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DISCOVERY OF NEW DUAL CATION AMMINE
BOROHYDRIDES: A COMPUTATIONAL SCREENING STUDY

SUMMARY

Hydrogen is one of the promising alternatives for the replacement of fossil-fuels. One
of the major bottlenecks preventing its widespread commercialization for on-board
applications is to find the most suitable storage medium. Metal borohydrides are
one of the classes of solid materials studied intensively to store hydrogen due to their
high theoretical hydrogen capacities. However, their high thermodynamic stability is
one of the major problems limiting their widespread usage. The requirement of high
decomposition temperature can be lowered by the inclusion of ammonia. The resulting
new complex containing both borohydrides and ammines is called as Ammine Metal
Borohydrides (AMBs). However, some of the AMBs have insuppressible release
of ammonia during the dehydrogenation. This can be solved by the inclusion of a
second metal atom into AMBs leading to dual-cation AMBs with a general formula of
MIM2(BH4)x(NH3)y, x=3-5 and y=2-6. Until now, there are only a few synthesized
dual cation AMBs reported in the literature. Therefore, by conducting a computational
screening study we aim to find new AMBs with desired properties. In this respect,
M1 was selected as an alkali metal (Li, Na or K) and M2 was assumed to be one of
the following species: Mg, Ca, Ni, Mn, Sr, Zn, Al, Y, Sc, Ti, Zr and Co. The ideal
case in a screening study is to use known crystal structures of the studied system.
However, this is not an easy task and in general our target is to design new materials
which are not seen on the literature. Therefore, employment of template structures is
a well accepted strategy in such screening studies. A template structure refers that it is
a prototype structure designed using the properties one of the system among the scope
of the study. This template structure can be used for the other systems by just doing
the proper replacements. For example, if a template structure generated for a system
including Mg atom and the same structure can be invoked for a system including Zn
by replacing Mg with Zn. Similar to the general situation depicted above, there is very
limited information about the crystal structures of AMBs in the literature. Therefore,
we found first template structures using a crystal structure prediction algorithm called
as CASPESA. Subsequently, these structures were further relaxed at the DFT level.
AMBs were evaluated with the help of some alloying and decomposition reactions.
The results obtained so far indicate that many new AMBs were quite promising.

This work is a good example showing how supercomputers can be utilized to design
new materials. In this case, the target is an energy material, however, the scope of
design can easily be broadened e.g. to batteries or gas sensing materials. All these
computational efforts allow a fast, economic and less expensive (in terms of time
compared to experiment) way of strategy in both chemical and physical sciences.

Xix






YENI iKi METALLI AMIN BOR HIDRURLERIN HESAPLAMALI TASARIMI:
BIiR HESAPSAL TARAMA CALISMASI

OZET

Alternatif enerji kaynagi arayisi giiniimiizde oldukca onemli bir ¢calisma konusudur.
Bu calisma alaninin en biiyiik motivasyon kaynagi ise diinyanin artan enerji ihtiyaci
ve popiilasyonu ile birlikte, su an genis alanlarda enerji ihtiyacimizi karsilamakta olan
fosil yakitlarin tiikkenmeye baslamasidir. Smil, V. ‘nin [1] ¢caligmasina gore diinyanin
yillik enerji tiiketimi 1860 yilinda 5 * 10'? kWsaat/y1l iken 2000 yilina gelindiginde
bu tiiketim 1.2 % 10'* kWsaat/y1l seviyesine yiikselmistir. Son bir yiizyilda insan
popiilasyonunun 4 kat arttig1 g6z 6niinde bulundurulursa, yillik enerji tiikketimindeki
bu 24 kat artis hayli dikkate degerdir. British Petroleum’un 2007 yilinda sagladigi
verilere gore su anda halihazirda bulunmus olan fosil yakit rezervlerimizin 40 yil
icinde tiikenecegi Ongoriilmektedir. Bu sebeple fosil yakitlarin yerini alacak olan
materyalin yenilenebilir bir enerji kaynagi olmasi onemlidir. Alternatif enerji kaynagi
arayisinin bir bagka dnemli motivasyon kaynag ise fosil yakitlarin ¢evreye olan yikici
etkileridir. Son zamanlarda diinya azalan giines etkinligi periyodundadir. Bu bilgiyle
birlikte ortaya ¢ikan beklenti diinyanin ortalama sicakliginin da azalmasidir fakat
aksine diinyanin ortalama sicakligi yildan yila artmaktadir ve bu duruma sebep olan
en biiyiik faktor olarak fosil yakit kullanimina bagli olusan sera gazlaridir. Bu veriler
1s181nda kolayca soylenebilir ki; fosil yakitlar olabildigince kisa bir siire i¢inde daha
uygun kosullar saglayan bir enerji kaynagina yerini birakmalidir.

Hidrojen kiitlece yiiksek enerji yogunlugu, yenilenebilir olmasi, diinyada bol miktarda
bulunmas1 ve cevre dostu karakteriyle fosil yakitlar i¢in iyi bir alternatif enerji
kaynagidir fakat ayn1 zamanda hidrojenin uygun enerji kaynagi olarak kullanilabilecek
duruma getirilebilmesi i¢in c¢oziilmesi gerek bazi problemleri de vardir.  Bu
problemlerden en Onemlisi hidrojenin giivenli ve yiiksek verimli depolanmasidir.
Hidrojen iiretimi de kolay degildir, kii¢iik hidrojen molekiilleri depolanmak i¢in
oldukca kararsizlardir. Ayrica su anda kullanilan yakat hiicreleri platinyum gibi pahali
metaller kullanmakta ve bu da yiiksek maliyete yol agmaktadir.

Hidrojen kati s1v1 ve gaz formlarda depolanabilir fakat s1vi ve gaz depolamanin yiiksek
basin¢ gereksinimi veya hidrojen bozunumu i¢in kriyojenik sicaklik ihtiyaci gibi
pratik kullanim i¢in gerekli yaklagimlara ters diigsen ihtiyaclar1 onlar1 kati depolama
karsisinda dezavantajli hale getirmektedir. Ornekler vermek gerekirse, konvansiyonel
celik yapili yiiksek basing tanklar1 20 MPa basinca kadar hidrojen depolama
kapasitesine sahiptirler fakat artran basingla birlikte tankin duvar kalinhi§inin da
artmast gerekliligi gravimetrik hidrojen depolama kapasitesini limitlemektedir. Hafif
yapilt kompozit silindirlerle dayanilabilecek basing 80 MPa’ya kadar cikartilabilir
ve en yiiksek verimlilikte 40 kg H,/m> miktarinda hidrojen depolanabilir. Yiiksek
basingta depolama tehlikeli sonuglar dogurabilir. Bu yoOntemin bir diger zayifligi
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ise gorece diisiik depolama kapasitesidir. [2, 3] Sivi halde hidrojen depolamak icin
kriyojenik tanklar kullanilabilir. Kriyojenik tanklarin hacimsel depolama kapasitesi
40 kg Ho/m® miktarina kadar ulasabilir ve bu miktar celik yapili yiiksek basing
tanklarinin depolama kapasitesinden fazladir. Kriyojenik tanklarin zayif yonleri
olarak ise sivilastirilmis nitrojen gibi ek malzemelere ihtiya¢ duymalar1 ve hidrojen
buharlagmasi gosterilebilir. [3] Kat1 hidrojen depolama ise metal hidritler [4], karbon
nanotiipler [5], metal-organik sistemler [6], metal borhidritler [7, 8], amonyum boran
[9] ve amid/imid sistemleri [10] ile yapilabilir. Kati depolama materyalleri arasindan
metal borhidriirler ve metal aminler yiiksek hidrojen depolama kapasiteleriyle ilgi
uyandirmiglardir. Metal bor hidriirler i¢in hidfrojen depolama kapsitesi 18.3 wt %
miktaria kadarken metal aminler i¢in 14.9 wt % miktarina kadar ulagabilmektedir.
Borhidriirlerin termodinamik olarak oldukg¢a stabil olmalari, yani hidrojen salinimi
icin yliksek sicakliklara ihtiya¢ duymalari, onlar1 yaygin kullanim i¢in kullanigsiz
duruma getirmektedir. [11, 12] Gegis metalli bor hidriirler de mertal bor hidriirler
ve metal aminlere kiyasla daha iyi termodinamik 6zellikleriyle dikkat ¢cekmektedirler
fakat kararsiz ve ortam sicaklifinda terisinir olmayan yapilart depolama malzemesi
olarak kullanilmalariin oniindeki 6nemli problemlerdir. [7] Ayrica amonyak da fosil
yakitlara alternatif bir enerji kaynagi olarak kullamilabilir. Amonyak karbonsuz
yapisiyla yukarida belirtilen hidrojen depolama yoOntemlerine iyi bir rakip olarak
diistiniilebilir. Amonyak dogal gaz veya komiir vasitasiyla iiretilebilir. Giintimiizde
hayli gelismis amonyak iiretim altyapilari ile amonyak liretimi sirasinda CO, salinimi
baskilanabilmektedir. Tahmini olarak komiir rezevlerimizin 200 yil icinde biteceginin
Oon goriilmesi ve amonyagin toksik bir materyal olmasi amonyagin enerji kaynagi
olarak kullamlmasinin oniindeki engellerdir. Yapilan yeni bir ¢alisma ki; AI(BH,),
ile NH; koordine edilerek, Al(BH,);(NH;), olusturarak, stabilize edilebilecegini
gostermigtir. [13] Bu yaklasim diger metal borhidriirlere genigletilebilir.  Metal
bor hidriirlere NH; eklenmesiyle olugturulan bu yeni tiir materyallere amin metal
borhidriirler (AMB) denir. Tek katyonlu AMB’leri genel formiilii M(BH,),,(NH;),
(M = Li, Mg, Ca, Al, Zn vb.) seklindedir. Tek kaytonlu AMB’lerin ana problemleri
olarak hidrojen salinimi sirasinda yakit hiicresini zehirleyen amonyagin ortaya ¢ikmasi
ve yiiksek salimim sicakligi gostermeleridir. (Ornek olarak Ca(BH,),(NH;), [14] ve
LiBH, - NH; [15]) Su anda literatirde AMBIerle ilgili ¢ok sayida ¢aligma olmasa
da, var olan caligmalar bu materyallerin gelecek icin fazlasiyla umut vaadettigini
gostermektedir. Yapilan ¢calismalar gosteriyor ki; tek katyonlu AMBIlerin zayif yonleri
bilesige ikinci bir katyon eklenmesiyle, yani ¢ift katyonlu amin metal bor hidriir
olusturulmasiyla, giderilebilir.

Cift katyonlu AMBIler hakkinda teorik ve deneysel bilgiler heniiz yeni bir ¢alisma
alan1 olduklarindan dolay1 olduk¢a kisithdir. Ayrica ¢ift katyonlu amin metal bor
hidriirler bu tezde irdelenen ana konudur ve genel formuli M;M,(BH,),(NH;), ,
M,= Li, Na, K, M,= Al, Sc, Mo, Co, Y, Ti, x = 2,3,4,5,6 olan ¢ift katyonlu
AMBIer bu tezde incelenmistir. Literatiirde mevcut olan ¢ift katyonlu AMBlere 6rnek
olarak , LiMg(BH,);(NH;), [16] , NaZn(BH,);(NH;), [17], Li,Mg(BH,)s(NH;)¢
[18] gosterilebilir.  Sentezlenmesi basarilmis bu malzemelerin hepsi Amerikan
Enerji Departmaninin (DOE) hidrojen depolama malzemeleri i¢in belirledigi kapasite
hedefinin lizerinde bir depolama kapsitesine sahiptirler.

Bu calismada benzetilmis tavlama (simulated annealing) algoritmasina dayali bir
kristal yap1 tahmin yazilimi ve yogunluk fonksiyonel teori (YFT) kullamilarak cift
katyonlu AMBlIer i¢in bir tarama yapilmistir. Bu tarama sonucunda da cift katyonlu
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AMBlerin alasim olusturma ve bozunma enerjileri géz Oniinde bulundurularak
hidrojen depolamaya en uygun materyaller tespit edilmeye caligilmistir.  Tezin
konusu olan komplekslerin ¢ok biiylik bir kisminin kristal yapi1 bilgileri mevcut
degildir. Kristal yap1 bilgisi bir malzemenin fiziksel 6zellikleri ile dogrudan iligkili
oldugundan biiyiikk onem arz etmektedir. Eger bir materyalin detayli kristal yap1
bilgisi biliniyorsa, materyal heniiz sentezlenmemis dahi olsa o materyalin 6zellikleri
ongoriilebilmektedir. Bu sebeple calismanin ilk boliimiinde gurubumuz tarafindan
gelistirilen benzetilmis tavlama algoritmasina dayali kristal yap1 tahmin programi olan
CASPESA (CrystAl PrEdiction via Simulated Annealing) kullanilarak tezin konusu
olan yukarida bahsedilen malzemelerin kristal yapisi tahmin edildi. CASPESA daha
once metal borhidriir aragtirmalarinda [19-23] ve ayrica metal amin aragtirmalarinda
[24, 25] bagariyla uygulanmigtir.  Her bilesigin birden fazla olasi kristal yapisi
oldugundan, bu ihtimallerin her biri icin CASPESA ayr1 ayr1 uygulanmustir.
CASPESA tarafindan yapilan bu c¢alisma cercevesinde toplamda bir milyona yakin
kristal yap1 tahmini yapilmisti. Bu yapilarin arasindan depolama acisindan en
umut vaadedecegi diisiiniilenleri bulmak i¢in yine grubumuz tarafindan gelistirilen bir
sonuclart siniflandirma yazilimi kullanilmigtir. Bu islemin ardindan umut verici olarak
bulunan yapilarin yogunluk fonksiyonel teorisi ile atomik koordinatlar1 ve ag orgiisii
parametreleri eniyilenmistir.

Tarama c¢alismasi yapilan materyaller arasinda Al ile birlikte Li iceren materyaller
en yiksek hidrojen icerigine sahip materyallerdir. Ayrica Li ile birlikte Sc ve
Ti ve Na ile birlikte Al iceren yapilar da oldukca yiiksek hidrojen icerigine
sahiptirler. Taranan yapilar arasinda deneysel olarak halihazirda sentezlenmis tek
yap1 olan LiSc(BH,),(NH;), hedeflenen bolgede bulunmustur. Tarama ¢aligmasinda
materyallerin bozunma ve alagim olusturma incelendiginde sonug olarak Mo (Li, Na, K
ile birlikte), Co (Li, Na, K ile birlikte ve x<6 iken, ayrica NaCo(BH,),(NH;), hari¢),
Ti (Li, Na, K ile birlikte, NaTi(BH,),(NH;), hari¢) ve Al (Li, Na, K ile birlikte ve
x<5 iken) gelecek vaadeden materyaller olarak belirlenmigtir. Tarama islemi yapilan
materyallerden sadece bir tanesinin sentezlenmis oldugu goz oniine alindiginda, bu
calisma sonucunda deneysel olarak sentezlenebilecek gelecek vaadeden daha bir ¢cok
cift katyonlu AMBnin oldugu gosterilmistir.
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1. INTRODUCTION

With the growing energy need of the world and the population, our fuel supplies, which
is mostly depended on fossil fuels, started to run out. According to Smil,V. [1] our
energy consumption per year was 5 * 10'2kWh/year in the year of 1860 and in 2000
it is increased to 1.2 x 10*AWh/year. It means while human population increases by
a factor of 4 in the last century, energy consumption increased by 24 and based on
British Petroleum’s 2007 data current fossil fuel reserves will run out within 40 year.
This situation force researchers to search for new energy sources. Another motivation
of these research activities are due to the harmful effects of fossil fuels on health and the
environment. Currently the earth is in decreased solar activity period, this indicates that
average temperature of the earth should decrease but instead average temperature is
increasing. The biggest reason of this situation is the increased emission of greenhouse
gases which is caused by usage of fossil fuels. In the light of these informations one
can easily conclude that fossil fuel must be replaced by a both environment friendly
and renewable source. Hydrogen can be a great replacement for fossil fuels with its
environment friendly nature, high energy content and renewability however there is
some major difficulties which must be surmounted before using hydrogen as a energy
carrier. The biggest technical problems for the implementation of hydrogen as an
energy carrier are the safety and the efficient way of storage. On the other hand,
hydrogen production is also not an easy task in addition to the challenges faced in
fuel cell applications due to the requirement of expensive catalysts like platinum.
Hydrogen can be stored as in the form of gas, liquid or solid but gas and liquid forms
require very high pressure and cryogenic temperatures, respectively, to decompose
hydrogen which is not convenient for use of hydrogen in the on-board applications.
Conventional steel based high-pressure tanks are capable of storing hydrogen gas
at pressures up to 20 MPa but the wall thickness of the tank has to be increased
with the pressure and this limits the gravimetric storage capacity. To overcome this
problem light weight composite cylinders are developed which can resist the pressures

up to 80 MPa and their storing capacity, at maximum, is 40 kg H>/m?. [3]. Storage
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with high pressures are dangerous and this is the major problem of the high pressure
tanks alongside with low storage capacity [2, 3]. Cryogenic tanks can be used for
storing hydrogen in liquid form. Volumetric hydrogen capacity of cryogenic tanks
can reach up to 40 kg H,/m> and this capacity is higher than high-pressure tanks.
Cryogenic tanks need liquefied nitrogen and this is an extra cost. Also another
disadvantage of cryogenic tanks is permanent boil-off of the hydrogen [3]. Storing
hydrogen in solid materials can be accomplished with metal hydrides [4], carbon
nanotubes [5], metal-organic frameworks [6], metal borohydrides [7, 8], ammonia
boranes and amides. The criteria concerning the suitable storage material are having
high hydrogen storage capacity, applicable thermodynamics and fast hydriding and
dehydriding kinetics. Among the solid storage materials metal borohydrides and metal
ammines have attracted uttermost interest because of their gravimetric capacities, for
metal borohydrides 18.3 wt % and for metal ammines it is 14.9 wt %. Problem
of metal borohydrides is they are thermodynamically too stable (AT makale 3-4),
so to release hydrogen they need very high temperatures which makes them out of
favour for widespread use. Also transition metal borohydrides attract some attentions
with their better thermodynamic properties when we compare them with the metal
borohydrides, however they are unstable or irreversible at ambient temperatures [7].
Furthermore ammonia can be another alternative to fossil fuels. It is carbon-free
and it has high hydrogen density which makes it a challenger to hydrogen storage
methods which mentioned above. Ammonia can be produced from natural gas or
coal. Current ammonia infrastructures are very advanced and can suppress CO, release
while production. Still we have to keep in mind that calculated expiration of coal
reserves is about 200 years from now. Also ammonia is a toxic material and that makes
it displeasing. A new study showed that AI(BH,); can be stabilized by coordinating
it with NH;, forming Al(BH,);(NH;)¢ [13]. This approach can be expanded to other
metal borohydrides. With the addition of NH; to metal borohydrides, new types of
materials so called ammine metal borohydrides(AMBs) [14,15,26—32] can be formed.
The general formula of these mono-cation AMBs are M(BH,),,(NH;), (M = Li, Mg,
Ca, Al, Zn and etc.). The metal type used in the AMBs influence the proximity of
hydrogen atoms in B-H and N-H groups and causes dihydrogen bonds formation.
AMBs need lower temperature for dehydrogenation when we compare them with the

metal borohydrides. The key problem with AMBs is the undesired release of ammonia
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during the hydrogenetion which poison the fuel cell and leading to high desorption
temperature.(e.g Ca(BH,),(NH;), [14] and LiBH, - NH; [15])

1.1 Purpose of Thesis

There is not much studies present concerning AMBs at the literature currently. On the
other hand prior few studies showed that with adding a second metal atom to AMBs,
forming dual-cation AMB, can improve the favourableness of AMBs to use them as
hydrogen storage materials. In this study dual-cation AMBs which has the general
formula of M;M,(BH,),(NH;), where M, = Li, Na, K, M,= Al, Sc, Mo, Co, Y, Ti,
x = 2,3,4,5,6 were investigated. This study covers predictions of crystal structures,
Density Functional Theory (DFT) calculations to design new storage materials based
on dual cation AMBs. With the help of this screening, we will have a chance to find
a material showing better storage capabilities. Ultimately, such new compounds might

lead to new experimental studies.

1.2 Literature Review

AMBs with two cations are fresh research area and there is an increasing interest to
dual cation AMBs due to their promising features.. Therefore, there is only a few
reports in the literature. Guo et al. [27] had synthesized Al(BH,);(NH;), —yLiBH,
(x < 6 and y < 3) and showed that the storage characteristics of AMBs can
be improved with the addition of a second cation. While Al(BH,); - ,NH; has
a hydrogen capacity of 15.5 wt %, Al(BH,); - ,NH;—LiBH, has 16.1 wr %
hydrogen with enhanced thermodynamics. It is also noteworthy that unwanted
ammonia during the dehydrogenetion can be surpassed by changing ammonia
content in the system. In the another recent study carried out by Sun et al. [16]
LiMg(BH,);(NH;), was synthesized. They reported that the material is capable
of releasing 8 % wt hydrogen below 200 °C They synthesized this material by
ball milling of Mg(BH,), and LiBH,-NH;. Furthermore, In their study, they have
observed emission peaks at 388.5°C which might be due to LiBH, decomposition.
Decomposition temperature of pure LiBH, is 480°C, hence one can consider that
coaction between LiMg(BH,);(NH;), and LiBH, can be the reason of this lowered

decomposition temperature. Ca(BH,),(NH;), was synthesized by Chu et al. [33].
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They observed in their research that Ca(BH,),(NH;), can release 11.3 % wrof its
hydrogen below 250°C. When we compare this value with decomposition temperature
and hydrogen content of Ca(BH,),, which are 500°C and 9 % wr respectively, it can
easily be seen that forming AMBs can cause positive achievements. Furthermore
another mono-cation AMB, Mg(BH,),(NH;),, which contains 16 % wt hydrogen
was synthesized by Soloveichik et al. [28]. This mono-cation AMB starts releasing
hydrogen at 120°C and can release % 12 of its hydrogen content under 250°C.
When we compare these values with the ones obtained for Mg(BH,),, which starts
releasing hydrogen at 250°C and release approximately % 12 of its hydrogen content
at 400°C, we can observe the improvement in the properties brought by AMBs.
Another synthesized mono-cation AMB is Y(BH,);(NH;), which was synthesized by
Yuan et al. [30]. This material can release % 8.7 of its hydrogen at 250°C while
Y(BH,); can only release % 3.2 at the same temperature. Another recent dual-cation
AMB, NaZn(BH,);(NH;),. was synthesized by Xia et al. [17]. They found that
this material can release % 7.9 of its hydrogen content at 110°C without releasing
unwanted ammonia or diaborane gasses. Li,Mg(BH,)s(NH;), was synthesized by
Guo et al. [18]. They observed that Li,Mg(BH,)s(NH;), is releasing % 10 of its
hydrogen below 120°C with a very high purity above % 99.

Decomposition reactions of AMBs are not easy to predict, since they follow a
wide range of complex routes. It has been repoted by Yang et al. [34] that

Li,Mg(BH,),(NH;), decomposes following the reactions shown below:

17
— 2LiBH, +MgB,N; + - H, + 3NH;

23
— Mg +2LiH + B+3BN + —"H, + 3NH; (1.1)

The results obtained so far in the literature indicate that both of mono- and dual-cation
ambs have superior hydrogen storage properties compared to metal borohydrides.
Therefore, it is wise to consult new research activities to explore new AMBs. In
this particular study, we made a computational screening of dual cation AMBs with

a general formula of M;M,(BH,),(NH;), where x =2, 3, 4, 5, 6 and a classification,



based on experimental works we have mentioned above, to find which dual cation

AMBs are more suitable for hydrogen storage.

1.3 Method

The crystal structure details of AMBs are very limited in the literature. In order to
design new AMBs, we require their crystal structures. In such cases, crystal structure
prediction plays a vital role by providing a crystal structure. With this motivation
our research group had developed an algorithm based on simulated annealing, called
CrystAl Structure PrEdiction via Simulated Annealing (CASPESA), to predict crystal
structures of materials. In this thesis, the crystal structures of M;M,(BH,),(NH;),,
where M= Li, Na, K , M,= Al, Sc, Mo, Co, Y, Ti, x = 2,3,4,5,6 , were predicted
with CASPESA. CASPESA was successfully used for various materials before such
as metal ammines [24, 25] and metal borohydrides [19-23]. To understand how
CASPESA works and how we implement CASPESA for dual-cation AMBs, a
constructive example would be useful. For this purpose, LiMg(BH,);(NH;), material
was selected and explained below in detail. CASPESA is still in the production step
and there is no an automatic way to employ it for any system yet. Caspesa requires a
carefully selected initial parameter set (bond distances) for a better performance. While
modelling dual-cation AMBs, for each ammonia content a different optimization setup
has been employed. For example, a free BH, group appears only in some certain cases
where additional parameters must be introduced. Thus, the structural details were
carefully adjusted for each system under consideration. The bond constraints are first
extracted from the literature if there is any available data. If there is nothing found
in the literature, DFT calculations can be performed using the structures optimized
with CASPESA together with imperfect constraints. Then, the structural details
obtained from the DFT structure can be subsequently employed in the production run
of CASPESA. Actually, our group already implemented this idea, in thesis of Engin
Aybey, and it has been shown that such a strategy is really working for Mn(BH,),
and LiMg(BH,);(NH;),. Thus, CASPESA can be run for any system even if there is
no information in the literature. However, switching on DFT calculations, generally
around for 10 different structures, creates a need of fast supercomputers. In this

implementation, the algorithm continues until there is no any further change in the
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Figure 1.1 : Trigonal bipyramidal structure of Mg(BH,);(NH;), from two different
angle. Mg: green, B: pink, N: blue, H: white.

energy computed with DFT. Then the bond constraints can be extracted from these
structures and a final CASPESA run is invoked. It should also be mentioned that
CASPESA performs a global optimization using simulated annealing approach. In
any global optimization, an objective function is tried to be minimized. This objective
function can be simply the energy of the system. In CASPESA, our objective
function is the number of arrangements that should have potential to lower the energy.
Hydrogen bonding is an example for such an arrangement. Preceding studies [16, 17]
show that alkali metals in AMBs tend to bond with BH, groups while alkaline earth
metals or transition metals tend to bond with both NH; and BH, groups. Moreover,
dihydrogen bonds between N-H and B-H groups affects the stability of dual cation
AMBs. These two arrangements are employed as the objective function and they are

maximized in CASPESA.

The setup of CASPESA is examplified for LiMg(BH,);(NH;),, since a very
similar system was employed in M;M,(BH,),(NH;), (. Figure 1.1 shows the
Mg(BH,);(NHj;), group used in the unit cell. Here, three BH, groups (at the equatorial
positions) and two ammonias (at the axial positions) are coordinated in a trigonal
bipyramidal fashion. Since such an arrangement is apparent in the experimental crystal
structure of LiMg(BH,);(NH;), [16]. This group was also included as a whole rather
than individual BH, and ammonias. This trigonal bipyramid organization can move
or rotate in the unit cell. Two formula units of LiMg(BH,),(NH;), were used in one
unit cell as it can be seen in the figure 1.2. Li atom in the center has a fixed position

at origin. Other Li atom and two Mg(BH,);(NH;), groups are able to change their
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Figure 1.2 : The model usedii"r':l CASPESA. Li atoms are presented with purple balls.

positions. Also Mg(BH,);(NH;), has ability to rotate around its own center. In order
to increase the objective function, the proper rotation nd translation of this groups are
allowed. There are 15 structural parameters in this unit cell. Among them, 9 of them
are for movements of Li atom and Mg(BH,);(NH;), groups and the remaining ones
are for the rotation of Mg(BH,);(NH;), groups. In addition to atomic positions, the
shape of the unit cell was also parametrized. We require 1-9 (e.g., 1 for cubic and 9
for a tricilinic cell) parameters for the unit cell and thus the total number of parameters

varies in between 16-24.

Simulated annealing is a global optimization method but in CASPESA we used it
for a maximization problem. As already indicated, interaction between LiBH, and
lithium was used in the objective function. Here, if the Li-B distance is in the following
range, 2.85-3.31 A, the value of the objective function is increased by 1. In CASPESA
there is no quantum mechanical or a force field based computation is used, as a result
atoms can take place too close to each other which leads to non-physical situations.
To halt this behaviour some distance threshold as called before bond constraints must
be introduced in the CASPESA. This limits were set based on finding of Sun et al.
[16]. More scepecifically, the following maximum bonding distances were applied:
Li-Li, Li-B, H-H, Li-N and N-N minimum inter-atomic distances were interpreted

respectively as follows 4.0, 2.0, 1.6, 3.0 and 4.2 A.



In this study, number of considered structure is 90(3 type of alkali metal (Li, Na, K),
6 type of transition metal (Al, Sc, Mo, Co, Y, Ti) and 5 different ammonia content
(2,3,4,5,6)). For every structure, we used one or more models (average is 4). For
each ammonia content, several different unit cell configurations (as an average of 4)
were employed in CASPESA. Each CASPESA optimization was repeated at least 400
times leading to more than a million run in total. (3(alkaline metals)*6(transition
metals)*S(ammonia content)*4(model amount)*7(unit cell type)*400(run amount)).
It is very hard to select the best structures to perform DFT computations, therefore
an analysis script was prepared for the automatic evaluation of the structures. This
tool searches for specific arrangements like the coordination around Li atoms and
removes redundant structures. The best structures were further relaxed at the DFT
level using Quantum Espresso suit [35]. PBE (Perdew, Burke, Ernzerhof) [36]
generalized gradient approximation (GGA) exchange-correlation has been used and
norm conserving pseudopotentials were included in the calculations. The kinetic
energy and density cutoffs were set to 80 and 320 Ry. The energy and force thresholds

were set to 107> and 10~* a.u. respectively.



2. METHODOLOGY

2.1 Schrodinger Equation

The time dependent schrodinger equation of an isolated system with N electrons can
be represented as below:

HY = EY (2.1)

Where H is the Hamiltonian operator, ¥ = W¥(r,r;,...,ry) is the many body wave
function and E is the electronic energy of the system. The Hamiltonian operator, A, in

atomic units can be expressed as:

leleczrons 4 lnuclez 1 electronsnuclez eleclronselectrons
CEE M RS VL B VD TR S W
i Jj>i Tij

nucleinuclei 7 ZB

L L%

B>A

(2.2)

Here, Z denotes the nuclear charge, M4 denotes the ratio of mass of nucleus A to the
mass of an electron, Ryp is the distance between nucleus A and B, r;; is the distance
between electron 1 and j and finally r;4 is the distance between nucleus A and electron
i.

WV characterizes the state of the system. The many-electron Schrédinger equation is
impossible to solve exactly even for simple systems, for instance hydrogen molecule
or helium atom. Thus approximations can be used to solve it. One of the leading
approximation to solve Schrodinger equation is Born-Oppenheimer approximation.
It depends on assumption of ignoring the movement of the nuclei. Needless to say,
nuclei do move but their movement speed is negligible when compared to movement
speed of the electron, which is quite close to speed of the light. Born-Oppenheimer

approximation assumes Schrodinger equation as:

I:Iel\Pel — Eel\Pel (23)



. 1 electrons electrons nuclei Za electrons electrons
A = Z V—-z: Z-—+ Z Y — (2.4)
TiA J>i Tij

It can clearly be seen that A has missing terms; nuclear kinetic energy and
nuclear-nuclear Coulomb term. Born-Oppenheimer approximation considers nuclear
kinetic energy to be zero and as a result it disappears. Other missing term,
nuclear-nuclear Columb term, is a constant in Born-Oppenheimer approximation and
it can be estimated as:

nuclei nuclei
Enuc _ ZaZp

(2.5)
A B>A RaB

With using energy gathered from the simplified Schrodinger equation, E¢, and the

correction from the nuclear energy, the total energy of a system can be calculated as:
E=E“ g™« (2.6)

Born-Oppenheimer approximation makes Schrodinger equation feasible by computers.
After the approximation, leading approachs to solve the Schrédinger equation can be
ordered as:i) Semi-Emprical methods which depends on experimental data ii) Ab-Initio
methods which is based on calculated data iii) Density Functional Methods which is

based on energy calculation on electron density.

2.2 Density Functional Theory

With the technological developments in capacity and power of computers, calculations
on computers have become an essential tool for physics and chemistry. Empirical
and semi-empirical methods have been around for fair amount of time but with the
increasing processing power more demanding ab initio calculations became popular.
Density Functional Theory(DFT), which is capable of giving the complete quantum
mechanical description without having complexity of many-body Schrodinger

equation, is one of the most popular method.

DFT is a method which uses electron density to calculate the ground state energy. This
theory originated from a model which introduced by Llewellyn Thomas and Enrico
Fermi in 1927. Thomas-Fermi model provides an expression, which depended on
electron gas model, for the kinetic energy. This model is using only electron density
and it only works in the limit of an infinite nuclear charge. Furthermore, the Hartree

approximation introduced mean potential based on the electron density alone and also
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Dirac, Slater and Gaspar had improved exchange potential moldels for electron gas
and atoms. In the year of 1964, Hohenberg and Kohn [37] introduced two significant
theorems based upon the ideas mentioned above. They showed that every stationary
quantum mechanical observable, including energy, can be calculated precisely from
the ground state electron density. Another prove they showed is that the calculated

total energy for the trial density cannot be lower than the true ground state energy.

DFT offers higher accuracy with lower computation cost when compared to
Hartree-Fock (HF) based methods. Besides DFT considers the interactions between
electron pairs while HF methods does not. In DFT calculation of electronic energy

contains sum of separately calculated terms:
E=Er+Ey+E;j+Exc 2.7)

Here, E7 is the kinetic energy, Ey is the nucleus-nucleus attraction and nucleus-nucleus
related potential energy, Ej is the potential energy from Coulomb energy and Exc is

the exchange correlation term.

All terms in the equation above, except nucleus-nucleus repulsion, can be written as
function of electron density. Exc can be separated into two functions; exchange and
correlation. Since the exchange energy is a result of the antisymmetry of the quantum
mechanical wave function, correlation energy is originated from correlation in the

motions of individual electrons.

These terms, being functions of electron density, enable the previous equation to be

rewritten as:
Elp] = [ v(r)p(r)dr +T[p] + Veelp) 2.8)

above, v(r) is the potential energy, p is the electron density, T'[p] is the kinetic energy
and V,,[p] is representing interelectronic interactions. When applied to Kohn-Sham

approach to the last equation, it becomes:

Elp] = [v(r)p(r)dr-+ T,[p] +J(p) + Exclp 2.9)

Here, J[p] is Coulomb energy (electron-electron repulsion). Kohn-Sham approach
utilizes Ty[p]: kinetic energy of non-interacting system of electrons.
N 1 5
Tlp) = Y (] -5V %) (2.10)
i=1
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Exc|p] ; exchange correlation functional:

Exclp] =T[p] = T[p] + Vee — J[p] 2.11)

Functional derivative of Exc is vy and it can be calculated as:

JE[p]
= 2.12
V)CC a(p) ( )
Exc can be written as sum of exchange functional and correlation functional:
Exclp] = Ex[p]+ Eclp] (2.13)

After, in order to express the system of non-interacting electrons under an external

effective potential, here denoted as v, ff(r), following equation can be utilized:

b dJlp]  JdExclp
veff(r)_v<r)+ap(r)+ ap — /| _

Now, an equation similar to Schrédinger’s have obtained:

dr +vxe(r) (2.14)

1
y EV2 +veff(r)] W, — g, (2.15)
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3. RESULTS AND DISCUSSIONS

3.1 Finding Model Structures

As detailed in the introduction section, this thesis is about finding suitable dual-cation
AMBs for hydrogen storage. This dual-cation AMBs can be represented as
M, M, (BH,),(NH;), where M= Li, Na, K, M,= Al, Sc, Mo, Co, Y, Ti and x
= 2,3,4,5,6. There is very few information available in the literature about these
materials. CASPESA were used to predict crystal structures of these materials.
Then, the best structures obtained with CASPESA were further refined with DFT

computations.

3.1.1 Crystal structure predictions for M;M,(BH,),(NH;),

Two different coordinations as shown in Figure 3.1 were used to design the unitcell of

M, M,(BH,),(NH,), in CASPESA.

. A,
I')—" — | Jr‘j
)' =,
Model 1 Model 2

Figure 3.1 : Two different coordination around M, metal atom of

Modell is consists of a trigonal bipyramidal arrangement around M, atom, which
contains two NH; groups located at the axial positions and three BH, groups in
the equatorial positions, with an additional mobile BH, group. Model2 is made up
from an octahedral coordination including two axial NH; and four equatorial BH,
groups. Crystal structure predictions (CSP) were carried out using these two unitcell

configurations with the help of CASPESA. After the CSPs, selected structures were
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optimized by DFT calculations. The resulting optimized structures can be seen in

figure 3.2.

(e) B4N2_5 (symmetry no: 2) (f) B4N2_6 (symmetry no: 1)
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(i) B4N2_9 (symmetry no: 1) (j) B4N2_10 (symmetry no: 2)
Figure 3.2 : M;M,(BH,),(NH,), structures found by CASPESA

In B4N2_1 structure, there is a trigonal bipyramidal arrangement around M, metal
containing three BH, and two NH; groups. M, atoms are in coordination with BH,
groups in both trigonal and tetragonal arrangements. M, atoms are constitutes a chain
parallel to [100] plane with sharing one BH, group and two M, chains are connected
to each other via the BH, gorups bound to M,. In B4N2_2 coordinations around M,
metals are similar to BAN2_1, however these two structure differ in M, coordinations.
While one M, atom is in the trigonal coordination with BH, groups, other M, atom
prefers a tetrahedral formation. These two groups form a chain parallel to [010] plane
with sharing one BH,. The tetrahedral and trigonal M, groups share a BH, group
with trigonal bipyramidal M,. As a consequence of this situation, M, —Li distance is
shortened up to 4.2 A The main difference in BAN2_3 from the previous structures is
that all of the M, atoms form a trigonal coordination with BH, groups. One of the

M, group is connected to M, group by sharing one BH,. In the case of the other M,
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group, they share one BH, group from two different M, groups. Thus, they created
a chain parallel to [100] plane. B4N2_4 is very similar to B4N2_2. In this structure,
trigonal and tetrahedral M, groups are connected to each other by sharing one BH,
group. In addition, they shared one BH, group from M, creating a chain. In B4N2_5,
connections around M, are similar to the previous structures and M, groups have a
trigonal coordination. M, groups are connected to each other by sharing BH, groups
(Li - Li distance is 2.85 A) and each M, shares one BH, with M, but they did not
create a chain. In B4N2_6, trigonal M, groups share one of their BH, with each
other and create a chain parallel to [100] plane. Moreover, one of the M, group is
bound to M, by sharing a BH,. In structure B4N2_7, M, atoms have both trigonal
and tetrahedral coordinations and share one of their BH, molecule with M, groups.
In structure B4N2_8, trigonally coordinated M, groups constitute a chain parallel to
[010] plane. B4N2_9 is quite similar to B4N2_8 with a difference that one of the
M, prefers a tetrahedral. In B4N2_10 structure, all M, atoms are in the tetrahedral
coordination and they share one of their BH, molecule with M, metal constituting a

chain parallel to [010] plane.
3.1.2 Crystal structure predictions for M;M,(BH,),(NH;);
Three models shown in figure 3.3 were eployed in CASPESA.

Q

I} ; --"-' Sl L)’
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i -
Q 2
Model1 Model2 Model3

Figure 3.3 : Three different coordinations around M, metal atom of

In Modell, M, metal has a trigonal bipyramidal coordination with three NH; and two
BH, groups. Model2 is similar to Modell but in Model2 BH, and NH; groups have
a different bonding preferences (while BH, groups are located in the axial positions,
NH; groups are in the equatorial positions). In addition, this two models contain two

free BH, groups. In the case of Model3, there are three BH, and NH; groups connected
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to M, octahedrally. This model also contains a free BH, group. The template structures

obtained from these models are shown in figure 3.4.

(e) B4AN3_5 (symmetry no: 1) (f) BAN3_6 (symmetry no: 1)
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(g) B4N3_7 (symmetry no: 1) (h) B4N3_8 (symmetry no: 1)
Figure 3.4 : M;M,(BH,),(NH;); structures found by CASPESA

In structure B4N3_1, there is an octahedral coordination around M, formed by
three BH, and NH; groups. All M, atoms in this structure are in the trigonal
coordination and form a chain parallel to [100] plane together with M, by sharing
a BH, group. B4N3_2 is similar to B4N3_1 but in this structure M, atoms form also a
tetrahedral coordination in addition to the trigonal one. In the tetrahedral and trigonal
coordinations, M, atoms also share one BH, molecule with each other. Moreover, M,
atoms also creates a chain with M, metal by sharing a BH,. B4N3_3 is quite similar
to B4N3_2 and it has a chain parallel to [001] plane. This chain can be represented
as Li—M,—Li—M,. The difference in B4N3_4 from the other structures is that there
is a trigonal bipyramidal organization around M, metal in addition to an octahedral
geometry. This trigonal bipyramidal geometry is formed by three NH; and two BH,
groups. All M, atoms forms a trigonal geometry and share their two BH, groups
with each other. One of the M, atom shares two BH, groups with the octahedrally
coordinated M, metal. Trigonal bipyramidal formed by M, atoms does not lead to
any chain. M, in B4N3_5 has both trigonal bipyramidal and octahedral coordinations
similar to B4AN3_4. All M, atoms in this structure are in a tetrahedral coordination.
Some of the M, metal atoms shares their two BH, groups with the others. Furthermore,
M, atoms create a chain parallel to [100] plane with M, groups by sharing one BH,
group. In structure B4N3_6, while all M, atoms are in an octahedral coordination,
M1 atoms prefers a tetrahedral bonding. Besides, M, atoms form a chain parallel
to [010] direction by sharing one BH, group. Although B4N3_7 is quite similar
to B4N3_6, it contains an additional trigonal bipyramidal coordination around M,

metal. In this structure, trigonal M, atoms are located parallel to [100] plane. The last
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template structure of M; M, (BH,),(NH;); is B4N3_8 and it only contains octahedral
and trigonal coordinations around M, and M, respectively. Two of the M, groups
share one BH, molecule with each other and they connected to M, groups by sharing

one BH4 molecule.

3.1.3 Crystal structure predictions for M;M,(BH,),(NH;),

Two different models shown in figure 3.5 were used to study M;M,(BH,),(NH;), by
CASPESA.

A - SN

(a) Modell (b) Model2
Figure 3.5 : Two different coordination around M, metal atom of
M, M,(BH,),(NH;),

Both of them are in an octahedral coordination with four NH; and two BH, groups
around M,. While all NH; groups are in the equatorial positions in Modell, two of
them are in axial two of them are in equatorial positions in Model2. These models also
have two mobile BH, groups. The template structures obtained from these models are

shown in figure 3.6.
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(d) B4AN4_4 (symmetry no: 1)

(e) B4N4_5 (symmetry no: 1) (f) B4N4_6 (symmetry no: 1)
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(g) B4N4_7 (symmetry no: 1) (h) B4N4_8 (symmetry no: 1)
Figure 3.6 : M;M,(BH,),(NH;), structures found by CASPESA

The first model is B4N4_1 and it has an octahedral coordination formed by three BH,
and NH; groups around M,. All M, atoms are in a trigonal formation with BH, groups.
M, and M, groups are create a chain parallel to [100] plane by sharing one BH, group.
Coordinations around M, metal in B4N4_2 are similar to that of B4N4_1 with an
additional tetrahedral coordinations. Trigonal and tetrahedral arrangements formed
around M, are connected to each other by sharing a BH, group. Moreover, M, and
M, metals create a chain by sharing a BH, group. B4N4_3 is very similar to B4N4_2
with a difference of chain formation parallel to [001] direction by M, and M, metals.
B4N4_4 contains a trigonal bipyramidal arrangement in addition to an octahedral one.
This trigonal bipyramidal coordination formed around M, contains three NH; and
two BH, group. M, atoms only form trigonal geometry in this template. They are
also connected to each other by sharing two of their BH, groups. Furthermore, one
of the M, atom is connected to an octahedral M, by sharing a BH,. The trigonal
bipyramidal M, does not lead to any chain formation. B4N4_5 is very similar to
B4N4_2. In this structure M, and M, atoms create a chain parallel to [010] plane
by sharing a BH, group. In B4N4_6 structure, M, atoms form both octahedral and
trigonal prism arrangements. M, atoms create a chain parallel to [100] plane by
sharing a BH, group. In B4N4_7, all M, metals form an octahedral coordination,
while all M, metals constitute trigonal bonding with BH, groups. The last template
for M;M,(BH,),(NH;), is B4N4_8 and the coordinations are quite similar to B4N4_7.

3.1.4 Crystal structure predictions for M;M,(BH,),(NH;)5
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Eight different models shown in figure 3.7 were used in crystal structure prediction of

M, M, (BH,),(NH,)s.

(g2) Model7 (h) Model8
Figure 3.7 : Eight different coordinations around M, metal atom of
M, M,(BH,),(NH;)

The first model, Modell, contains both tetrahedral and trigonal bipyramidal
coordinations.  In particular, M, prefers a tetrahedral arrangement Tetrahedral
geometry formed by a M, atom and four BH, group while trigonal bipyramidal
geometry formed by a M, atom and five NH; group. Model2 differs from Modell
by the preference of metal atoms coordination (their positions were swapped). In
Model3, while M, metal forms an octahedral arrangement with five NH; and one
BH,, M, prefers a trigonal coordination with three BH, groups. Model4 is swapped

metal version of Model3. Model5 contains both a trigonal bipyramidal and tetrahedral
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arrangements. There is a trigonal coordination consisting of three NH; and two BH,
groups around M, . On the other hand, a tetrahedral arrangement is present around M,
containing two NH; and BH, groups. Model6 is a swapped metal atom version of
Model5. Up to now, there is no mobile BH, or NH; groups present in the considered
models. Model7 and Model8 contain also mobile BH, and NH; groups. In Model7,
there is an octahedral coordination consisting of three NH; and BH, groups around
M, . The last model, Model8, includes a trigonal prism with three BH, and NH; groups

around M,.

As shown in the figure 3.8 three template structures were obtained with the help of

these 8 models.
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(a) BANS_1 (symmetry no: 1)

(c) B4N5_3 (symmetry no: 1)
Figure 3.8 : M;M,(BH,),(NH;); structures found by CASPESA

The template structures indicate major structural changes upon the DFT relaxations.
In particular, BAN5_1 prefers an octahedral arrangement consisting of five NH; and
one BH, groups around M,. In the case of M,, a trigonal coordination including
BH, groups is present around M,. In structure B4N5_2, M, metals are forming
quite distorted octahedral coordinations while M, prefers both tetrahedral and trigonal

coordinations including BH, groups. In B4N5_3, M, and M, form tetrahedral and
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octahedral arrangements respectively. Moreover, M| metals are share two of their BH,

groups with each other.

3.1.5 Crystal structure predictions for M;M,(BH,),(NH;),

Three different models shown in figure 3.9 were employed for the inspection of

M, M, (BH,),(NH,),.

(a) Modell (b) Model2 (c) Model3
Figure 3.9 : Three different coordinations around M, metal atom of
M, M, (BH,),(NH;),

In the first model, all of the BH, and NH; groups are located around M; and M, in
a tetrahedral and octahedral fashion respectively. In the second model, two NH; and
four BH, groups are postioned octahedrally around M, and M, is surrounded by a
tetrahedral consisting of NH; groups. The last model is a variant of Model2; binding

positions of BH, and NH; groups to M, is altered.

Three template structures shown in figure 3.10 were obtained after the DFT

optimizations.
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(a) B4N6_1 (symmetry no: 1)

(c) B4N6_3 (symmetry no: 1)
Figure 3.10 : M;M,(BH,),(NH;), structures found by CASPESA

M, metal is surrounded by six NH; groups in all template structures. While M; metal
forms both trigonal and tetrahedral coordinations in B4N6_1 and B4N6_3, there is
only a tetrahedral in B4N6_2.

3.2 Computational Screening

In the screening of dual-cation AMBs with general formula of M;M,(BH,),(NH;), ,
Li, Na and K alkali metals were used as M, and Al, Sc, Mo, Co, Y, Ti atoms were
used as M,. In order to find template structures, Li and Sc were employed as M,
and M, respectively in the initial DFT calculations. Then, to find the energy of the
other AMBs, M1 and M2 atoms were changed in the template structure and DFT
calculations have been performed to optimize cell parameters and atomic positions.
To assess the screening results a selection criteria similar to Hummelshgj et al. [7]
(stability against to phase separation (alloying) and decomposition) were used. Three
different reactions were considered as a phase separation. Among them, the first one

is inspired from Soloveichik et al. [28]. They synthesized Mg(BH,),(NH;)4 according
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to reaction shown below:

Dual cation AMBs can be obtained by adding an alkali metal borohydride to this

reaction.
M, BH, + M, (BH,), + (NH;), — MM, (BH,), (NH;), (3.2)
Based on the above reaction, an alloying energy can be calculated as below:

AEqiioy, = Emym,(BH,),,, (NH,), — (EmBH, + Ewv,(BH,), +VENH,) (3.3)

here, EMIMZ(BH4)X+1(NH3)y is energy of dual cation AMB, Eyv ph, is energy of alkali
borohydride and Eyy (gy,) 1is the energy of the other metal borohydride. Recently, a

Li,Mg(BH,), -6 NH; were synthesized by Yang et al. [38] with following reaction:
Mg(BH,),-6NH; +2LiBH, — Li,Mg(BH,), -6 NH; (3.4)

This screening study also includes a general form of this reaction. In the literature
M(BH,),(NH;), (M=Mg, Ca and Zn) [38] and Mg(BH,),(NH;), [28] are the only
reported crystal structures for M(BH4)2(NH3)_\y (here M=M, atom). Accordingly, the
above reaction was readjusted based on the known complexes. In the light of these

informations, alloying energies are calculated as below:

AEqiiop2 = Emm,(BH,), ., (NHy), — (EMBH, + Em, (BH,) (NH,), )

fory=2andy==6 3.5)

AEaiioy2 = Emym,(BH,), , (NH,), — (EmBH, + Em,(BH,) (NH,), T (V — 2)Exnn,)

fory=3,4,5 (3.6)

In order to calculate the energy of M(BH,),(NH;), (M=Al, Sc, Mo, Co, Y and Ti),
the corresponding metal atoms in the experimental crystal structures of Mg, Ca and Zn
were replaced with Al, Sc, Mo, Co, Y and Ti and then these systems were relaxed
by DFT to obtain the lowest energy structure which subsequently invoked in the

calculation of AE4y7.
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The last alloying reaction was inspired from the synthesis of LiMg(BH,);(NH;),
[16] involving ball-milling of LiBH, -NH; and Mg(BH,), as shown in the following

equation.
Mg(BH,), +2LiBH, -NH; — LiMg(BH,);(NHj3), + LiBH, 3.7

AE,j10y3 were calculated from the general form of this equation as below:

AEgi10y3 = (Em,m,(BH,), ,,(NHy), + (1 — 1)ELign,) — (Em, (BH,),

x+1

+nEM, BH,NH,) (3.8)

The total energy of M;BH,NH; must be known to calculate AE;,,3. Recently, Guo
et al. [27] found that LiBH,NH; crystallizes in the orthorhombic structure (a=5.97,
b=4.64 and c=14.35 A) with space group Pnma (IT number 62). Each Li atom in this
structure has a tetrahedral coordination containing three BH, and one NH; molecules.
Li atoms create a chain parallel to [010] direction by sharing two BH, groups. There
is no reported experimental structure concerning a NABH,NH; and KBH,NH; in the
literature. The calculation of the total energies regarding to these systems were done

by swapping Li in LiBH,NH; with Na and K.

Similar to binary and ternary metal borohydrides [7], the decomposition pathways
of dual cation AMBs are highly complex and produce different species such as
metal hydrides, ammonia, BN;, HBN,, diborane (B,H) and borazine ((HBNH),).
When the fact that a very limited knowledge about the true decomposition pathways
of AMBs is present and the scope of this screening study are considered together,
the best option is to select a generic decomposition pathway as the evaluation
criterion. In this respect, the first generic pathway was designed by mimicking the
decomposition of Li,Mg(BH,),(NH;)s [34]. Yang et al. [34] observed that this
complex decomposes by following three stages: i) at 195°C Li,Mg(BH,),(NH;),
appears together with ammonia release, ii) at 270°C Li,Mg(BH,),(NH;), disappears
and LiBH, and MgB,N; form in addition to hydrogen and ammonia, iii) an increase
of the decomposition temperature to 450°C forms Mg, BN, LiH, B and ammonia
and hydrogen gases. A generalized version of the last step of this decomposition

reaction was employed in our screening and the corresponding decomposition energy
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(AEgecomp1) can be calculated as shown below:

y y
AEdeCOmpl = EM,MZ(BH4)X(NH3)y - (EMIH +EM2 + EENH3 + EEBN

3
Fl— %)EB +((By+5x) — (jy +1)Ey,  (3.9)

Recently, Xia et al. [17] reported the synthesis and dehydrogenation performance
of NaZn(BH,);(NH;),. Their decomposition experiments revealed that at 200 °C
NaBH,, NH;, BN, Zn and hydrogen are formed. This reaction is the second
decomposition pathway employed in the screening study and the corresponding

decomposition energy (AEgecomp2) can be obtained as follows:

AEecomp2 = Em,m, (BH,), (NHy), — (Em, +Em B, + (x = 1)EpN

Tx 7
+(y_x+1)ENH3+(?+§)EH2) (3.10)

Both alloying and decomposition energy equations require the computation of

additional energy terms (EMIBH y EMz(BH4) , ENH3, Em u, EBN, EB, Em, and EHz) as

2
well as the energy of AMBs. Among them, the energies of H, and NH; were obtained
by putting them in a cubic cell with a dimension of 10A. a-rhombohedral boron
containing icosahedrons was used for the calculation of Eg. While a face-centered
cubic cell was used for Ca, Sr and Ni, a base-centered cubic cell was utilized for Li,
Na, K and Mn. For the remaining metals (Mg and Zn), a hexagonal close-packed cell
was employed. All of the alkali metal hydrides (LiH, NaH and KH) crystallize in the
form of NaCl with Fm-3m space group. The crystal structures of most of the metal
borohydrides were taken from the literature. For instance, an orthorhombic structure
with space group I4m2 (IT 119) found by Tekin et al. [19] was employed for LiBH,,.
The tetragonal structures with space group P4,/nmc (IT 137) and I4m2 (IT 119)
reported in Caputo et al. [20,21] were used respectively for NaBH, and Mg(BH,),.
It has been found that KBH, crystallizes in a tetragonal structure with space group

P4y/nmce (IT 137) [39,40] and this structure was considered in the screening. All the

remaining details of these structures are listed in Table 2.1.

For the evaluation of the screening, similar to Hummelshoj et al. [7], two criteria were
employed: i) the alloying energy must be lower than zero and ii) -0.8 < AEy,comp <
0.0 eV/H,. The employed decomposition energy range (0.2 — 0.8 V) is accepted as

the ideal energy range in the literature [47,48].
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Table 3.1 : Cell parameters of structures which are used in the screening.

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  3.83 4.03 90 90 120  P63/mmc(194)

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

B 4.89 4.89 1244 90 90 120 R3m(166)

Co 320 3.77 381 90 90 90 Cmcm(63)

Mo 316 316 3.6 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) [19]
NaBH, 436 436 590 90 90 90  Pdy/nmc(137) [21]
KBH, 475 475 6.66 90 90 90  Pdy/nmc(137) [39]
Ca(BH,), 879 13.14 750 90 90 90 Fddd(70) [41]
Sr(BH,), 7.02 851 7.62 90 90 90 Pbcn(60) [42]
Ni(BH,), 7.23 723 10.05 8824 91.79 87.04 PI(1) [19]
Mn(BH,), 1043 1043 10.83 90 90 90 P3112(151) [43]
Mg(BH,), 8.18 8.18 10.07 90 90 90 14m2(119) [19]
Zn(BH,), 4.12 486 792 90 90 90 Pmc21(26) [44]
Zn(BH,), 993 11.18 11.89 90 90 90 F222(22) [44]
Zn(BH,), 830 830 934 90 90 90 14m2(119) [44]
Zn(BH,), 699 699 12.19 90 90 90 14122(98) [44]
Zn(BH,), 6.88 544 784 89.50 76.15 89.98 P1(2) [44]
Co(BH,); 3448 11.78 12.05 90 90 90 Pna2,(33) [12]
Mo(BH,), 6.93 12.14 8.67 90 90 90 P21212(18) [45]
Ti(BH,); 885 1256 7.17 90 90 90 P222,(17) [45]
Co(BH,), 5.71 P43m(215) [46]
Mn(BH,), 6.02 P43m(215) [46]
Mo(BH,), 6.20 P43m(215) [46]
Ti(BH,), 6.10 P43m(215) [46]
Zr(BH,), 6.34 P43m(215) [46]

BN 253 253 696 90 90 120  P63/mmc(194) [44]
LiBH,NH; 6.13 439 1341 90 90 90 Pnma(62) [27]
NaBH,NH, 642 472 1454 90 90 90 Pnma(62) [27]
KBH,NH, 6.83 5.03 1483 90 90 90 Pnma(62) [27]
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3.2.1 Screening results for M, M,(BH,),(NH;),

AE j10y1 and AE ;4,3 Were generally obtained to be negative (and close to each other).
This indicates that most of the alloys are stable against separation for the investigated
90 dual-cation AMBs. On the other hand, AE,;,,» was calculated to be positive
for more than half of considered alloys. Seeing that AE,;,3 is the most artificial
alloying energy, it has been excluded from the screening. The decomposition energies
(AEgecomp1 and AEgecomp2) were mostly negative and they were in the following ranges
(-0.777,-0.231) and (-0.707,-0.088), respectively. The alloying energy (AE,y1) Was
plotted against the decomposition energies (AEgecomp1 and AE ecomp2) in figure 3.11

and figure 3.12 respectively.
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Figure 3.11 : The alloying energy, AE 0,1, as function of the decomposition energy,
AEj0comp1- Representative colors: 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 3.12 : The alloying energy, AE,;0y1, as function of the decomposition energy,
AEjecomp2- Representative colors: Li (Red), Na (Blue), K (Green). NH;
content: x=2 (circle), x=3 (triangle), x=4 (square), x=5 (diamond) and

x=6 (pentagon).

It is clear from these figures that almost all of the considered alloys are in the desired
region. Among these alloys the only synthesized one, LiSc(BH,),(NH;), [42] and
it is also found in the desired region. In general, AEj.comp1 1S more negative than
AEjecomp2- In the case of alloying energies, AE,;,,1 was obtained more negative.
The calculated values for the experimentally synthesized LiSc(BH,),(NH;), is as
follows: AEj10y1=-1.079 €V, AEj¢comp1=-0.680 €V, AEjocomp2=-0.591 V. The amount
of stored hydrogen in these alloys is depicted ins figure 3.13 and 3.14 as a function of

decomposition energies.
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Figure 3.14 : Hydorgen capacity (wt %) as a function of the decomposition energy,
AE jecomp2- Representative colors: Li (Red), Na (Blue), K (Green). NH;
content: x=2 (circle), x=3 (triangle), x=4 (square), x=5 (diamond) and
x=6 (pentagon).

It is apparent from these figures that all of the concerned alloys have storage capacity
above the DOE 2025 target of 5.5 wt %. Among the alloys, the ones containing LiAl
(up to 17.533 wt %) have the highest hydrogen storage capacity.

It has been showed that there is a linear correlation between the decomposition
temperature and the average cation Pauling electronegativity [7]. Average Pauling
electronegativity as a function of decomposition energy (AE,;,y1) can be seen in the

figure 3.15.
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Figure 3.15 : The decomposition energy, AE;4y1, as a function of the average
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As can be seen from the figure, the linear correlation is only violated by the alloys
containing Ti. Similar to the screening study of Hummelshoj et al. [7], the most
promising alloys have electronegativities around 1.1 - 1.4. Lastly, alloys containing
Y and Sc have the smallest electronegativity values while alloys containing Mo have

the highest values.

3.3 Conclusions

The first approach of our screening study was predicting crystal structures since
huge amount of crystal structure details of dual cation AMBs are unknown. In the
screened system, M; M, (BH,),(NH;)x, LiSc(BH,),,(NH;), is the only experimentally
synthesized system and it was found to be in desired region of our screening study. The
developed crystal structure prediction algorithm, CASPESA, was successfully applied
for all the systems. Before anything else, CASPESA predicted fairly similar structures
to LiSc(BH,),(NH;),,. Furthermore, CASPESA was also generated promising crystal

structures concerning to remaining systems. Among the inspected materials alloys
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containing Al with Li have the highest hydrogen content. In addition, alloys containing
Li with Sc, Li with Ti and Na with Al have fair amount of hydrogen content.
In case of decomposition and alloying energies of the screened materials, alloys
containing Li, Na, K with Mo,Co (while x<6 and except NaCo(BH,),(NH;),),Ti
(except NaTi(BH,),(NH;),) and Al (while x<5) estimated to be more favourable. To
sum up, the only experimentally synthesized complex, LiSc(BH,),(NH,),, reside in
the desired region and screening results show a lot of promising materials which have

not been synthesized yet.
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