigine ikinci bir metal
atomu dahil edildiginde Mle(BH4)X(NH3)y genel formuliiyle gosterilebilen ¢ift
katyonlu AMBIler olusur ve bu malzemelerin hem hidrojen salinimi sicakliginda diisiis
gozlemlenmistir hem de zehirli yan iirlin salimiminin 6nlendigi goriilmiistiir.  Cift
katyonlu AMBlere litaratiirde mevcut olan su kompleksler 6rnek olarak verilebilir:
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LiMg(BH4)3(NH3), [2], NaZn(BH4)3(NH3), [3], Li;AI(BH4)s(NH3)g [4]. Deneysel
olarak sentezlenen bu malzemeler DOE (Department of Energy) hedeflerinin iizerinde
bir depolama kapasitesine sahiptir. Cift katyonlu AMBIler heniiz yeni kesfedildiginden
dolayr bu komplekslerle alakali teorik ya da deneysel olarak fazla bir bilgiye
sahip degiliz. Bu arastirmada, yogunluk fonksiyonel teori (YFT) ve benzetilmis
tavlama algoritmasina dayali bir kristal yap1 tahmin programi kullanarak cift katyonlu
AMBlerin taramasi yapilmisti. Elde edilen bilgiler ile cift katyonlu AMBlerin
ozelliklerinin kesfedilmesi, deneysel olarak bu malzemeler ile ilgilenen arastirmacilara
yol gosterilmesi amaclanmigtir.  Bu arastirmada, MIMZ(BH4)X(NH3)y (M1=Li,
Na, K ; M2=Mg, Ca, Ni, Mn, Sr, Zn ; y=2,3,4,5,6 for x=3 and M1=Li, Na,
K ; M2=Zr, Ti, Mn, Mo, Co ; y=2,3,4,5,6 for x=5) genel formulii ile verilen
cift katyonlu AMBIlerin alagim olusturma ve bozunma enejileri gdzoniine alinarak
en uygun kompleksler tespit edilmistir.  Bu arastirmadaki tarama kapsaminda
bulunan komplekslerin biiytik bir kisminin kristal yapist bilgisi mevcut degildir
bu sebeple arastirmanin ilk adimini bu komplekslerin kristal yapilarinin tahmin
edilmesi olusturmaktadir. Bir malzeme ile ilgili en 6nemli bilgilerden birisi o
malzemenin kristal yapisidir ¢linkii malzemenin neredeyse tiim fiziksel 6zellikleri o
malzemenin kristal yapisi ile iligkilidir. Eger bir malzemenin kristal yapis1 hakkinda
detayli bilgi mevcut ise, heniiz sentezlenmemis olsa bile o malzemenin 6zellikleri
hesaplanilabilinmektedir. Bu arastirmada tarama islemi yapilan 75 farkli kompleksin
kristal yapis1 tahmini, benzetilmis tavlama algoritmasina dayal1 bir kristal yap: tahmin
programi olan CASPESA (CrystAl Structure PrEdiction via Simulated Annealing)
kodu kullanilarak yapilmisti. CASPESA, daha 6nce metal bor hidriirlerle ilgili
yapilan arastirmalarda [19-23] ve metal aminlerle ilgili yapilan arastirmalarda [24,25]
basar1 ile uygulanmigdir. CASPESA’dan elde edilen tahmini yapilar diizlem dalga
YFT ile atom koordinatlar1 ve ag oOrgiisii parametreleri eniyilenecektir. Tarama
kapsaminda ¢ok fazla ¢esit kompleks oldugundan ve her bir kompleksin birden fazla
muhtemel kristal yapisi oldugundan her biri i¢cin CASPESA kodu uygulanmamustir.
Ornegin, LiTi(BH4)5(NH3), icin atomlarin birim hiicrede 6 farkli organizasyonda
oldugu yapilar sablon olarak kullanildi. Alasgimlar ¢ok farkli reaksiyonlarla elde
edilebilir. Bu arastirmada, literatiirde cesitli tek ve iki metal iceren amin borhidriirlerin
sentezlenmesinde kullanilan reaksiyonlar temel alinmistir [2,26,27]. Alagim olusturma
enerjisine benzer sekilde AMB’ler ¢ok farkl tiriinlerle (6rnegin metal boritler, di- ya
da dodeka boranlar, amonyak, bor nitriir, HBN; ve borazin (HNBH)3) ve birbirinden
farkli kompleks yollar izleyerek bozunup hidrojen iiretebilirler. Bundan dolayz,
bozunma enerjilerinin hesaplanmasinda kararli metal hidritlerin, hidrojen, amonyak
ve borun olusacagi varsayilmigtir. Alasim olusturma ve bozunma se¢im kriterleri
bu en basit hallerinde dahi ekstra kristal yap:1 tahminlerine ihtiya¢c duymaktadir.
Mesela, alasim olusturma enerjisi hesaplamalarinda bazi tek metal iceren AMB’lerin
de kristal yapilar1 bilinmelidir. Bu kristal yapilarindan eger litaratiirde bir bilgi
mevcut ise bu bilgi kullanilmistir ve literatiirde bulunmayan kristal yapilari i¢in kristal
yapt tahmin yontemi kullanilmigtir. Tarama isleminde umut vadeden kompleksler
icin aranan kriterler olarak alasim olusturma enerjisinin negatif olmasi ve bozunma
enerjisinin de formiil birim bagina -0.6 eV ile -0.2 eV arasinda olmasidir. Tarama
kapsaminda incelenen ¢ift katyonlu AMBlerden sadece LiMg(BH,);(NH;), ve
NaZn(BH,);(NH;), sentezlenmigtir. Tarama sonucunda sentezlenmis bu yapilar
hedeflenen bolgede yer almuglardir.  M,;M,(BH,);(NH;), sistemi i¢in Ni, Mg
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ve Sr iceren alasimlar da umut vadetmektedir. M]MZ(BH4)5(NH3)Y sistemi i¢in
tarama sonuglar1 M; M, (BH,), (NH3)y sistemine nazaran daha fazla alasimi potansiyel
kompleks olarak gostermektedir, M1M2(BH4)5(NH3)y i¢in neredeyse tiim alagimlar
hedeflenen bolgede yeralmislardir. Co metali iceren sistemlerin en diisiik alagim
olusturma enerjisine sahip oldufu goriildii, Co metalini sirasiyla Mo, Ti ve Zr
metallerinin takip ettigi goriilmiistiir. Bu komplekslerin agirlik¢a hidrojen kapasiteleri
incelendiginde hepsinin de DOE 2015 hedefi olan %9’ un iizerinde oldugu goriilmiistiir.
Agirlikca en yiiksek kapasiteye LiTi ( 16.5 wt % H) ve LiCo ( 15.5 wt % H)
iceren kompleksler sahiptir. Tiim M, metalleri i¢eren kompleksler i¢in NHj3 icerigi
arttikca bozunma enerjisinin diistiigii goriilmiistiir. Tarama isleminden gegirilen bu
komplekslerden simdilik pek azi deneysel olarak sentezlendigi gézoniine alindiginda
deneysel olarak sentezlenebilecek daha pek cok cift katyonlu AMBlerin var oldugu
goriilmektedir. Ayrica literatiirdeki bilgilere gore [28,29] cift katyonlu bor hidriirlerde,
M;M,(BH,),(NH, )y, alagimi olusturan metallerin ortalama Pauling elektronegativitesi
ile bozunma sicakligi arasinda dogrusal bir iliskinin oldugu belirtilmistir.  Bu
arastirmada hesaplanan bozunma enerjisi ile ortalama Pauling elektronegativitesi
arasindaki iligski incelendiginde ayni1 dogrusal iligkinin ¢ift katyonlu AMBler icin de
gecerli oldugu goriilmiistiir.
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1. INTRODUCTION

Because of the limitation of the fossil fuel reserves (according to British Petroleum’s
2007 data; we will be run out of fossil fuels after about 40 years), everybody focuses
to find new renewable and ecological energy sources. At this point, it has been
revealed that hydrogen can be used as an energy carrier. However, to use hydrogen
for this purpose, some fundamental problems in production, storage and fuel cell
must be solved. The most environmentally friendly way of producing hydrogen is
the electrolization of water via solar energy. This can be accomplished by use of
tandem cells in a cheap and suitable way [30]. For fuel cell, alkaline or polymer
electrolyte membrane can be used. Among them, the most challenging problem
is the storage of hydrogen and therefore it is the subject of this thesis. In fact,
hydrogen can be stored in gas or liquid state, but this requires very high pressure or
cryogenic temperatures. Unfortunately, this hinders the usage possibility especially in
transportation sector. Alternatively, hydrogen can be also stored in solid state materials
such as metal hydrides [12], carbon nanotubes [13], metal-organic frameworks [14],
metal borohydrides [5, 15], ammonia borane [16] and amides/imides [17]. However,
none of this materials reaches FreedomCAR 2015 [18] targets: high reversible storage
capacity (3 kWh kg~! or wt 9% hydrogen), fast kinetics (0.02 (g Hp) s~! kW)
, good reversibility (1500 cycle), suitable operation temperature (-40 - 60° C), low
price ($2 kWh~! or $67 (kg Hz)_l), high hydrogen purity (<1 ppm CO), and safety.
Methane and methanol, which are the most remarkable competitors of hydrogen,
have advantageous features in terms of energy capacity and distribution infrastructure
but because of the carbon they emit CO,. In addition to hydrogen, ammonia is an
alternative energy carrier in transportation sector because of its carbon free content.
Ammonia is not a greenhouse gas and its high hydrogen density makes it a favourite
competitor of hydrogen. Mostly, ammonia is produced from natural gas but in some
countries, such as China, coal has been used for this purpose.Today, a quite developed

ammonia infrastructure exists and by suppressing the release of CO,, which is emitted
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Figure 1.1: Volumes and masses of 8 different materials that store hydrogen reversibly.

during ammonia production from coal based plants, ammonia becomes a long term
(approximately 200 years [31] ), carbon free alternative instead of being a short term
solution. Although a general opinion which does not recognise ammonia as a potential
energy source in transportation sector because of its high toxicity, recent researches
show that when ammonia is stored in metal ammines, such as Mg(NH;),Cl, [32]
and Ca(NH;)4Cl, [33], its toxicity becomes less than fuel, in addition to that wt
10% hydrogen capacity, practical and reversible hydrogen storage material becomes
available. Before using in polymer electrolyte membrane, ammonia needs to be
decomposed to nitrogen and hydrogen above 300 °C with the help of a catalyst.
Absence of a suitable catalyst is the most important drawback of ammonia based
transportation sector. Ammonia itself also contains wt 17.8% hydrogen and it can be
directly used in internal combustion engines or it can be used as fuel in solid oxide fuel
cells (SOFC). When ammonia is stored in metal ammines in the solid state, volumetric
hydrogen density is higher than liquid ammonia and other metal hydrides as shown
in the figure 1.1. Figure 1.1 also compares gravimetric hydrogen storage content of

materials and it is clear that metal ammines are quite lighter than metal hydrides [34].

Metal borohydrides ,which are composed of metal cation, M", and borohydride
anion, BH, ™ , are ionic compounds with the general formula M(BH,),. Because of
the high hydrogen content, they are regarded as future hydrogen storage materials.
Among these metal borohydrides, alkali metal borohydrides such as LiBH, [35], are
thermodynamically too stable, on the other hand, alkaline earth metal borohydrides
[36] have very slow kinetics and they have irreversible hydrogen emission reaction
in practical terms and transition metal borohydrides are either unstable or irreversible

[37]. As a summary, all metal borohydrides have problematic features that prevent
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them to be used for hydrogen storage purpose. However, addition of a second
metal to the content of this compounds can minimize these problems. This strategy
is also widely used in heterogeneous catalysis development applications. Dual
cation borohydrides are investigated recently in a computational screening study,
and it has been observed that some compounds that is screened in this study were
experimentally synthesized before. The lightest and the highest hydrogen storage
capacity compound is Ammonia borane (NH;BH;) which contains both ammine and
borohydride. Hydrogen capacity of ammonia borane is wt 19.6% and irreversibly
released hydrogen molecule is formed from the closest two hydrogens in which one
of them belongs to N-H group and the other one belongs to B-H group. Although
decomposition of NH;BHj starts below 150 °C, to release wt 13% hydrogen, NH;BH,
needs to be heated to approximately 500 °C to release wt 13% hydrogen [26].
When NH;BH; decomposes, volatile compounds such as borazine ((HNBH);) are
also formed and they damage polymer electrolyte membrane fuel cells. These
unfavourable characteristics of ammonia borane can be corrected by complexation
of ammonia with metal borohydride. The general formula of this new compound
is M(BH,),(NH;),, and they are called AMB. The metal type in AMBs affects
proximity of two hydrogen atoms in N-H and B-H groups, therefore dehydrogenation
temperature is lowered compared to metal borohydrides. Ammonia content in AMBs
also affect dehydrogenation temperature. During dehydrogenation of AMBs, ammonia
and borazine can be emitted with hydrogen. Both ammonia and borazine cause to
poison fuel cell, so that new compounds must be discovered that prevent emission of

these toxic gases.

1.1 Purpose of Thesis

To add a second metal to AMB content can improve their characteristics. This new
kind of materials can be represented as Mle(BH4)X(NH3)y. In this study AMBs,
M; M, (BH,), (NH3), with M,=Li, Na, K, M,=Mg, Ca, Ni, Mn, Sr, Zn, y=2, 3, 4,
5, 6 for x=3 and M,=Li, Na, K, M,=Mn, Mo, Ti, Co, Zr, y=2, 3, 4, 5, 6 for x=5
were investigated. AMBs attract researchers’ interest not long ago and therefore

theoretical and experimental information about AMBs is very limited. In this study, a



computational screening is done by using density functional theory (DFT) calculations
to discover new hydrogen storage materials. Crystal structures, which is required
for DFT calculations, are obtained by using a crystal structure prediction program,
which is based on simulated annealing algorithm. This crystal prediction method
was successfully applied for metal borohydrides [19—23] and metal ammines [24,25].
There are 75 different AMB compounds in the search scope, because of this large
quantity, several crystal structures for a certain ammonia content were found and these
were used for other systems by exchanging the metal atoms. For example, firstly a few
crystal structure was obtained for LiTi(BH,);(NH;), and then same crystal structures
were used as templates for LiMn(BH,);(NH;), but new crystal structures are required
for LiMn(BH,);(NH;);. After swapping metal atoms in the crystal structure, cell
parameters and atom coordinates are optimized via plane wave DFT. There are lots of
crystal structure possibilities for one model (e.g. LiTi(BH,)s(NH;),). Intuitively it is
expected so, because for a simple compound like LiBH,, tens of crystal structures were
found [20]. Alloys are formed as a result of very diverse range of reactions. In this
study, synthesis reactions of single and dual cation AMBs appeared in the literature
were used [2,26,27]. Similar to alloying reactions, AMBs decompose into various
products (e.g. diborane, dodecaborane, ammonia, BN;, HBN,, borazine (HNBH);)
by following various reaction pathways to emit hydrogen. Therefore, to calculate
decomposition energies, it is assumed that metal hydrides, hydrogen, ammonia, BN
and boron are formed after dehydrogenation reactions of each dual cation AMBs.
Even for these simple assumptions, to calculate alloying and decomposition energies,
additional crystal predictions are required. For example, to calculate alloying energies,
crystal structures of single cation AMBs are required. For these compounds, if any
information about their crystal structures exists in the literature, this information is

used, if not the same crystal structure prediction method is applied to these compounds.

1.2 Literature Review

AMBs with molecular formula M1M2(BH4)X(NH3)y have recently appeared in the
literature.  Al(BH,);(NH;), (x < 6) and Al(BH,);(NH;),-yLiBH, (x < 6 and y

< 3) were synthesized by Guo et al. [1]. Hydrogen content of these AMBs are



Table 1.1: Hydrogen capacity, hydrogen purity, decomposition temperature,
and main impurity of Al(BH,);(NH;),, Al(BH,);(NH;); and

Sample H; capacity (wt%) H, purity (%) Peak T (°C) Main impurity
Al(BH,); -6 NH, 11.8 67.4 168 NH,4
Al(BH,); -5NH, 16.8 90.6 159 NH,4
Al(BH,); -4 NH, 15.5 >99 128 -
Al(BH,); - 3NH, 13.7 >99 113 -
Al(BH,); -2NH, 13.7 66.6 108 B,Hg

Al(BH,), 15.5 79 138 NH,4
6 NH,-2LiBH,
Al(BH,); -5 NH,-LiBH, 15.4 81 145 NH,4
Al(BH,); -5 NH;-2LiBH, 15.8 92.4 142 NH,4
Al(BH,); -4 NH,-LiBH, 16.1 >99 109, 128 -
Al(BH,), -4 NH,-2LiBH, 14.2 96.6 121 B,Hg

between 11.8% and 16.1%, and their hydrogen purity, dehydrogenation temperatures,
main impurities are shown in table 1.1. According to this table, Al(BH,);(NH;),,
Al(BH,);(NH;); and AI(BH,);(NH;),-LiBH, only emit hydrogen and their maximum

decomposition temperature is 128°C.

In another experimental study, LiMg(BH,);(NH;),/LiBH, composite was synthesized
by Sun et al. [2]. This new AMB can release wt 8% hydrogen below 200 °C. There
are also hydrogen emission peaks at 388.5 °C. Emission at this temperature can be
occured due to the decomposition of LiBH,. In fact, this temperature is below 480
°C, which is decomposition temperature of pure LiBH,, therefore it can be considered
that the synergy between LiMg(BH,);(NH;), and LiBH, causes this decrease in
decomposition temperature. Chu et al. [38] recently synthesized a single cation AMB
Ca(BH,),(NH;),, and it was observed that this material releases wt 11.3% hydrogen
below 250 °C. This is a good achievement when compared with 500 °C, which is
the decomposition temperature of Ca(BH,), to release wt 9% hydrogen. Similarly, a
single cation AMB, Mg(BH,),(NH;), was synthesized by Soloveichik et al. [26] in
2008. This AMB contains wt 16% hydrogen. Hydrogen release starts approximately
at 120 °C, and at 250 °C wt 10% hydrogen is released. This quantity is pretty good
when compared with that of Mg(BH,),. In fact, Mg(BH,), starts hydrogen emission
at 250 °C and release wt 12% hydrogen only at 400 °C. Another synthesized single
cation AMB is Y(BH,);(NH;), which was synthesized by Yuan et al. [39]. This
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AMB releases wt 8.7% hydrogen at 250 °C. At the same temperature, Y(BH,); can
release only wt 3.2% hydrogen. In 2012 Xia et al. [3] synthesized a dual cation AMB,
NaZn(BH,);(NH,),, and it is observed that wt 7.9% hydrogen is released at 110 °C,
in addition to that ammonia or diborane gases were not emitted. Li, AI(BH,)5(NH;),
was synthesized by Guo et al. [4] and it is observed that wt 10% hydrogen emitted
below 120 °C with high purity ( > %99).

AMBs follow a wide variety of decomposition reaction pathways. For example, Yang
et al. [27] investigated the decomposition of Li,Mg(BH,),(NH;)s and found that the

following reactions occur:
. 17
. 23
—>Mg+2L1H+B+3BN+7H2+3NH3

All of the experimental studies above show that single or dual cation AMBs decrease
hydrogen emission temperature when compared with metal borohydrides and therefore
AMBs are very suitable materials especially for automotive industry. The AMBs
presented in this studies are only a few members of the AMB class and hundreds
of them are waiting to be synthesized. This study aims to find out new AMBs for
hydrogen storage purpose by a computational screening, which has not been done

before to model them.

1.3 Method

The main subject of this project is to screen dual cation AMBs with the help of DFT
and to find out the most suitable AMBs for hydrogen storage purpose. These AMBs are
presented with a general formula of Mle(BH4)x(NH3)y with M, =Li, Na, K, M,=Mg,
Ca, Ni, Mn, Sr, Zn, y=2, 3, 4, 5, 6 for x=3 and M,=Li, Na, K, M,=Mn, Mo, Ti, Co, Zr,

y=2, 3, 4,5, 6 for x=5. Since there is very limited knowledge about crystal structures



Figure 1.2: Trigonal bipyramidal structure of Mg(BH,);(NHj;),: top view(on left) and
side view(on right). Representing colours: Mg: green, B: pink, N: blue,
H: white.
of these AMBs it is required to improve our knowledge about crystal structures before
applying computational modelling. Therefore, a crystal structure prediction program,
which is called CASPESA (CrystAl Structure PrEdiction via Simulated Annealing),
is used. CASPESA is developed in our research group and it is successfully used
before for metal ammines [24, 25] and metal borohydrides [19-23]. To show how
this method works, crystal structure prediction of LiMg(BH,);(NH;), is explained
below in details. It is necessary to change model when BH, and NH; contents are
different. Basically, CASPESA uses various bond constraints and it tries to increase
the structural arrangements that makes system more stable. At this point the first thing
to do is to find out factors which make AMBs more stable. Previous studies in the
literature [2, 3] show that alkali metals in AMBs tend to bond with BH, groups and
alkaline earth metals or transition metals tend to bond with both of NH; and BH,
groups. Furthermore, dihydrogen bonds between two hydrogen atoms, one from N-H

group and the other one from B-H group, have an effect on the stability of the system.

By considering these facts, Mg(BH,);(NH;), group .was treated as a separate group
during the CASPESA run. As seen in figure 1.2, in this trigonal bipyramidal structure,
Mg atom shares a plane with three BH, groups which are at 120 degrees angles to each
other (equatorial positions), and two NH; groups are positioned above and below the

plane (apical or axial positions).



Figure 1.3: The model used iiﬁ"!CASPESA. Li atoms are presented with purple balls.
In figure 1.3, unit cell which is used in CASPESA, is shown with two formula units
of LiMg(BH,);(NH;),. In this unit cell, one of the Li atoms resides at the origin
and its position is constant. Other Li atom and two Mg(BH,);(NH;), groups are
able to change their position with the help of spherical coordinates. At the same
time, two Mg(BH,);(NH;), groups can rotate around their own centers by using
three euler angles. After the parametrization of the position of atoms in the unitcell,
additional parameters are defined to describe to unit cell type (cubic, tetragonal,
monoclinic, orthorhombic, rhombohedral, hexagonal, and triclinic). Without unit
cell type parameters, 15 more parameters are needed, 9 of them are for positioning
of Li atom and Mg(BH,);(NH;), groups and 6 of them are used for the rotation
of Mg(BH,);(NH;), groups around the center atom, Mg. To define unit cell type
minimum 1 parameter (for cubic) and maximum 9 parameters (for triclinic) are
required. Therefore, in total there are 16-24 number of parameters to be optimized
by simulated annealing method. In fact, simulated annealing is generally used for
global minimization problems but in this study it is used for maximization problem
and the objective function to be maximized is the structural arrangements which
makes the structure more stable. As mentioned before, the interaction between Li

atoms and BH, groups causes more stable structures. Therefore, in the optimization,



number of Li-B interactions (inter-atomic distance is between 2.85 A and 331 A ) is
maximized. Since any quantum mechanical calculation or any force field is not used
in CASPESA, atoms can be located too close to each other leading to nonphysical
situations. To prevent this situation, some minimum interatomic distances must be
defined in CASPESA beforehand. Thus, Li-Li, Li-B, H-H, Li-N, and N-N minimum
interatomic distances were defined respectively as follows 4.0, 2.0, 1.6, 3.0 and 4.2
A. All these limits were set based on LiMg(BH,);(NHj;), crystal structure found by
Sun et. al. [2]. For compounds, which have higher ammonia or borohydride content,
there is not any experimental information about crystal structures so DFT calculations
were used to define the minimum interatomic distances. Lastly, structures produced
by CASPESA were compared via DFT calculations. In the study, number of structures
were 75 (3 types of alkali metal x 5 types of transition metal x 5 different ammonia
content ) and for all these structures, one or more (4 in avarage) models were created
similar to the model described above. In addition, seven unit cell types were tried
for each model. If CASPESA runs 300 times for each setup, approximately 630000
crystal structures generated by CASPESA. Because of this huge number, a script was
implemented for screening CASPESA outputs. Finally, DFT calculations were applied
for the best CASPESA structures. We used Quantum Espresso software package for
DFT calculations. The GGA exchange-correlation approximation of Perdew, Burke,
Ernzerhof (PBE) [40] has been used for norm conserving pseudo potentials of all
atoms. The kinetic energy and density cutoffs are set to 80 and 320 Ry, respectively.
The electronic Brioullin zones were sampled with (2 x 2 x 2) k-points. The energy and

force thresholds were set to 107> and 10~ a.u, respectively.
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2. THEORETICAL BACKGROUND

2.1 Density Functional Theory

Most electronic structure calculations for solids are based on density functional theory
(DFT), which results from the work of Hohenberg, Kohn and Sham [41, 42]. This
approach has also become popular for atoms and molecules. In the density functional
theory, the electronic orbitals are solutions to a Schrodinger equation which depends
on the electron density rather than on the individual electron orbitals. However, the
dependence of the one-particle Hamiltonian on this density is in principle nonlocal.
Often, this Hamiltonian is taken to depend on the local value of the density only —
this is the local density approximation (LDA). In the vast majority of DFT electronic
structure calculations for solids, this approximation is adopted. It is, however, also

applied to atomic and molecular systems [43,44].

2.1.1 Density Functional Theory: Physical Picture

In density functional theory, an effective independent-particle Hamiltonian is arrived
at, leading to the following Schrdédinger equation for one-electron spin-orbitals:

1 Z, o
_EVZ_; ‘I'—Rn| —|—/d3rn(r ) ‘I’—I’l| +Vx6[n](r) lljk(r) - 8/{‘///((1.) (2.1)

The first three terms in the left hand side of this equation are the kinetic
energy, the electrostatic interaction between the electrons and the nuclei, and the
electrostatic energy of the electron in the field generated by the total electron density
n(r). The fourth term contains the many-body effects, lumped together in an
exchange-correlation potential. The main result of density functional theory is that
there exists a form of this potential, depending only on the electron density n(r), that
yields the exact ground state energy and density. Unfortunately, this exact form is not

known, but there exist several approximations to it. The solutions of Eq.(2.1) must be
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self-consistent in the density, which is given by [44]

N
Y () 2.2)
k=1

where the sum is over the N spin-orbitals y; having the lowest eigenvalues & in (2.1),
and N is the number of electrons in the system.

The total energy of the many-electron system is given by

:N —l 3rdF n(r n(r’ n|— 3 n|(r) n(r 2.3
E= Y ey [dra ne) ) Bl [ Vel ) 23

r—r|

where the parameters &, are the eigenvalues occurring in Eq.(2.1) and E,. is the
exchange correlation energy. The exchange correlation potential V,.[n| which occurs

in (2.1) is the functional derivative of this energy with respect to the density:

Vieln](r) = %(r)Exc [n] 2.4)

Although the energy parameters & are not, strictly speaking, one-electron energies
they are often treated as such for comparison with spectroscopy experiments according
to an extended version of Koopman’s theorem. The wave functions y; also have
no individual meaning but are used to construct the total charge density. This again
contrasts with Hartree—Fock where the one-electron spin-orbitals have a definite
interpretation: they are the constituents of the many-electron wave function [44].

Equations (2.1) and (2.2) are solved in an iterative self-consistency loop, which is
started by choosing an initial density n(r), constructing the Schrodinger equation (2.1)
from it, solving the latter and calculating the resulting density from (2.2). Then a
new Schrodinger equation is constructed and so on, until the density does not change

appreciably any more [44].

2.1.2 Density Functional Formalism And Derivation Of The Kohn-Sham

Equations

For a many-electron system, the Hamiltonian is given by

1

—1 1
H= Z [7 sz +Vexl(ri):| + E Z (25)

i¢j|ri_rj|
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Vexs 1s an external potential which, in the systems of interest to us, is the Coulomb
attraction by the static nuclei.

The ground state can be found by varying the energy-functional with respect to the
wave function. Now consider carrying out this variational procedure in two stages: first
— for a given electron density — minimise with respect to the wave functions consistent
with this density, and then minimise with respect to the density. Denoting by min In a
minimisation with respect to the density. Denoting by min minimisation with respect to

Y|n
the wave functions W which are consistent with the density n(r), it can be written [44]

Eln] = tyin (¥ H | (2.6)

and it will be clear that the ground state of the many-electron Hamiltonian can be found

by minimising the functional E[n]| with respect to the density, subject to the constraint
/ dra(r)=N (2.7)

where N is the total number of electrons.
Now consider a separation of the Hamiltonian into the Hamiltonian Hy of the

homogeneous electron gas (with external potential V,,; = 0), and the external potential:
H = Hy+ Vi (1) 2.8)
In this case E[n] can be written as

Eln] = i {<‘P\Ho W) + / &1 Vo (1) n(r)] 2.9)

If the term in square brackets is minimised for a given density n(r), the second term is

a constant so that it does not have to be included in the minimisation:

E[n] = rg\in[(‘m Hy |¥)] + / d®r Vo (r) n(r) (2.10)
writing
Fln] = r{I}‘in[<‘P| Hy [¥)] (2.11)

it is seen that E[n] can be written as
Eln] = Fln] + / & Vo (r) n(r) 2.12)

and F[n] obviously does not depend on the external potential. Now, these general
statements are utilized to treat our problem of interacting electrons in an external

potential. Summarising the results obtained so far, it is seen that:
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e The ground state density can be obtained by minimising the energy-functional (2.6).

e If the Hamiltonian H is split into a homogeneous one, Hy, and the external potential,
the energy-functional can be split into a part F|n|, which is defined in (2.11) and

which is independent of the external potential, and the functional [ d3r V,y (r) n(r)

The problem with treating the many-electron system lies in the electron—electron
interaction. In fact, for both interacting and noninteracting electron systems the form of
the functional E[n] is unknown, but the ground state energy for noninteracting electrons
can be solved for trivially, and this can be used to tackle the problem of interacting
electrons. In the noninteracting case,E [n] has a kinetic contribution and a contribution

from the external potential V,,;:

E[n]=TIn]+ / d*r Vo (r) n(r) (2.13)
Variation of E with respect to the density leads to the following equation:
oTn
V([l'; + Vext (I‘) = )ul’l(l‘) (2.14)

where A is the Lagrange parameter associated with the restriction of the density to
yield the correct total number of electrons, N. The form of T'[r] is unknown, but it is
known that the ground state of the system can be written as a Slater determinant with

spin-orbitals satisfying the single-particle Schrédinger equation:

{—%Vz + Vext<r)1 i(r) = & Wi(r) (2.15)

The ground state density is then given by

N
n(r) = kZ [yi(r)? (2.16)
=1

where the spin-orbitals Y are supposed to be normalised so that the density satisfies
the correct normalisation to the number of particles N . Using the above analysis, and
taking 7 [n] for the functional F[n], it is seen that the kinetic energy-functional 7 is

independent of the potential V,,;. Summarising:

e The energy-functional of a noninteracting electron gas can be split into a kinetic
functional T'[n], and a functional representing the interaction with the external
potential, [ d3r V,y(r) n(r). The kinetic functional does not depend on the external

potential.
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e The exact solution of the noninteracting electron gas is given in terms of the

eigenfunction solutions of the independent-particle Hamiltonian; see Eq. (2.15).

The energy-functional for a many-electron system with electronic interactions included

can be written in the form

3 3./
Eln) = +/drVext r)+ - /d /d ‘) r,| n(x) + Exe[n] (217

where the last term, the exchange correlation energy, contains, by definition, all the
contributions not taken into account by the first three terms which represent the kinetic
energy-functional of the noninteracting electron gas, the external and the Hartree
energy respectively. It is important to note that no approximations have been made
so far but moved all the unknown correlations into E,. , which depends on the density
n rather than on the explicit form of the wave function because all the other terms
in (2.17) depend on the density. For the interacting electron gas it is not clear that
the kinetic energy and the electron—electron interaction can be written as a sum of two
terms depending on the density only; therefore the kinetic functional for noninteracting
electrons, which depends only on the density, has been split off and the remaining part
of the kinetic energy has been moved into E,.. Varying this equation with respect to

the density, this equation is obtained [44]

0T [n] SEy[n]
on(r)  on(r)

This equation has the same form as (2.14), the only difference being the potential

+ /dsl"/ n(r')ﬁ +Vext(r) = A’n(r) (2'18)

replaced by a more complicated one, the ‘effective potential’:

B OE,.|n] 3, o 1
Vers(r) = VO + 5 oy + / drn(e)y T (2.19)
The analogue of Eq.(2.15) now becomes
1
{—Evz +V, ff(r)} wi(r) = gy (r) (2.20)

Comparing Eqs. (2.20) and (2.17), it is seen that adding the eigenvalues & of the
occupied states does not lead to the total energy as the Hartree energy is overestimated
by a factor of 2, and there is a further difference in the exchange correlation term, so

that it is obtained:
l L[5 3, 1 3
E:ng——/d rd’r n(r)——n(r') + Ex[n /d r Vieln(r)n(r)  (2.21)
= 2 r—r ]

15



where V.. is defined in (2.4). The density functional procedure is now given by
Egs.(2.16), (2.19), (2.20) and (2.21). These equations were first derived by Kohn and
Sham [42].

It has been already mentioned that the exact form of the exchange correlation potential
is not known. This energy is a functional of the density, but there may be an additional
explicit dependence on the external potential. Such a dependence would imply that
each physical system has its own particular exchange correlation energy-functional.
That the exchange correlation potential does not have such a dependence follows
immediately from the argument given at the beginning of this section (Egs. (2.8-2.12))
by separating the external potential off the Hamiltonian and taking the remaining
contributions to the energy-functional for F[n]. This shows that the exact exchange
correlation potential, which should work for all materials, is simply a functional of the
density. In practice approximations are have to be used for E,., as the exact form of
this functional is unknown, and our approximation might be better for some materials

than for others. The final conclusion can then be formulated as follows [44]:

e If the energy-functional is split according to (2.17), the term E.[n] into which all the

noncontrollable terms have been moved , is independent of the external potential.

e The minimisation problem of the energy-functional can be carried out using the

Kohn-Sham equations (2.20) together with the constraint (2.16).

2.1.3 The Local Density Approximation

The exchange correlation potential is a functional derivative of the exchange
correlation energy with respect to the local density and for a homogeneous electron
gas which is a function of electron density. For a nonhomogeneous system, the value
of the exchange correlation potential at the point r depends not only on the value of
the density at r but also on its variation close to r, and it can therefore be written as an

expansion in the gradients to arbitrary order of the density [44]:
Vie[n](r) = Vie[n(r), Vn(r),V(Vn(r)),...] (2.22)

Apart from the fact that the exact form of the energy-functional is unknown, inclusion

of density gradients makes the solution of the DFT equations rather difficult, and
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usually the Ansatz is made that the exchange correlation energy leads to an exchange
correlation potential depending on the value of the density in r only and not on its

gradients — this is the local density approximation (LDA) [44]:
Ep = / &r e n(r)] n(r) (2.23)

where gc[n(r)] is the exchange correlation energy per particle of a homogeneous
electron gas at density n. The local density approximation is exact for a homogeneous
electron gas, so it works well for systems in which the electron density does not vary
too rapidly. The various forms used for the exchange correlation energy density in the
local density approximation, &.c[n(r)], will be discussed and refer to the literature for
more details [43,45,46].

The exchange effects (denoted by the subscript ‘x”) are usually included in a term based
on calculations for the homogeneous electron gas [47] giving the following form for

the exchange energy in density functional theory [44]:
ecn(r)] = Const. x n'/3(r) (2.24)

The value for the constant is found as —(3/4)(3/m)'/3.

For open-shell systems the spin-up and -down densities n4 and n_ are usually taken
into account as two independent densities in the exchange correlation energy according
to a natural extension of the DFT formalism [43]. In local density approximation (now

called local spin density approximation), the exchange is given as [44]
Ey[ny,n_] = —Const. /d3r [ni/3(r) +ni/3(r)] (2.25)

with Const. = (3/2)(3/4m)'/3 in accordance with the closed-shell prefactor in (2.24),
as can be checked by putting ny =n_ =n/2. As is to be expected for an exchange
coupling, this expression contains interactions between parallel spin pairs only.

In addition to exchange, there is a contribution from the dynamic correlation effects
(due to the Coulomb interaction between the electrons) present in the exchange
correlation potential, and several local density parametrisations of this interaction
have been proposed. A successful one is a parametrised version of the correlation
energy obtained in quantum Monte Carlo simulations of the homogeneous electron

gas at different densities [46, 48]. Other parametrisations have been presented by von
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Barth and Hedin [49], and Gunnarson and Lundqvist [5S0]. These dynamic correlations

represent couplings between both parallel and opposite spin pairs [44].

2.1.4 The Adiabatic Theorem And The Normalisation Conditions

In this section, the details of exchange and correlation term are given. Here, the spin
will also be considered as well as spatial coordinates. All spin-space coordinates [44]
(ry,s1; ... ry,sy) are denoted by X. Let us first consider the exact energy-functional

(of the spin-orbitals):

N 1
Eexact — /lPAs(X) (—E ZVIZ + Vgx[ + Vee) lIJAS()()d)( (2-26)

Here, W45(X) is a wave function which is antisymmetric in the x; = (r;,s;), but
not necessarily a Slater determinant. In below, the exact energy is compared
with the Kohn—Sham functional (which should also be exact for the correct

exchange-correlation functional) [44]:

EKS_—Z/% qufk dx+2/ Ve ( dx—|—2/ ‘r_r,‘ n(v)d*rd*r' + Exc[n)
(2.27)

The terms related to V,y (r) are the same in both cases: the exchange and correlation
term E,,. makes up for the difference in the kinetic energies and the difference between
the exact Coulomb interaction and the Hartree approximation in the Kohn—Sham
scheme [44].

Now, let’s see the connection between the exact energy and Kohn-Sham formalism
to pinpoint this difference better. This is done in the adiabatic connection procedure,

which works as follows. First, introduce a tunable electron—electron interaction [44]

Z \r, —~ (2.28)

where the subscript C stands for Coulomb and where V. is identified with V.. ; _;.
The many-body Hamiltonian is split into that of a homogeneous electron gas with

interaction Vj and the external potential:
Hy =Hp+ Y Vex(ri) = (T,Ve3) + Y Ve () (2.29)
i i

and note that for fixed densities n(r), the last term will always give the same

contribution to the energy. Indeed, this Hamiltonian is minimised for such a fixed
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density:
Exn] = min (| Ho %) + / Vo (0)n(0)d®r = Fy [n] + / Vo (On(e)d®r  (2.30)
where the definition below has been used
Faln] = min (| Hy 1 |¥%) @231)

The minimisation is carried out on the set of wave functions compatible with the given
densities n(r).

Now, a theorem is needed that plays an important role in the quantum molecular
dynamics method : the Hellmann-Feynman theorem. Here this theorem will be
proved for the simple case in which a Hamiltonian depending on a single parameter
A is known. The theorem tells us how the energy eigenvalues of a Hamiltonian
H), depending on a parameter A, vary with A. [44] Differentiating the Schrodinger
equation

Hy |y;) = E; |wa) (2.32)

with respect to A, the equation below is obtained (the prime indicates derivative with

respect to A):
Hy \wa) + Hy [v3) = Ej lva) + Ex |w3) (2.33)

Taking the inner product from the left with (y; | and using the Hermitian conjugate of

(2.32), it is seen that
dEy _ (yaldHy/dA|y)

dA (wallya)

The derivative of F) can be written from the Hellmann—Feynman theorem, by realising

(2.34)

that, since |y;) is the variational ground state of F), it must be the lowest eigenstate

of Hy ;. Then the equation below is obtained [44]

dF,

= (alVelva) (2.35)

From this, and from the fact that for A = 0 noninteracting electron gas is found

1
Frcln] = Tislnl + [yl Velya) d (2.36)
0

19



Now the exchange correlation potential is found as the difference between the
interacting and noninteracting electron gas including the Hartree energy Ey: [44]
1

()& = [l Velya)da—En
0

(2.37)

=i~ £} [

The main point of the derivation is that in (2.36), which holds for the interacting gas,
the kinetic energy is that of the noninteracting gas; therefore, the exchange correlation
correction is found only in terms of the Coulomb interaction. For A = 0, the XC
correction term is nonzero as the Hartree energy does not take the antisymmetry of
the full many-body wave function into account: it is the exchange-only part of the
correction [44].

There is another fruitful way of looking at the exchange correlation term, which is
related to the discussion in Section 2.1.2. There the probability density is considered

for finding the particles 1 and 2 with coordinates x and x respectively [44]:
P(x,x) = / W (x,x, X3, ..., x5)|2dx3...dxy (2.38)

Now this definition is used for a general wave function (not necessarily a Slater
determinant).

The single-particle density is given as
= N/ P (x, X2, ..., xn) | 2dxs...dxy (2.39)
Integrating the single-particle density gives the number of particles:
/ n(x)dx =N (2.40)
From the definition of n(x) it is immediately seen that
N / P(x,x")dx' = n(x) (2.41)

The reason for introducing these quantities is that they give insight in the exchange and

correlation energies. To see this, consider the Coulomb energy: [44]

E. = N(NT_U/P(x,x')

1 dx dx’ (2.42)
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(the prefactor counts the number of particle pairs). Now the exchange correlation hole

is defined, ny.(x,x’), through
N(N —1)P(x,x') = n(x)n(x") + n(x)n(x,x") (2.43)

The exchange correlation hole indicates how the actual distribution of a second
electron, given a first electron at x, deviates from the average density. Then the

equation below can be written [44]

dx dx’ (2.44)

1
E, :EH—FE/n(x)nxc(x,x') P

Note that the second term can be identified with the exchange correlation energy. The
most important consequence of this is that some properties of the exchange correlation

hole can be derived, which any exchange correlation energy should satisfy. The first of

these properties follows from the normalisation of P: [44]
/P(x,x’)dx dx' =1 (2.45)
which follows directly from the normalisation of the wave function. Furthermore,

/ n(x)dx=N (2.46)

for the same reason. Integrating Eq. (2.43) now over dx’ (this actually denotes an

integration over r’ and a sum over s” ), the following result is obtained
(N —1)n(x) = Nn(x) +n(x) /nxc(x,x’)a’x’ (2.47)

in other words,
/ Ny (,x)dx' = —1 (2.48)

Realising that the second term in Eq. (2.44) is the exchange correlation correction to
the Coulomb energy, it is seen that this correction can be described in terms of a charge
distribution which carries a positive unit charge: this is the exchange correlation hole
Ny [44].

Let us summarise the results obtained so far. The first is that the exchange and
correlation contribution to the kinetic energy can be removed from the description

by applying the adiabatic connection formula. The price has to be paid is that
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the Coulombic term due to exchange and correlation has to be integrated over the
interaction strength A. The second result is that this contribution can be described in
terms of an exchange and a correlation hole, the first of which integrates up to -1 and

the second integrates to 0 [44].

2.1.5 The Generalised Gradient Approximation

The success of LDA can be understood now: the exchange and correlation holes are
taken from very accurate quantum Monte Carlo results for the homogeneous electron
gas and therefore they satisfy the two normalisation conditions for exchange and
correlation just described [44].

It can also be described how a gradient expansion can be constructed: isotropy
conditions must be taken into account and then make sure that the exchange and the
correlation hole satisfy their respective normalisation conditions. This scheme has
been carried out by several groups, and some well known functionals are those of
Perdew and Wang of 1986 [51, 52] and 1991 [53] (respectively PW86 and PWO9l),
and of Becke [54], Lee, Yang and Parr [55] (LYP) and Perdew, Burke and Enzerhof
[56,57]. These exchange correlation functionals go by the name of generalised gradient
approximations (GGAs) [44].

In general, GGA improves on LDA for the quantities which are already successfully
treated in LDA: total energies and hence binding energies, bond lengths and angles.
Ionisation energies based on Kohn—Sham energy eigenvalues are approximately the
same as for LDA. In general, LDA tends to over-estimate the correlation energy and
underestimates the exchange energy; these are remedied to some extent in GGA, but
as the two corrections are opposite, the net effect is not too spectacular. That does
not mean that the improvement is not important: the GGA gives a more accurate
description of the many-body electron system than LDA citekl.

One major deficiency which is shared by GGA and LDA is the fact that the exchange
correlation correction does not cancel the self-interaction present in the Hartree energy.
This in particular affects the interpretation of the highest Kohn Sham energy as the

ionisation energy of the system [44].
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2.2 Crystal Structure Prediction

Crystal structure information of a material is very important because, if the crystal
structure is known many physical properties can can be computationally investigated.
If the crystal structure of a system is unknown, computational approaches can be used
to predict the crystal structures. Crystal structure prediction (CSP) is a very active
research area since the 1950s [58]. Until then, many methods have been developed
including simulated annealing, evolutionary algorithms, distributed multipole analysis,
random sampling, basin hopping, data mining, density functional theory and molecular
mechanics [59]. Several crystal prediction codes exist and the some of them are listed

below.

2.2.1 USPEX

USPEX (Universal Structure Predictor: Evolutionary Xtallography) is developed by
Oganov et al. [60].The USPEX code is based on an efficient evolutionary algorithm
and alternative methods such as random sampling, metadynamics, corrected PSO
algorithms. USPEX is interfaced with many DFT or classical codes, such as VASP,
SIESTA, GULP, Quantum Espresso, CP2K, CASTEP, LAMMPS, and so on [61].This
method allows one to predict the most stable crystal structure and a number of
low-energy metastable structures for a given compound at any P-T conditions without

requiring any experimental input [62].

2.2.2 CALYPSO

CALYPSO (Crystal structure AnaLYsis by Particle Swarm Optimization) is developed
by Wang et al. to predict the energetically stable/metastable crystal structures
of materials at a given chemical compositions and external conditions (e.g.,
pressure). The CALYPSO method is based on several major techniques (e.g.
particle-swarm optimization algorithm, symmetry constraints on structural generation,
bond characterization matrix on elimination of similar structures, partial random
structures per generation on enhancing structural diversity, and penalty function, etc.)

for global structural minimization from scratch. [62]
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2.2.3 XtalOpt

XtalOpt [63] is a free and truly open source evolutionary algorithm designed to predict

crystal structures. It is implemented as an extension to the Avogadro molecular editor.

2.2.4 GASP

The Genetic algorithm for structure prediction — GASP — is developed by Tipton et
al. [64] and it predicts the structure and composition of stable and metastable phases
of crystals, molecules, atomic clusters and defects from first-principles. The GASP
program is interfaced to many energy codes including: VASP, LAMMPS, MOPAC,

Gulp, JDFTx and can efficiently run on parallel architectures.

2.2.5 CASPESA

CrystAl Structure Prediction via Simulated Annealing (CASPESA) is being developed

by Adem Tekin and its details is explained in the previous chapter.

2.3 Simulated Annealing

Simulated annealing is a global optimization method mimicking the process of
physical annealing with solids, in which a crystalline solid is heated and then
allowed to cool very slowly until it achieves its most regular possible crystal lattice
configuration (i.e., its minimum lattice energy state), and thus is free of crystal defects.
If the cooling schedule is sufficiently slow, the final configuration results in a solid
with such superior structural integrity. Simulated annealing establishes the connection
between this type of thermodynamic behaviour and the search for global minima for
a discrete optimization problem. Furthermore, it provides an algorithmic means for
exploiting such a connection. [65]

At each iteration of a simulated annealing algorithm applied to a discrete optimization
problem, the objective function generates values for two solutions (the current solution
and a newly selected solution) and these are compared. Improved solutions are always
accepted, while a fraction of non-improved (inferior) solutions are accepted not to be
trapped in a local minimum. The probability of accepting non-improved solutions

depends on a temperature parameter, which is typically non-increasing with each
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iteration of the algorithm. [65]
The key algorithmic feature of simulated annealing is that it provides a means to
escape local optima by allowing hill-climbing moves (i.e., moves which worsen
the objective function value). As the temperature parameter is decreased to zero,
hill-climbing moves occur less frequently, and the solution distribution associated
with the inhomogeneous Markov chain that models the behaviour of the algorithm
converges to a form in which all the probability is concentrated on the set of globally
optimal solutions (provided that the algorithm is convergent; otherwise the algorithm
will converge to a local optimum, which may or not be globally optimal). [65]
Simulated annealing is outlined in the following pseudo-code (Eglese, 1990).
Select an initial solution @ € Q
Select the temperature change counter k =0
Select a temperature cooling schedule, #;
Select an initial temperature 7 =y > 0
Select a repetition schedule, M; that defines the number of iterations executed at each
temperature, #;
Repeat
Set repetition counter m = 0

Repeat

Generate a solution @' € N(w)

Calculate Ay, oy = f(0') — f(®)

If Ap.o <0, then ® + @'

If Ag gy > 0, then @ « @' with probability ¢*o.o/%

m+—m-+1
Until m = M,
k+k+1

Until stopping criterion is met
This simulated annealing formulation results in My + M + ... + M} total iterations
being executed, where k corresponds to the value for #; at which the stopping criteria is

met. In addition, if M; = 1 for all &, then the temperature changes at each iteration. [65]

25



26



3. RESULTS AND DISCUSSION

3.1 Finding Model Structures

The first step of the study is to find model structures which are used in the screening
process. There are ten different complexes with various BH, and NH; contents, For
an AMB complex which is in the form M;M,(BH,)x(NH;)y x=3, 5 y=2, 3, 4, 5, 6.
Crystal structures of all these different complexes were predicted by CASPESA and

minimum energy crystal structures were found. Results are presented in below.

3.1.1 Crystal Structure Prediction for M;M,(BH,);(NH;),

Sun et al. [2] reported that crystal structure of LiMg(BH,);(NH;), at 50 °C is
hexagonal P63 (space group 173) and cell parameters are a = 8.0002 A and c=8.3944
A. When they optimized this experimental structure with DFT, smaller unit cell was
obtained with cell parameters a=7.8658 A and c=8.3944 A. This crystal structure is
shown in figure 3.1. In this structure, coordination number of Mg is five, with these five
neighbouring groups Mg atom form a trigonal bipyramidal geometry. In this structure,
Mg atoms share a plane with three B atoms which are at 120 degrees angles to each
other (equatorial positions), and there are two N atoms above and below the plane
(axial positions) with Mg — N distances of 2.04 - 2.20 A and Mg — B distances of 2.58
A. In this structure, Li atoms with neighbouring 6 B atoms form a distorted octahedral
geometry with Li — B distances of 2.85 A and 3.31 A. Here, Li atoms are separated by
42 A.Inthe experimental structure, Li(BH,), groups are parallel to [001] plane forms
a chain. In particular, each Li shares its 3 BH, groups residing in the same plane with
other Li. In this structure, dihydrogen bonds, N-H- - - H-B, are in between 2.2 A-23
A. The reason for existance of dihydrogen bonds is this, since H atoms in ammonia
molecules are partially positive, and H atoms in borohydride molecules are partially

negative dihydrogen bonds form. Therefore, a weak interaction occurs between these
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Figure 3.1: Crystal structure of LiMg(BH,);(NH;), found by Sun et. al. [2]

>

two H atoms. Even though, this interaction is weak, it plays a very important role in

the stabilization of the structure.

20 different crystal structures were obtained by CASPESA, including the experimental
crystal structure. M, is Li in 8 of these structures, and that is K and Na for 5 and
7 of the remaining structures, respectively. Interatomic distances mentioned above
vary with respect to M, metal as expected. In the DFT relaxations of the template
structures, if M, is Li and the template was produced for M, as Na or K, these M,
metal type was replaced with Li. Two of the structures obtained by CASPESA are
shown in figure 3.2. These two structures are very similar to the experimental one.
In both structures, Li atoms are parallel to [001] plane and form a chain, three BH,
groups are shared by two neighbouring Li atoms. Unit cell of B3N2_1 is hexagonal
with P63mmc (symmetry no: 194) symmetry and unit cell of B3N2_3 is hexagonal
with P63m (symmetry no: 176) symmetry. In B3N2_1, Li—B distances are in between
3.19 A — 3.24 A and the octahedral coordination around Li atoms are less distorted
compared to the experimental structure. Similarly, Li—B distances are between 3. 15A
— 3.25A in B3N2_3 and the coordination around Li atoms are again less distorted
octahedral compared to the experimental structure. In B3N2_1, Mg—N distance is
2.20 A and Mg—B distance (2.58 A) is equal to the distance in the experimental
structure. Mg—N and Mg—B distances are 2.19 Aand2.59 A respectively in B3N2_3.
In both structures, Li—Li distances are equal to the Li—Li distances (4.20 A) in the
experimental structure. In B3N2_3, the minimum dihydrogen bond length is 2.80 A

and it is weaker compared to the experimental structure. Same situation is observed
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Figure 3.2: Two crystal structures found by CASPESA. B3N2_1, B3N2_3 and the

coordination around Li atoms are shown at the left and right sides,
respectively.

in B3N2_1 and the minimum dihydrogen bond length is 2.77 A. There is a similar
structure to B3N2_1 and B3N2_3, which is B3N2_10 and M, atom is K in this
structure. Symmetry number of this structure is 1 and Mg—N, Mg—B, K—B, K—K,
and N—HH—B distances are 2.11 A, 2.43 A, 3.15 A, 3.75A and 1.85 A respectively.

As it can be seen, changing Li atom with K results in reduced distances of Mg—N and
Mg—B and this leads to a decrease in N—H~H—B distances. N—HH—B distance in
B3N2 10is 1 A shorter compared to B3N2_1 and B3N2_3, and it is 0.35 A shorter
compared to the experimental structure. Another structure which contains six BH4
molecules around Li atom is B3N2_12. In this structure, some of BH4 groups are
shared by Li atoms. CASPESA also found crystal structures which are different from
the experimental structure. For example, in B3N2_2, B3N2_4, B3N2_5, B3N2_6 and
B3N2_38, coordination number of Li atoms is three, Li and three BH, groups form a
trigonal planar geometry. In these structures Li atoms are layered instead of forming
a chain as in B3N2_1, B3N2_3, B3N2_10 and the experimental structure. Crystal
structures and Li coordination of B3N2_2 and B3N2_4 is shown in figure 3.3. In

structures shown in this figure, Li layers are parallel to [010] plane. In both structures,
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B3N2_2 (Symmetry No: 174) B3N2_4 (Symmetry No: 176)

Figure 3.3: On the left crystal structure and Li coordination of B3N2_2 (symmetry
no: 174), and on the right crystal structure and Li coordination in B3N2_4
(symmetry no: 176)

Li—B and B—B distances are close to each other and they are approximately 2.36 A

and 4.10 A, respectively.

Mg—N distances are similar to other structures and they are 2.21 A. Mg—B distance
in B3N2_2 is 2.53 A, which is slightly longer in B3N2_4 to be 2.56 A. In both
structures, Li—B distances are close to each other and they are approximately 2.35 A.
The minimum dihydrogen bond length is 2.76 A and 2.66 A for B3N2_2 and B3N2_4,
respectively. These distances are quite long compared to the experimental structure.
In one of the structure which is obtained by CASPESA, B3N2_7, the coordination
number around Li is 5. 2 of these 5 BH, molecules are shared by Li atoms which form
a chain parallel to [100] plane. The minimum dihydrogen bond length in this structure
is 2.51 A. Another interesting structure is B3AN2_13. In this structure, M, atom is K
and the coordination number is 7. In fact, one of these seven BH, groups is quite far
from K atom (3.74 A) and other six Li—B distances are in between 2.95 A —3.49 A. In
B3N2_13, K atoms form a chain parallel to [001] plane. Similar to B3N2_10, in this
structure there are strong dihydrogen bonds, and the minimum N—H-~H—B distance

is 1.84 A. In other structures obtained by CASPESA (B3N2_9, B3N2_11, B3N2_14,
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B3N2_15, B3N2_16, B3N2_17, B3N2_18, B3N2_19 ve B3N2_20), M, atoms and
BH, groups form a tetrahedral geometry. M, atom is Na in B3N2_14 and B3N2_18,
and their crystal structures are shown in the figure 3.4. Tetrahedral geometry is a little
distorted because of the varying Na—B distances which are in between 2.60 A and
3.05 A. In both of these structures Mg—N distances are approximately 2.17 A. As a
result, Mg—N distance is obtained in the following order dA[f,ng < dﬁ“g_ N < df,}g_ N
.Mg—B distances are different in both structures and they are 2.54 A, 2.55 A and 2.57
Ain B3N2_14,2.53 A, 2.59 A and 2.49 A in B3N2_18. The order in Mg—B distance

is obtained to be dA’f,g_B < dAA,;“_B < dﬁjg_B . When M, ( Li, Na, K) — B distances are

8
considered, the following order is obtained dy,—p < dx—p < dri—p . In B3N2_14 and
B3N2_18, minimum dihydrogen bond distance is 1.91 A. The shortest dihydrogen
bonds are appeared in when M=K, and the minimum dihydrogen bond is longer in

M,=Na compared to M, =Li.

3.1.2 Crystal Structure Prediction for M;M,(BH,);(NH;);

To use CASPESA for crystal structure prediction, it is required to define
the minimum inter-atomic distances and objective functions. For the previous
system, M;M,(BH,);(NH;),, there is structural information about a complex,
LiMg(BH,);(NHj;),, in the literature and this was used at the beginning. In contrast,
there is no any reported crystal structure information for M; M, (BH,);(NH;); system
in the literature. Therefore, structural information used in the previous system
was also employed here. As being different from the previous system, various
coordinations can be formed around M, atom as shown in the figure 3.5. For modell, a
tetrahedral geometry with 3 NH; and 1 BH, is used, other 2 BH, are allowed to move
independently and the objective function keeps them close to M, atom. For model2,
model3 and model5, 3 NH; groups and 2 BH, groups create a trigonal bipyramidal
geometry around M, atom and there is one free BH, group. The main difference in
these three models is the position of the groups around M, metal. In model4, M, atom
forms an octahedral with 3 BH, and NH; groups. In model6 and model7, M, atom
forms a trigonal prism with three BH, and NH; groups. In model8, M, atom forms a

capped tetrahedral geometry with three BH, and NH; groups.
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Figure 3.4: Crystal structure and Li coordination in B3N2_14 (symmetry no: 1) (on
the left), and B3N2_18 (symmetry no: 1) (on the right).
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model5 model6 model7 model8
Figure 3.5: 8 different coordination model for M; M, (BH,);(NH;); system.

All these models were used in CASPESA to predict crystal structures, and the best
results were obtained using model2, model3 and model5. Crystal structures which
were obtained by using model4, model6, model7 and model8 turn into model5 after the
DFT relaxation. This shows that, M, does not prefer an octahedral arrangement. After
DFT optimization, 11 crystal structures were selected as template in the screening

study and some of them are shown in the figure 3.6.

In all selected structures, 2 BH, and 3 NH; groups are coordinated to M, metal and
form a trigonal bipyramidal geometry. In B3N3_1, 3 BH, are coordinated to Li metal
and form a trigonal planar geometry. Each Li atom shares a BH, group and these Li
atoms create a chain which is parallel to [001] plane. In B3N3_4, 4 BH, groups have
a tendency to be located close to Li atom and form a tetrahedral geometry and each Li
atom shares 2 BH, groups and creates a chain parallel to [010] plane. In B3N3_5, as
being different from other structures, 5 BH, groups coordinated to Li atom and form a
trigonal bipyramidal geometry. In this structure, each Li atom shares 3 BH, groups and
a chain of Li parallel to [001] plane is formed. Similar to B3N3_4, in B3N3_8, 4 BH,
groups are coordinated to Li atom to form a tetrahedral structure but in this structure
Li atoms do not create a chain. Similar to B3N3_5, in B3N3_9 Li atom and 3 BH,

groups constitute a trigonal planar geometry but it differs from B3N3_5, in terms of the
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B3N3_11
Figure 3.6: Some template structures for screening M; M, (BH,);(NH;); system.
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number of shared BH, groups (two in this case) and the Li chain formation parallel to
[001]. In figure 3.6, the last structure B3N3_11 is shown and it is quite different from
other structures. Whereas one Li forms an octahedral arrangement with BH, groups,
the other one constitutes a distorted square pyramid. Each Li atoms shares BH, groups
and create a chain parallel to [010] plane. As a summary, 11 crystal structure with
different atomic arrangemnts were predicted by CASPESA and these were used in the
subsequent screening. Considering these 11 structures it can be said that M, metals

have a tendency to create a chain by sharing BH, groups.

3.1.3 Crystal Structure Prediction for M;M,(BH,);(NH;),

Three similar models were used for this system and these are shown in figure 3.7. In
modell and model2, M, metal forms an octahedral arrangement with 2 BH, and 4
NH; groups. In modell, M, atom shares a plane with 4 NH; groups which are 90
degrees angles to each other (equatorial positions), and 2 BH, groups located above
and below the plane (axial positions). In model2, 1 NH; and 1 BH, groups are in the
axial position, and 2 NH; and 1 BH, groups are in the equatorial positions. Model2
is based on Y(BH,);(NH;), crystal structure which is discovered by Yuan et al. [39].
In this experimental structure, a BH, group is not bound to Y atom instead it has been
located close to NH; groups to make dihydrogen bonds. The minimum bond length of
these dihydrogen bonds is 2 A. In the presence of a second metal, these independent
BH, groups bind to this second metal. In the experimental structure, the octahedral
geometry is quite distorted. Y—N interatomic distances are 2.36 A, 242 A, 2.78 A,
3.04 A and Y—B distances are approximately 2.42 A. In an undistorted octahedral
coordination geometry, N—Y—N angle is equal to 90° , however in the experimental
structure, one of these angles is 119.81°. In the last model, model3, M, metal forms a

trigonal bipyramid with 4 NH; and 1 BH, groups and there are two free BH, groups.

By using these three models in CASPESA, 11 different crystal structures were found
for M;M,(BH,);(NH;),, and some of these crystal structures are shown in the figure
3.8. In B3N4_1, 4 NH; and 1 BH, groups bind to M, metal to form a trigonal
bipyramidal geometry. Li atom forms a tetrahedral coordination with nearby 4 BH,

groups. Each Li atom shares 2 BH, groups and create a chain. In B3N4_6, similar to
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Figure 3.7: Three different coordination geometries for M;M,(BH,);(NH;),.

B3N4_1, Li atoms form a tetrahedral coordination or a trigonal planar structure with
the neighbouring BH, groups. Each Li atom shares a BH, group and create a chain
which is parallel to [001] plane. In B3N4_7, as being different from other structures,
M, metal forms an octahedral coordination with neighbouring 4 NH; and 2 BH,
groups. In this structure, Li atoms form a tetrahedral coordination with neighbouring 4
BH, groups and each Li atom shares 2 BH, groups and creates a chain which is parallel
to [001] plane. The most interesting structure is B3N4_8. In this structure M, atom
forms a trigonal bipyramidal geometry. The interesting thing about this structure is that
Li atom forms a tetrahedral geometry with 4 BH, groups, and each Li atom shares 2
BH, groups leading to a layer structure expanding in a and b directions. These Li layers
are located in between two layers of M,(BH,)(NH,),. This structure also contains one
free BH, group. This group which is close to 6 NH; groups and forms dihydrogen
bonds with a minimum bond length of 1.89 A. In addition, distances between Li atoms
located in a and b directions are 3.42 A, 4.85 A, 4.60 A and these Li atoms create a
hexagon. In B3N4_10, while M, forms an octahedral, Li constitutes a tetrahedral or
a trigonal planar coordination. Each Li atom shares a BH, group and creates a chain.
In the last structure in figure 3.8, B3N4_11, M, forms a trigonal bipyramidal, and Li
atoms form a trigonal planar coordination. Each Li atoms create a chain parallel to

[001] plane by sharing a BH, group.

3.1.4 Crystal Structure Prediction for M;M,(BH,);(NHj;);

As shown in figure 3.9, only one model was used in CASPESA to predict crystal
structures of M;M,(BH,);(NH;)s. In this model, M, atom forms an octahedral

orientation with 5 NH; and 1 BH, groups and there are two free BH, groups.
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B3N4_10 B3N4_11
Figure 3.8: Different crystal structures of M;M,(BH,);(NH;), found by CASPESA.
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Figure 3.9: Coordination model for M;M,(BH,);(NH)s.

9 different crystal structures found by CASPESA and some of them are shown in
the figure 3.10. Among them, the first one is B3N5_2, in which M, constitutes an
octahedral arrangement with 5 NH; and 1 BH, groups. While some of Li atoms
are surrounded by 4 BH, groups, others are surrounded by 3 BH, groups. Each Li
atom shares a BH, group which yields a chain parallel to [001] plane. In structure
B3N5_6, M, metal forms a octahedral geometry with nearby groups and Li atom form
a trigonal planar geometry with nearby BH, groups. Even though two Li atoms share
a BH, group, there is not a chain formation. In addition, this structure contains free
BH, groups which are located close to NH; groups to make dihydrogen bonds (the
minimum one is 2 A). In B3N5_7, M, forms both of an octahedral and trigonal
bipyramid coordinations. M,-N distances in trigonal bipyramidal geometry are in
between 2.15 A — 2.23 A and this becomes 2.21 A — 2.26 A in the octahedral one.
Coordination of Li atoms in this structure is similar to B3N5_2, and Li atoms create a
chain which is parallel to [100] plane. The last structure in figure 3.10 is B3N5_9 in
which M, and Li prefer an octahedral and a trigonal planar coordination, respectively.
Li atoms in this structure do not share any BH, group and hence there is no chain

formation.

3.1.5 Crystal Structure Prediction for M;M,(BH,);(NH;),
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B3N5_9
Figure 3.10: Different crystal structures of M; M,(BH,);(NH;); found by CASPESA.
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Figure 3.11: Coordination model for M; M, (BH,);(NH;),.

To predict crystal structure of system M,;M,(BH,);(NH;),, one model shown in
figure 3.11 was employed in CASPESA. In this model, M, metal forms a octahedral

geometry with nearby 6 NH; groups and the remaining 3 BH, groups move freely.

Predicted crystal structures are shown in the figure 3.12. In all these structures, M, is
surrounded by 6 NH; groups to form an octahedral geometry. The coordination of Li
atom is either trigonal planar or tetrahedral in these structures. In B3N6_1, Li atom is
surrounded by 3 BH, groups and each Li atom shares a BH, group leading to a chain
which is parallel to [100] plane. Similarly, in B3N6_2 and B3N6_3 the coordination
of Li atoms is trigonal planar but they do not share any BH, group. In B3N6_4, Li
forms either a trigonal planar or a tetrahedral orientation which does not lead to a

chain formation.

3.1.6 Crystal Structure Prediction for M;M,(BH,)s(NH;),

Three different models to predict crystal structure of M;M,(BH,)5(NH;), are shown
in the figure 3.13. In modell, M, metal is surrounded by 4 BH, and 2 NH; groups
to form an octahedral arrangement. In this model, NH; groups reside in the axial
positions, and BH, groups in the equatorial positions. This model also contains one
free BH, group. Model2 is similar to modell with a difference of binding positions of
NH; and BH,, groups. In model3, there is a trigonal bipyramid around M, atom with 3

BH, and 2 NH; groups positioned at the equatorial and axial, respectively. In addition,
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B3N6_3 B3N6_4
Figure 3.12: Different crystal structures of M; M, (BH,);(NH;) found by CASPESA.
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there are two free BH, groups in this model.

Figure 3.14 shows 8 different crystal structures obtained by CASPESA. In B5SN2_1,
Li atoms constitute a trigonal planar orientation with three BH, groups one of which
is shared by two Li atoms leading to a chain formation parallel to [001] plane. Ti
atom forms a distorted octahedral coordination with 4 BH, and 2 NH; groups. In this
coordination, Ti—B distances are in between 2.4 A —2.5 A and Ti—N distances are
in between 2.2 A — 2.3 A. In B5N2_2, Li atoms create a chain which is parallel to
[001] plane. In this structure, one Li atom forms a trigonal planar geometry with
neighbouring 3 BH, groups and other Li atom forms a tetrahedral geometry with
neighbouring 4 BH, groups. Each Li atom shares a BH, group. The coordination of
Ti atom is similar to that of BSN2_1, and it is octahedral. Ti atoms share a BH, group
with tetrahedrally coordinated Li atoms. As being different from other structures, in
B5N2_3, the coordination of Li atoms is trigonal planar and each 2 Li atoms share
a BH, group and form a short chain. These short chains are connected to each
other by sharing a BH, group in the octahedrally coordinated Ti atom. In addition
to the octahedrally coordinated Ti, this structure also contains a distorted trigonal
bipyramidal which is composed of 2 NH; and 3 BH, groups. This distorted trigonal
bipyramid contains shorter Ti—B distances compared to the octahedrally coordinated
Ti. In BSN2_4, Li atom forms a tetrahedral coordination with 4 BH, groups and each
2 Li atoms are connected to each other by sharing a BH, group. Similar to BSN2_3,
coordination around Ti are either octahedral or trigonal bipyramid. Ti atoms with
trigonal pyramid coordination are positioned parallel to [100] plane. On the other
hand, octahedrally coordinated Ti atoms share a BH, group with short Li chains and
position parallel to [100] plane. As being different from other structures, in BSN2_5,
all Ti atoms have a trigonal bipyramidal coordination and all Li atoms have a trigonal
planar coordination. This structure also contains a free BH, group. In BSN2_6, while
Ti has either an octahedral or a trigonal bipyramid coordination, Li prefers a trigonal
planar arrangement. Octahedrally coordinated Ti atoms do not share any group and lay
parallel to [100] plane. Two Li atoms forms a short chain by sharing a BH, group and
one of BH, group in this chain is further shared with trigonal pyramidal coordinated
Ti atom leading to a zig-zag shaped chain. In B5N2_7, each Li atom has a trigonal

planar coordination. Two Li atoms forms a short chain by sharing two BH, groups.
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Figure 3.13: Three different coordination geometries for M;M,(BH,)s(NH;),.

This structure also contains a Li chain which is parallel to [001] plane. In this structure
the distance between closest two Li atoms is only 3 A. Ti atoms in this structure
have a trigonal bipyramidal coordination and these groups do not connect any other
group but lay parallel to [001] plane. This structure also contain free BH, groups. The
last structure in figure 3.14 is BSN2_8. The distinctive feature of this structure is that
some Ti atoms forms a tetrahedral coordination geometry with 2 NH; and BH, groups.
There are also other Ti atoms having trigonal bipyramid orientation. Tetrahedrally
coordinated Ti atoms do not share any groups and hence they are disconnected. In the
case of Li atoms, they form both trigonal planar and distorted tetrahedral arrangements.
Two Li atoms having different coordination creates a short chain by sharing a BH,
group. One of the BH, group in this short chain is further shared with a trigonal

bipyramidally coordinated Ti atom leading to chain involving three parts.

3.1.7 Crystal Structure Prediction for M;M,(BH,);(NH;);

Two different models used for M;M,(BH,)s(NH;); are shown in the figure 3.15. In
modell, M, metal is surrounded by 3 NH; and BH, groups forming an octahedral
coordination. In addition, there are two free BH, groups in this model. In model2,
while M, forms a trigonal bipyramid with BH, groups, M, constitutes a trigonal planar

coordination with 3 NH; groups.

By using these two models in CASPESA five crystal structures shown in figure 3.16
were obtained. In B5SN3_1, coordination around M, and bound groups to M, are
similar to modell with M,—B and M, —N distances of 2.4 Aand 22 A, respectively.
Here, each M, metal are surrounded by 3 BH, groups and each M, metal shares one

BH, group to create a chain parallel to [001] plane. In B5N3_2, while M, forms a
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Figure 3.14: Different crystal structures of M;M,(BH,)s(NH;), found by CASPESA.
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modell model2
Figure 3.15: Different coordination models for M;M,(BH,)s(NH;);.

distorted octahedral, M, constitutes a trigonal planar orientation with neighbouring
3 BH, groups. Each two M, metals are connected to each other by sharing 2 BH,
groups. As being different from other two structures, in BSN3_3, M, forms a trigonal
bipyramid with neighbouring 5 BH, groups. In this geometry, four M, —B distances
are in between 2.44 A —2.48 A and the remaining one is 2.17 A. Moreover, M, forms
a trigonal planar structure with three NH; groups having M, —N distances of 2 A.
One of each M, metal is connected to M, metal by sharing a BH, group. BSN3_4
is a similar to structure BSN3_3. The only difference is the coordination around M,
metal: 3 NH; and 1 BH,, groups form a tetrahedral geometry. BSN3_5 is similar to the
previous two structures. However, there are three NH; molecules around M, forming

a trigonal planar orientation.

3.1.8 Crystal Structure Prediction for M;M,(BH,);(NH;),

Six different models shown in figure 3.17 were used for M;M,(BH,);(NH;),. In
modell, M, metal is surrounded by 4 NH; (in the equatorial position) and 2 BH,
groups (in the axial position) to form an octahedral coordination. In addition, 3
BH, groups move independently in this model. In model2, there is an octahedral
structure around M, containing three NH; and BH, groups. This model also contains
free 1 NH; and two BH, groups. Model3 is quite similar to model2 except the
coordination (trigonal bipyramid) adopted by M,. In model4, there is a distorted
octahedral geometry around M, containing 3 NH; and BH, groups. In all models
except model5 and model6, there are free BH, and NH; groups. In model5, while M,

forms a trigonal bipyramid with five BH, groups, there is a tetrahedral arrangement
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B5N3_5 (Symmetry no: 1)
Figure 3.16: Different crystal structures of M; M,(BH,)s(NH;); found by CASPESA.
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Figure 3.17: Coordination models for M; M, (BH,)s(NHj;),.

containing four NH; molecules around M. Just in contrast to model5, arrangements

around M, and M, are reversed in model6.

Template crystal structures found with DFT relaxations are shown in figure 3.18.
Among them, in BSN4_1, there is a distorted octahedral structure containing three NH;
and BH, groups around M,. Each Li atom is surrounded by 3 BH, groups to form a
trigonal planar geometry. One free NH; group also exists in this model. B5SN4_2
is very similar to BSN4_1. B5N4_3 is different from previous two structures and it
was obtained by using modelS. In this structure, while there is a trigonal bipyramid
formed by five BH, groups around M,, a tetrahedral containing four NH; molecules is
located around M, . In B5N4_4, M, metal has two different coordinations; one of these
coordinations is a trigonal bipyramidal which is composed of 4 NH; and 1 BH, groups
and the other coordination is distorted octahedral which is composed of 4 NH; and 2
BH, groups. It is also worth to mention that some of the BH, groups in this structure is
not connected to any metal atom. Moreover, M, prefers to construct a trigonal planar

orientation with three BH, groups.

3.1.9 Crystal Structure Prediction for M; M, (BH,);(NH;)5
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Figure 3.18: Different crystal structures of M;M,(BH,)s(NH;), found by CASPESA.
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Figure 3.19: Coordination model for M; M, (BH,)5(NHj;)s.

To predict the crystal structures of M;M,(BH,)s(NH;)5 system, six different models
shown in figure 3.19 were employed. In modell, there are trigonal bipyramid
coordinations around M, and M, containing five NH; and BH, groups, respectively.
In model2, while M, forms an octahedral arrangement with five BH, and one NH,
groups, M, prefers a tetrahral consisting of four NH; molecules. Model3 is very
similar to model2. It only differs from model2 regarding the coordinations around
M, and M,. Model4 was obtained by swapping the coordination around M, and M,
in modell. In model5, M, metal has a tetrahedral coordination geometry composed of
3 NH; and 1 BH, groups. M, prefers an octahedral coordination with four BH, and
two NH; groups. In the last model, M, metal has a tetrahedral coordination geometry
composed of 2 BH, and NH; groups. In this structure, M, forms an octahedral with

three BH, and NH; groups

The Crystal structure templates found for M; M, (BH,)5(NH;)s system are shown in the
figure 3.20. In B5NS5_1, while M, has a trigonal bipyramid coordination containing
five BH, groups, M, prefers a tetrahedral consisting of four NH; molecules. This
structure also includes a free NH; molecule. Structure BSN5_2 is same as model2. In

B5NS5_3, all M, metal has a trigonal planar coordination with 3 BH, groups. However,
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M, prefers either an octahedral or a capped octahedral coordination with five NH; and
one BH, groups. In this structure, M,—B and M, —N distances are in between 2.46 A
-3.01 A and 2.25 A, respectively. BSN5_4 was obtained to be similar to modelS. In
the last structure, BSN5_5, coordinations around metals are similar to model6 with a
difference of M; which prefers a trigonal planar orientation containing two NH; and

one BH, groups. This structure also contains a free BH, group.

3.1.10 Crystal Structure Prediction for M; M, (BH,);(NH;),

To predict the crystal structures of M;M,(BH,)s(NH;)q system, six different models
shown in figure 3.21 were used. In modell, while M, prefers a trigonal bipyramid
coordination with five BH, groups, M, forms an octahedral containing six NH,
molecules. In model2, M, and M, prefers a trigonal bipyramid containing five NH;
molecules and an octahedral with five BH, and one NH; groups, respectively. Model3
was generated by swapping coordinations around M, and M, in modell. In model4,
M, has an octahedral coordination geometry composed of 4 BH, and 2 NH; groups
and M, metal forms a trigonal bipyramidal with 4 NH; and one BH, groups. In
model5, M, and M, forms a trigonal bipyramid with two BH, and three NH; groups
and an octahedral containing three BH, and NH; groups, respectively. In the last
model, M, metal has a trigonal bipyramidal coordination geometry composed of 3
BH, and 2 NH; groups and M, metal forms an octahedral coordination with 2 BH,

and 4 NH; groups.

The template crystal structures obtained for M;M,(BH,)s(NH;), system are shown
in figure 3.22. In BSN6_1, while M, has a distorted octahedral coordination with
four BH, and two NH; groups, M, prefers a tetrahedral orientation with four NH;
molecules. There is also a free BH, group in this structure. This structure shows a
layered arrangement: M, metals reside in one layer and M, metals reside in another
layer. In BSN6_2, M, metals have a distorted octahedral coordination geometry similar
to BSN6_1. M, forms a tetrahedral either with four NH; or three NH; and one BH,
groups. This structure has also a layered arrangement similar to BSN6_1. In the last
structure, M, metal forms a distorted octahedral with 2 BH, and 4 NH; groups and

M, metal has either a tetrahedral coordination containing 2 BH, and 2 NH; groups, or
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B5N5_3 (Symmetry no: 1) B5N5_4 (Symmetry no: 1)

B5NS5_5 (Symmetry no: 1)
Figure 3.20: Different crystal structures of M; M,(BH,)s(NH;); found by CASPESA.
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Figure 3.21: Coordination model for M; M, (BH,)s(NH;),.

a trigonal planar coordination which is composed of 1 BH, group and 2 NH; groups.

This structure also includes a free BH, group.

3.2 Computational Screening

The template crystal structures introduced in the previous sections were employed for
the computational screening. Alloying, formation, and decomposition energies were
considered for the evaluation of AMB complexes. In particular, three different alloying
energies were utilized. The first reaction was inspired from the synthesis reaction of

Mg(BH,), - 6 NH, [26].
Mg(BH,), + 6NH; — Mg(BH,), - 6NH, 3.1)

This reaction is actually modified as described in the following. In this new form, the

alloy forms from the reaction between two borohydrides and ammonia.

M,BH, +M,(BH,), + (NH;), — M;M,(BH,),  , (NH;), 3.2)
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B5N6_1 (Symmetry no:1)

B5N6_3 (Symmetry no:1)
Figure 3.22: Different crystal structures of M; M, (BH,)s(NH;), found by CASPESA.
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For this reaction, the alloying energy can be calculated as described below:

AEqiioy = Byt (BH,),, (NH,), — (EmBH, + En,y(sh,), +YENH,) (3.3)

x+1

Recently, Yang et al. [27] synthesized Li,Mg(BH,), - 6NH; complex using the reaction

shown in below:

This reaction was rearranged as a reaction of an alkali metal borohydride and
alkali/transition metal ammine borohydride as shown below, then it was used in the

computational screening.
M,BH, + M2(BH4)X(NH3)y:2_‘6 — M;M,(BH,), ,, (NH3)y 3.5)

In this reaction, crystal structures are known only for MZ(BH4)X(NH3)y, y=2, 6. For
other values for y, even they have been synthesized, their crystal structure details were

not reported. Therefore, for y=3,4,5 the following reaction is considered:

M, BH, +M, (BH,), (NH;), + (y — 2)NH; — M;M,(BH,),;(NH;),  (3.6)

For these two reactions, alloying energies are calculated as described below:

AEaiioy2 = Emm, (BH,),,, (NH,), — (EM,BH, +EM2(BH4)X(NH3)Y)7 fory=2andy=06

3.7)

x+1

AE 1052 = EMle(BH4)x+1(NH3)y N (EMlBH4 +EM2(BH4)X(NH3)2 +0- 2>ENH3)’ fory=3,4,5
3.8)

Actually, to calculate AE,,y2, the energy of MZ(BH4)X(NH3)y complex is required.
Therefore, crystal structure of this complex was also predicted using CASPESA. For
this purpose,M, metal is set to Mg, and crystal structures for other M, metals were
obtained by swapping Mg with the corresponding metal species. Recently, Chen et al.
[66] have reported experimental and theoretical crystal structures of M(BH,),(NH;),
(M=Mg, Ca and Zn). These structures were also employed to calculate the energy
of the complex including metal atoms except Mg, Ca and Zn. The energy of the
structures obtained by CASPESA were compared with that of experimental structures

and the lowest energy structure is considered for the calculation of the alloying energy.
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Unfortunately, there is no any crystal structure information about M,(BH,), (NHj;),,
x=3,4 in the literature so CASPESA was also used for these systems with M, = Sc and
Zr. Six different structures were found for Sc(BH,);(NH;), and they are shown in the
figure 3.23. Among them, ScB3N2_5 was obtained to be the lowest energy structure.
All structures are stabilized by dihydrogen bonds (N-H - -- H-B) which are in between
2.10 A - 2.47 A. The total energy of M,(BH,);(NH;), (M,=Al, Y, Sc, Mo, Co, Ti)
complexes are calculated by swapping metal atom in the crystal structure SCB3N2_5

with one of the metal atom listed above.

Seven different crystal structures were found for Zr(BH,),(NH;), and they are shown
in the figure 3.24. In all these structures, Zr has an octahedral coordination geometry
composed of 4 BH, and 2 NH; groups and similar to the previous complex, these
structures are stabilized by dihydrogen bonds. ZrB4N2_4 was obtained as the lowest
energy structure and it contains dihydrogen bonds in between 2.10 A - 2.26 A. This
crystal structure was used to calculate the energy of M,(BH,),(NH;), (M2 = Zr, Ti,
Mn, Mo, Co). The total energies of the other complexes including metal atoms except
Zr were obtained by swapping Zr by one of the metals listed in the following: Ti, Mn,
Mo and Co

Sun et al. [2] synthesized LiMg(BH,);(NH;), using the following reaction:
Mg(BH,), +2LiBH, -NH; — LiMg(BH,),(NH,), +LiBH, 3.9

This reaction was rearranged as shown below and then it was used in the computational

screening:
The alloying energy AE ;3 for this reaction is calculated as described below:

AEqi0y3 = (Enmym,(BH,),,,(NHy), + (n—1)ELign,) — (Em,(8H,) +7EM BH,NH,) (3.11)

According to this calculation, EMIBH4NH3 is required to obtain AE ;4,3 . Guo et al. [1]
have recently discovered that crystal structure of LiBH;NH; is orthorhombic Pnma
(symmetry no: 62). The cell parameters of this structure are a=5.97 A, b=4.64 A and

c=14.35 A and each Li atom has a tetrahedral coordination geometry composed of
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ScB3N2_5 (Symmetry no: 1) ScB3N2_6 (Symmetry no: 1)
Figure 3.23: Different crystal structures of Sc(BH,);(NH;), found by CASPESA.
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ZrB4N2_7 (Symmetry no: 1)
Figure 3.24: Different crystal structures of Zr(BH,),(NH;), found by CASPESA.
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3 BH, and 1 NH; groups. 2 BH, groups are shared by 2 Li atoms leading to a Li
chain formation parallel to [010] plane. Unfortunately, there is no any experimental
information about the crystal structures of NaBH,NH; and KBH,NH;. In order
to calculate energies of this systems, crystal structure of LiBH;NH; was used by
substituting Li with Na and K and then all atomic coordinates and cell parameters
were optimized with DFT. AMBs follow very diverse reaction paths to decompose into
various products (such as diborane, dodecaborane, ammonia, BN;, HBN,, borazine
(HNBH);) and release hydrogen. The simplest decomposition reaction that can be
regarded is shown below. In this reaction, only stable alkali metal borohydride, alkaline

earth metal/transition metal, boron, nitrogen and hydrogen are produced.

y 3y+4x—1

M, M,(BH,), (NHy), — M{H+M, +xB+ 5N, + =————H,  (3.12)

Decomposition energy (AEgecomp1 ) for this reaction is calculated as follows:

y 3y+4x—1
AEqecomp1 = Eniym, BH,), (NHy), — (Ew i+ En, +xBp + S BN, + —————

2 Ew,)

(3.13)
In addition, decomposition reaction of Li,Mg(BH,),(NH;),, which is reported by

Yang et al. [27], was also considered as an alternative decomposition reaction.
) ) 23
L12Mg(BH4) -6NH; — Mg+ 2LiH+B +3BN+ ?Hz +3NH, (3.14)
The general form of this reaction ,as described below, was used in the screening:

y y y 3y
AE jecomp2 = Em,m, (BH,) (NH,), — (EM, 1 +Em, + S Enu, +5Epn+ (x— E)EB +((3y+5x) - (? +1))En,
(3.15)
In addition to the decomposition energy, the formation energy (AEy,,) is calculated

by subtracting the energy of individual atoms from the energy of the AMB.

y 3y +4x
AE form = Em,m,(8H,), (NH,), — (Em, + Em, +xEp + SEN, T

Ey) (3.16)

As it can be seen from these reactions, to know the energy of AMB (Em, M, (BH,), (NH;),
) is not enough to calculate these corresponding energies. For this purpose energies of
alkali metal borohydrides, earth alkaline/transition metal borohydrides ( Ey \BH, and
EI\/[2(13H4)x ), ammonia (ENH3 ), alkali metal hydrides (EMIH ), elemental metals, boron,

nitrogen and hydrogen are also required. To calculate the energy of gaseous N,, H,
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and NH;, they were placed in a cubic unit cell with a cell parameter of a=10 A. Due to
the employment of a such big cell parameter, the interactions between molecules in the
neighbouring cells are eliminated. Ca, Sr and Ni metals have face centered cubic unit
cell, Mn, Li, Na, and K have body centered cubic unit cell, Mg and Zn have hexagonal
close-packed unit cell. Alfa rhombohedral structure is used for boron. All alkali metal
borohydrides (LiH, NaH, KH) have a crystal structure similar to NaCl and this crystal
structure has a cubic Fm-3m symmetry. For metal borohydrides, crystal structures
reported in the literature were used to calculate the energy. For example, the minimum
energy structure, orthorhombic I-4m2 (symmetry no: 119) found by Tekin et al. [20],
was used to calculate energy of LiBH,. Similarly, for NaBH, and Mg(BH,),, Caputo
et al. [19,21] discovered their crystal structures to be tetragonal P42/nmc (symmetry
no: 137) and orthorhombic I-4m?2 (symmetry no: 119), respectively, and these crystal
structures were used in calculation of energies. KBH, has a tetragonal P4,/nmc
(symmetry no: 137) symmetry [29]. Miwa et al. [67] have discovered that Ca(BH,),
has an orthorhombic Fddd (symmetry no: 70) symmetry and this structure was utilized
in the calculations. The crystal structure of Sr(BH,), (orthorhombic Pbcn (symmetry
no: 60) was obtained from the experimental study of Ravnsbaek et al. [68]. There
is no any information about the crystal structure of Ni(BH,),, therefore the crystal
structure of Mg(BH,), (tetragonal I-4m2 (symmetry no: 119)) was used. Firstly, Mg
1s substituted with N1 and then atomic coordinates and cell parameters were optimized.
After the optimization, a triclinic P1 (symmetry no:1) structure was obtained. A lot of
information about the crystal structure of Zn(BH,), can be found in the literature and
all of these information were used in this study. In particular, five different structures
(Pmc2; (no: 26), F222 (no: 22), I-4m2 (no: 119), 14,22 (no: 98) and P-1 (no: 2))
reported by Huan et al. [69] , were considered. The crystal structure of Mn(BH,),
(trigonal P31;2 (no: 151)) was reported by Cerny et al. [70]. In addition to these
structures, the crystal structure of BN which is used in the calculation of Ejecompo
was obtained from the study of Kurakevych and Solozhenko [71]. This structure has
a hexagonal P-6m?2 (symmetry no: 187) symmetry unit cell. The details about all
structures are shown in table 3.1. As can be seen from the table, all cell parameters,

which were obtained from the literature, changed after DFT optimization.
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Table 3.1: The cell parameters of the structures used in the study.

Metal a b c o B Y Symmetry Reference

Li 3.44 Pm3m(221)

Na 4.23 Pm3m(221)

K 5.16 Pm3m(221)

Ca 5.53 Pm3m(221)

Sr 5.94 Pm3m(221)

Ni 3.54 Pm3m(221)

Mn 8.74 P43m(215)

Mg 3.83 383 403 90 90 120  P63/mmc(194)

Zn 320 320 341 90 90 120  P63/mmc(194)

B 489 489 1244 90 90 120 R3m(166)

Co 320 377 381 90 90 90 Cmcm(63)

Mo 3.16 3.16 3.16 90 90 90 Pm3m(221)

Ti 236 236 623 90 90 120  P63/mmc(194)

Zr 258 258 677 90 90 120 P63/mmc(194)

LiH 4.04 Fm3m(225)

NaH 4.80 Fm3m(225)

KH 5.46 Fm3m(225)

LiBH, 848 435 575 90 90 90 Pnma(62) [20]
NaBH, 436 436 590 90 90 90  P4,/nmc(137) [21]
KBH, 475 475 6.66 90 90 90  P4,/nmc(137) [29]
Ca(BH,), 879 13.14 750 90 90 90 Fddd(70) [67]
Sr(BH,), 7.02 851 7.62 90 90 90 Pbcn(60) [68]
Ni(BBH,), 723 723 10.05 88.24 91.79 87.04 P1(1) [8]
Mn(BH,), 1043 1043 10.83 90 90 90 P3;12(151) [70]
Mg(BH,), 8.18 8.18 10.07 90 90 90 14m2(119) [8]
Zn(BH,), 4.12 486 792 90 90 90 Pmc2(26) [69]
Zn(BH,), 993 11.18 11.89 90 90 90 F222(22) [69]
Zn(BH,), 830 830 934 90 90 90 14m2(119) [69]
Zn(BH,), 699 699 1219 90 90 90 14122(98) [69]
Zn(BH,), 6.88 544 784 89.50 76.15 89.98 P1(2) [69]
Co(BH,); 3448 11.78 12.05 90 90 90 Pna2;(33) [72]
Mo(BH,); 693 1214 8.67 90 90 90 P2,2,2(18) [73]
Ti(BH,, 885 1256 7.17 90 90 90 P222,(17) [73]
Co(BH,), 5.71 P43m(215) [74]
Mn(BH,), 6.02 P43m(215) [74]
Mo(BH,), 6.20 P43m(215) [74]
Ti(BH,), 6.10 P43m(215) [74]
Zr(BH,), 6.34 P43m(215) [74]

BN 253 253 696 90 90 120  P63/mmc(194) [71]
LiBH,NH; 6.13 439 1341 90 90 90 Pnma(62) [1]
NaBH,NH; 642 472 1454 90 90 90 Pnma(62) [1]
KBH,NH, 6.83 503 1483 90 90 90 Pnma(62) [1]
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In the computational screening study, the promising dual cation AMBs were screened
according to these two criteria: AEy;,, < 0.0 eV/f.u. and 0.0 < AEjecomp < -0.8 eV/H,.
The negative alloying energy means that elements of the compound prefer to be in the
form of MIMZ(BH4)X(NH3)y instead of being individual. The positive decomposition
energy means that AMB does not require an external energy to decompose, in other
words, the alloy is not stable. Therefore, for a promising AMB, the decomposition
energy must be negative but not too negative, because in the latter case, AMB requires
very high temperatures for the decomposition. The ideal decomposition energy was
reported to be -0.2 eV / H, [5]. The considered decomposition reaction, which is
mentioned before, may not fit for all the dual cation AMBs that are screened, therefore
the ideal decomposition energy is assumed to be in between -0.8 eV / H, - -0.2 eV /

H,.

3.2.1 Screening Results for MIMZ(BH“)3(NH3)y

Screening results for 90 different M; M, (BH,);(NH;)y are shown in the figure 3.25.
In this figure, the x-axis represents decomposition energy (AE qcomp2) and the y-axis
represents alloying energy (AE;,y1). There are lots of complexes residing in the target
region. Among these complexes, LiMg(BH,);(NH;), and NaZn(BH,);(NH;), were
synthesized experimentally. Especially, the complexes in the form M, Ni(BH,);(NH; )y
and M,;Mn(BH,);(NH, )y are located in the target region and there is no any
experimental study about these complexes in the literature. The most of the complexes
which contain Mg or Sr are on the border of the target region. The complexes which
contain Ca or Sr metals have very low decomposition energies. The interesting thing
about this plot is that complexes containing Zn are only stable when the complex also
includes Na and an ammonia content of 2, 3 or 6. In other words, Zn does not want to
be together with Li or K. Gu et al. [75] recently tried to synthesize LiZn(BH,);(NH;),
but they observed that resulting structure has 58.6 wt % Zn(BH4)2(NH3)2 and 39.4
wt % LiCl. This shows that LiZn(BH,);(NH;), can not be synthesized experimentally

and this fact is consistent with our screening results.

The plot in figure 3.26 presents wt % H of these structures versus decomposition

energy. The complexes which contain Li metal have the highest hydrogen content
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Figure 3.25: The alloying energies, AE,,,, are plotted against to the decomposition
energies, AEgocomp for MlMZ(BH4)3(NH3)y y=2,3,4,5,6. Representing
colours: Li (Red), Na (Blue), K (Green). NH; content: x=2 (circle),
x=3 (triangle), x=4 (square), x=5 (diamond) and x=6 (pentagon).
Experimental observations: o = NaZn(BH,);(NH;), [3] , 0 =
LiMg(BH,);(NH;), [2].
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Figure 3.26: Hydrogen capacity is plotted against to the decomposition energy for
MlMZ(BH4)3(NH3)y y=2,3,4,5,6. Representing colours: Li (Red), Na
(Blue), K (Green). NH; content: x=2 (circle), x=3 (triangle), x=4
(square), x=5 (diamond) and x=6 (pentagon).

as expected. The most of the complexes are above the wt % 9 which is the DOE 2015
target [18].

In figure 3.27, the alloying energies are shown against to M, metals. According
to this plot, complexes containing Zn, are unstable except NaZn(BH,);(NH;),,
NaZn(BH,);(NH;); and NaZn(BH,);(NH;),. The remaining complexes are stable for

all NH; content.

Recently, it was reported that the decomposition temperature and the average Pauling
electronegativity of cations in AMB have a linear relation [28,29]. This relation shown
in figure 3.18 is in agreement with the experimental expectations except the complexes
containing Zn. The average electronegativity for the stable complexes were found in

between 0.9 and 1.5.

3.2.2 Screening Results for M; M, (BH,)s(NH3;),
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Figure 3.27: The alloying energies, AE,,y, are plotted against to M, metal species

for MlMZ(BH4)3(NH3)y y=2,3,4,5,6. Representing colours: Li (Red),
Na (Blue), K (Green). NH; content: x=2 (circle), x=3 (triangle), x=4
(square), x=5 (diamond) and x=6 (pentagon).
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Figure 3.29: The alloying energies, AE,;,,, are plotted against to the decomposition
energies, AEgqcomp for MIMZ(BH4)5(NH3)y y=2,3,4,5,6. Representing
colours: Li (Red), Na (Blue), K (Green). NH; content: x=2 (circle), x=3
(triangle), x=4 (square), x=5 (diamond) and x=6 (pentagon).

Screening results for 75 different M]MZ(BH4)5(NH3)y are shown in figure 3.29. In

this plot, the x-axis represents the decomposition energy AE ecomp2 and the y-axis

represents the alloying energy AE;,y1. All complexes were found to be residing in

the targeted region.

Complexes containing Co have the lowest alloying energy (AEy o). For

M, M,(BH,)s(NH, )y, there is no any synthesized complex reported in the literature.

The hydrogen content of these systems are shown in figure 3.30. The hydrogen
capacity of all of the complexes are above the DOE 2015 target [18]. LiTi and LiCo
compounds have the highest hydrogen content (~16.5 wt % H and ~15.5 wt % H,
respectively). In figure 3.31, the alloying energies are plotted against to the M, metal
species. It is clear from this figure that all the alloying energies of the complexes are

negative. More specifically, complexes containing Co have lower alloying energies
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Figure 3.30: Hydrogen capacity is plotted against to the decomposition energy for
MlMZ(BH4)5(NH3)y y=2,3,4,5,6. Representing colours: Li (Red), Na
(Blue), K (Green). NH; content: x=2 (circle), x=3 (triangle), x=4
(square), x=5 (diamond) and x=6 (pentagon).
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Figure 3.31: The alloying energies, AE,,y, are plotted against to M, metal species
for Mle(BH4)5(NH3)y y=2,3,4,5,6. Representing colours: Li (Red),
Na (Blue), K (Green). NH; content: x=2 (circle), x=3 (triangle), x=4
(square), x=5 (diamond) and x=6 (pentagon).

compared to other complexes. In addition, for all complexes, the alloying energy

decreases when NH; content increases.

In figure 3.32, the average cation electronegativity versus decomposition energy is

shown. All complexes except the ones containing Mn exhibit a linear trend.

3.2.3 Conclusions

The main purpose of this thesis is to find the most stable dual cation AMBs with
a general formula of MlMZ(BH4)x(NH3)y. The first step is the prediction of the
crystal structures of dual cation AMBs. During this prediction process, reported crystal
structure data in the literature were used. However, crystal structures of very limited
number of AMBs are only known. The predicted crystal structures were used in the
computational screening process and subsequently the most promising alloys were
identified. The crystal structure prediction step was quite successful: for example

the crystal structure of LiMg(BH,);(NH;),, which is experimentally known was
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reproduced. Even a new crystal structure was found which has lower in energy than the
experimental one. The computational screening was carried out employing DFT. The
evaluation of the screening was performed with the help of alloying and decomposition
reactions reported in the literature. Among dual cation AMBs which are in the scope
of this thesis, only LiMg(BH,);(NH;),, NaZn(BH,);(NH;), and LiSc(BH,),(NH;),
were experimentally synthesized. In the screening, these AMBs reside in the targeted
region. For M; M, (BH,);(NH, )y system, especially complexes containing Ni, Mg and
Sr were found to be promising. In the case of M;M,(BH,)s (NH3)y system, almost all
of the considered systems were placed in the targeted region. As a summary, after the
screening, experimentally synthesized complexes were found to be appearing in the
targeted area and many new AMBs which have not been synthesized yet were found

to be promising. This ultimately opens new opportunities for the experimentalists.
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