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Abstract

The thermal behavior of solid sodium borohydride NaBH,, ammonia borane NH3BH3; and
NH3;BH3; embedded in an aluminosilicate geopolymer type matrix (NH3BH3-G) was studied
between 25 and 400°C under different conditions. New results are obtained in TG/DTA and
temperature dependent infrared absorption (TIR) experiments, where the different materials
were diluted in KBr and NaCl and pressed in pellets. Hydrogen release could be followed
using the reduction reaction of nitrate tracer added to the pressed pellet.

NaBH, slightly subjected to ambient conditions forms NaBH,.2H,0. Crystalline water is
released between 40 and 60°C without reaction with NaBH,. Under inert He atmosphere,
NaBH, is stable to 400°C. In presence of traces of H,O/O,, a thermal oxidation to anhydrous
sodium metaborate NaBO; is observed between 300 and 400°C releasing H,. The oxidation
reaction with O, produces H,O which is further consumed for H, release. TIR of NaBH, in
presence of NaNOj; indicates some H; release between 200 and 300°C without decomposition
of NaBH,. In this temperature range, a weak but significant peak is observed at about
1575 cm™ indicating a possible transient state.

NH3BH3-G could be better handled than pristine NH3BH3 salt. Foaming and liberation of
undesirable B, N-containing gases could be suppressed. NH3BH3-G decomposes similarly to
NH3BHS3 but at slightly lower temperatures. The dehydrogenation could be described by series
of condensation reactions yielding poly-aminoborane (-H,N-BH;-), and poly-iminoborane
(-HN=BH-), at about 140 and 170°C, respectively. TIR using KBr matrix shows IR features
of BH,4~ substituted for Br™ in KBr, at 105°C for NH3BHs3-G and at 115°C for NH3BHj3, as
indirect evidence of the formation of DADB ([(NH3).BH,]BH,]) intermediate.

The ionic exchange between NaBH, and halide matrices is facilitated for the case where the
ionic radii of the anions are similar. The dissolution is accompanied by shifting of the IR
frequencies of BH4 . The IR frequencies of BH,4 isolated (i-BH4") in different halide AX
matrices with A = Na, K, Rb and X = CI, Br, | are used to discuss the interactions of BH,~
anion with ionic surroundings. Correlations between v3(i-BH;") and different structural
parameters of the halides are defined. The IR frequencies are governed by the repulsive
interactions with the nearest neighbors.

The thermal dehydration of sodium metaborate tetrahydrate NaBO,.4H,0 is investigated
between 20 and 500°C using principally TG/DTA, TIR and in-situ X-ray diffraction. The
thermal dehydration occurs in five main endothermic steps. The dehydration products
NaBO,.2H,0, NaB0,.1/3H,0 and NaBO, were isolated and characterized. A new gel-like
phase is observed about 120°C during the dehydration-condensation of B(OH), of
NaBO,.2H,0 to the six-membered rings of NaBO,.1/3H,0. The role of the metaborate by-
products including the gel phase in the hydrolysis reaction of NaBHy, is discussed.

Keywords: hydrides, hydrogen, metaborates



Zusammenfassung

Das thermische Verhalten von polykristallinem Natriumborhydrid NaBH;, Amminboran
NH3NH; und NH3BH;3 rekristallisiert in einer aluminosilikatischen Geopolymer-Matrix
(NH3BH3-G) wurde zwischen 25 und 400°C unter verschiedene Bedingungen untersucht.
Neben der thermogravimetrischen Analyse (TG) wurden dazu umfangreiche
temperaturabhéngige Infrarot (TIR) Untersuchungen der Proben in gepressten KBr- und
NaCl-Pellets durchgefuhrt. Dabei wurde die Wasserstofffreisetzung mithilfe der Nitrat-
Reduktionsmethode beobachtet.

NaBH, bildet bereits nach sehr kurzer Zeit NaBH4.2H,O unter Normalbedingungen. Das
Kristallwasser wird zwischen 40 und 60°C ohne Reaktion mit dem NaBH, freigesetzt. Unter
inerter He Atmosphare ist NaBH,4 bis zu 400°C stabil. In Gegenwart von Spuren von H,0/O;
wird eine Oxidation zu NaBO, zwischen 300 und 400°C beobachtet, bei dieser Reaktion wird
Wasserstoff ~ freigesetzt. Die Reaktion mit O, erzeugt H,O, das weiter zur
Wasserstofffreisetzung verbraucht wird. TIR vom NaBH; mit Nitrat zeigt einige H;
Freisetzung zwischen 200 und 300°C ohne Zersetzung von NaBH; In diesem
Temperaturbereich wird ein schwacher aber signifikanter Peak bei etwa 1575 cm™
beobachtet, dies kann einen mdglichen Ubergangszustand andeuten.

Bei der thermischen Zersetzung von NH3BH; entstehen unerwiinschte Schdume und B, N-
enthaltende Gase, wahrend diese bei NH3BH3-G unterdriickt werden. Die Zersetzung von
NH3BH3-G &hnelt der von NH3BH3, findet aber bei etwas niedrigeren Temperaturen statt. Die
Dehydrierung erfolgt durch Kondensationsreaktionen zu poly-Aminoboran (-H,N-BH;-), bei
etwa 140°C und zu poly-Iminoborane (-HN=BH-), bei 170°C. TIR mittels KBr-Matrix zeigt
IR Peaks von BH,;~ Anionen bei 105°C fiir NH3BH3-G und bei 115°C fiir NH3BHs3, dies kann
als indirekter Beweis fur die Bildung vom DADB ([(NH3).BH;]BH.) betrachtet werden.

Der lonenaustausch zwischen NaBH; und Halogeniden findet leicht statt, wenn die
lonenradien der Anionen &hnlich sind. Die Auflésung vom NaBH, bewirkt die Verschiebung
der IR-Frequenzen der BH,~ Anionen. Die IR-Frequenzen von BH,;~ Anionen isoliert (i-BHj4")
in verschiedenen Halogeniden AX (A = Na, K, Rb und X = ClI, Br, I) werden verwendet, um
die Wechselwirkungen vom BH;~ Anion mit seiner ionischen Umgebung zu beschreiben.
Eindeutige Korrelationen zwischen vs(i-BH4~) und verschiedenen Strukturparametern der
Halogenide wurden festgestellt. Die IR-Frequenzen sind von den abstofRenden
Wechselwirkungen mit ihren nachsten Nachbarn stark beeinflusst.

Die thermische Zersetzung vom Natriummetaborat-Tetrahydrat NaBO,.4H,0O wurde zwischen
20 und 500°C mittels TG, TIR und in-situ Rontgenbeugung untersucht. Die Dehydratisierung
erfolgt hauptséchlich in finf endothermen Schritten. Die dabei entstehenden Produkte
NaBO,.2H,0, NaB0,.1/3H,0 und NaBO;, wurden isoliert und charakterisiert. Eine neue
gelartige Phase wurde bei etwa 120°C wéhrend der Dehydratisierungs-Kondensations-
Reaktion von B(OH),~ des NaBO,.2H,O Phase zu der Ring-Struktur vom NaBO;.1/3H,0
beobachtet. Die Rolle der Metaborat Nebenprodukte einschlieRlich der Gelphase in der
Hydrolysereaktion von NaBH, ist diskutiert.

Schlagworter: Hydride, Wasserstoff, Metaborat
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1. Introduction

Worldwide energy consumptions are expanding rapidly while global production of
energy struggles to keep pace. Petroleum and oils reservoirs will inevitably run out. This, in
addition to the global warming caused by CO; produced by petroleum combustion, make
significant concerns about seeking alternatives to burning fossil fuels [1, 2].

During the last decades, hydrogen has been targeted as a clean energy carrier for both
transportation and stationary applications due to its high environmental abundance and
friendliness [3]. Power can be generated either as mechanical power by burning hydrogen or
as electrical power by using it in a fuel cell. In both cases, hydrogen is oxidized by oxygen to

form water [1].

On earth, hydrogen exists primarily in combination with other chemical elements.
Therefore, the development of a hydrogen economy requires an adequate and readily
accessible source for the production of H, which should then be stored and transported in an

effective and a safe form.

When compared to petroleum, hydrogen has a higher energy content per mass (120
MJ/kg for hydrogen versus 44 MJ/kg for petroleum [4]) but unfortunately a lower energy
content per volume (0.01 kJ/L at standard temperature and pressure and 8.4 MJ/L for liquid
hydrogen versus 32 MJ/L for petroleum [4]) making high pressurized tanks of hydrogen and
liquefied hydrogen at cryogenic temperatures impractical for a viable hydrogen economy.
This raises the necessity of seeking new efficient storage systems. Works in this field are
numerous and go in many directions. Hydrogen can be stored physisorbed (Van der Waals
forces) to porous materials as metal organic frameworks, zeolites and carbon nanostructures
[5, 6]. Hydrogen can be also chemically bound within a solid in the form of a chemical
hydride [5]. Chemical hydrogen storage materials are targeted as potential hydrogen sources
for fuel cells due to their high hydrogen content [7]. Among these materials, the compounds
containing boron B and nitrogen N atoms have attracted attention since B and N are light
weight elements and capable to bond to multiple hydrogen atoms [8, 9]. For example,
ammonium borohydride NH4BH,4 has a very high content in hydrogen (24.5 wt%), but it

decomposes slowly at room temperature and must be stored in liqguid ammonia or at
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temperatures below -40°C [10]. Other attractive hydrides are Sodium Borohydride NaBH,
and Ammonia Borane NH3;BH3; which constitute the main focus of this thesis.

NaBH, and NH3;BH; contain 10.6 wt% and 19.6 wt% hydrogen, respectively. Both
have high potential in the energy field, are stable at room temperature and are considered as
green materials not hazardous for a sustainable and safe energy technology [11]. They can be
regarded as complexes of borane, X-BHjs, constituted of the Lewis base donor (X) and the
Lewis acid borane group (BH3) [12]. In the case of NaBH., X is an anionic monoatmonic
donor (H") charging the complex negatively, while for NH3BH3, X is a polyatomic neutral
Lewis base donor (NH3) forming a dative bond with the borane group. The history of NaBH,4
is longer and could be decisive in the development of NH3BH3; hydrogen storage based
systems [11].

Sodium borohydride is also called sodium tetrahydroborate as recommended by the
IUPAC (International Union of Pure and Applied Chemistry) and contains tetrahedral BH,4~
units [13]. lonic interactions lie between BH,~ and Na®. Within the borohydride unit, the
boron B and hydrogen H atoms are covalently bound [14]. It is widely used as reducing agent
in organic syntheses [15]. The white crystalline powder is sensitive to moisture but not to
oxygen. It is one of the least expensive metal hydrides commercially available (on a hydride
equivalent basis) [13]. Since its discovery by Soldate in 1947 [16], a very large number of
papers have been focused on the hydrolysis reaction of NaBH, producing Hyg and
metaborate by-products. In November 2007, the U.S. Department of Energy, DOE [17],
recommended a no-go decision for NaBH, for on-board automotive application because the
aqueous solution of NaBH, does not fulfill the requirements sets in term of storage capacity,
costs and inefficiency of recycling the metaborate by-products [18]. Since then, researchers
on NaBH, have been more involved on hydrogen release from solid state NaBH,4 [19]. NaBH,
melts at 497°C [20] and decomposes completely above 500°C to its elemental constituents
liberating Hag) [21]. This thesis focuses on the thermal behavior of solid NaBH,4 and hydrogen

release reactions between room temperature and 450°C, below the melt formation.

NH3;BH3-based materials are very promising in terms of the use as viable H; carrier for
on-board applications [22, 23]. Commercially, NH3BH3 is less widespread as NaBH, and
exhibits few applications in organic chemistry such as an air-stable derivative of diborane
[11]. The thermal dehydrogenation of NH3;BHj3; has today great promise to work in the
transportation sector. Researches on NH3BHj3 are still in their initial development phase. Long

and rich experiences with NaBH, could be beneficial for NH3BH3 [11]. The thermal behavior
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of NH3BH3; between room temperature and 400°C is investigated in details in this thesis.
NH3BH; melts and releases its first mol H, at 110-112°C. Nonetheless, this thermal
decomposition is harsh from chemical and technical points of view, since it is accompanied
by foaming caused by the liberation of B, N-containing gases and voluminous swelling of the
sample. The re-crystallization of NaBH, [24, 25] and NH3BH3; [26] in a geopolymer type
framework as so called NaBH,4-geopolymer (NaBH4-G) and NH3;BH3-geopolymer (NH3;BHs-
G) offers a very simple route for a better handling of NaBH, and NH3;BHs3, respectively.

Preliminary results on the new NH3BH3-G composite are presented in this thesis.

A part of this thesis is concerned with the mechanism of the thermal dehydration of
sodium metaborate tetrahydrate, NaBO,.4H,0O. The identification of metaborate dehydration
products is of importance since metaborate compounds appear as by-products in the oxidation
reactions of NaBH, and NH3BH3 for H; release. In these reactions, the hydridic hydrogen

atoms on B serve as source of electrons and are oxidized.

Project aims and structure of the work

The aim of this thesis is focused on the investigation of the thermal behavior of boron-
hydride materials NaBH4;, NH3BH; and NH3BH3-G in the solid state using mainly
spectroscopic and diffraction methods.

In a first approach, H, release of solid state NaBH, is investigated between room
temperature and 450°C, below the melting point. The role of O, and H,O in the oxidation of
NaBH, to metaborate NaBO; is discussed. The thermal dehydrogenation mechanism of
NH3BH3-G in comparison to NH3BH3 salt is investigated in details, too. Comparisons with
NaBH, salt are made when necessary.

The thermal treatment of NaBH, favors ionic exchanges with the halide surrounding.
The dissolution mechanism of NaBHy, is investigated and the impact of the halide on BH,~

anion is discussed.

Sodium metaborate compounds (NaBO,.yH,0) are investigated in details considering
the thermal dehydration of the commercial sample NaBO,.4H,0. Their role in the hydrolysis
reaction of NaBH, for H; release is discussed.

The structure of the work is as follows:
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Chapter 2 concerns the experimental techniques used in this work including principally
thermogravimetric, spectroscopic and X-ray diffraction methods. Temperature dependent
Infrared spectroscopy was conducted combined to nitrate tracer to follow H; release reactions
of NaBH,4, NH3BH3 and NH3BH3-G composites.

Chapter 3 entitled H, Release from Solid State Sodium Borohydride NaBHy is focused on
H, release of solid state NaBH, between room temperature and 450°C, below the melting
point. Thermogravimetric analyses were conducted to check the thermal stability of NaBH,
under He and under synthetic air. In-situ Raman experiments were carried out under air, N,
and N, loaded with water vapor, to study the role of H,Og) and O in the oxidation reaction
of NaBH, to metaborate. Temperature dependent Infrared experiments were also performed
under vacuum using NaBH4/KBr pellet. H; release was followed using nitrate tracer method.

Chapter 4 is entitled H, Release from Ammonia Borane NH3;BH; and NH3;BHs-
Geopolymer (NH3BH3-G) and investigates the thermal dehydrogenation of NH3BH3 and its
re-crystallization within a geopolymer matrix (NH3BH3-G) for a better handling. NH3BH3-G
was characterized using different methods including X-ray diffraction, Infrared and Raman
spectroscopy and imaging SEM/EDX. H, content in NH3BH3-G was evaluated using a
specific volumetric method (ACHR). The stability of NH3BH3-G was checked under different
operating conditions. The thermal decomposition of NH3BH; and NH3BH3-G from 25 to
400°C is investigated basing principally on thermogravimetric and temperature dependent
Infrared experiments using KBr and NaCl matrices. H, release was followed using nitrate

tracer method. Comparisons with NaBH, are made when necessary.

Chapter 5 is entitled Solid Solutions of BH,™ in Different Halide AX Matrices (A = Na, K,
Rb; X = CI, Br, 1) and focuses on the ionic exchange between NaBH, and halides AX.
Firstly, the mechanism of formation of the solid solutions of NaBH, and NaCl and NaBr salts,
respectively, is investigated. Equimolar mixtures of NaBH4:NaCl and NaBH4:NaBr were
pressed into pellets and annealed to different temperatures for different annealing times. End-
products were characterized by X-ray diffraction, Infrared and Raman spectroscopy. The
variation of the IR frequencies of BH, anion during dissolution is followed using TIR
spectroscopy. Secondly, the IR spectra of BH,™ in NaX and KX halides are reported and
compared to literature. Some of the used halides revealed the formation of solution of BH,4 ™ in
AX during the classical pellet preparation method usually used in IR spectroscopy which
consists of the dilution of low amounts of the sample in AX matrix. For some other AX

matrices, the dissolution of NaBH, required a further thermal treatment of the pellet to 450°C.
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Literature values for BH,™ highly diluted in RbX matrix are taken. The high dissolution of
NaBH, in AX is related to an isolation of BH,~ in AX. Correlations between the stretching
mode (v3) of BH,; ™ and different structural parameters of the alkali halides are found and are

discussed using some graphical demonstrations.

Chapter 6 is entitled Thermal Dehydration of Sodium Metaborate Tetrahydrate
NaBO,.4H,0 and focuses on the detailed mechanism of the thermal dehydration of a
commercial sample of NaBO,.4H,0 between 25 and 500°C. The commercial sample contains
traces of NaBO,.2H,O (2.4 - 4.3 %). Thermogravimetric analyses were performed
considering slow (1 and 2°C/min) and fast (5°C/min) heating rates under two different
flowing gases, He and synthetic air. The individual dehydration steps were followed in-situ
using in-situ X-ray diffraction and temperature dependent Infrared spectroscopy. Dehydration
products were isolated and characterized using X-ray diffraction, Infrared and Raman

spectroscopy. Their role in the hydrogen release by NaBH, hydrolysis is discussed.
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2. Experimental Methods

2.1 Samples

Commercial samples of sodium metaborate tetrahydrate NaBO,.4H,0 (137.86 g.mol™,
Riedel-de-Haen, > 98 %), sodium borohydride NaBH, (37.83 g.mol™, Merck, > 98 %),
ammonia borane NHs;BH; (30.87 g.mol™, Aldrich, 90 %), potassium borohydride KBH,
(53.94 g.mol™, Aldrich, 99.9 %), sodium nitrate NaNO; (85.01 g.mol™, Fluka, > 99 %),
potassium nitrate KNO; (101.11 g.mol™, Merck, 99.0-100.05 %), sodium chloride NaCl
(Merck, > 9.5 %), sodium bromide NaBr (Fluka, > 99.0 %), sodium iodide Nal (Fluka, > 99.0
%), potassium chloride KCI (Merck, > 99.5 %), potassium bromide KBr (Roth) and potassium
iodide KI (Riedel-de Haén, 99-100.5 %) were used in this thesis without further manipulation.

NH3;BH;-Geopolymer (NH3BH3-G) composite was prepared by a re-crystallization of
NH3BH3; in sodium aluminate and sodium metasilicate solutions [26]. The same procedure
was used for NaBH4-geopolymer composites [24, 25]. It consists of the dissolution of definite
amounts of NH3BH3; in aluminate and silicate solutions. Afterwards, bringing these solutions
together induces the polymerization in an aluminosilicate porous framework with very low
crystallinity. Firstly, two homogeneous solutions of sodium aluminate (250 mg of NaAlO; +
1.5 ml H,0) and sodium silicate (310 mg Na,SiO3; + 1.5 ml H,O) were prepared. The total
dissolution of sodium metasilicate in water was obtained by mild heating to 60°C. Therefore,
it was necessary to cool down this solution to room temperature before adding the same
amounts of NH3BH3 (250 mg) to the aluminate and metasilicate solutions under stirring.
Afterwards, NH3BH3-solutions were mixed together. This induced the gel precipitation and a
pasty white liquid is obtained. At last, the gel was dried at 80°C for 4 h. Two different
syntheses were made. The corresponding obtained products are denoted NH3;BH3-G1 and
NH3BH3-G2, respectively. For NH3;BH3-G2, NH3;BHs-aluminate and NH3;BHs-silicate

solutions were longer stirred.

The synthesis procedure used for NH3BH3-G and NaBH4-G composites differ from
that usually used for the traditional geopolymer which is based on the incorporation of a high
alkaline solution of alkali hydroxide or silicate (water glass) with source materials rich in
SiO, and Al,O3 such as metakaolin or fly ash [27, 28] followed by the reorientation of free

ion clusters and the polycondensation [28].



24

2. Experimental Methods

2.2 Methods

2.2.1 Thermogravimetry / Differential Thermal analyses
(TG/DTA)

Thermogravimetric (TG) and differential thermal analyses (DTA) measure the
changes in weight and in heat content in function of temperature, respectively. The two
methods are complementary and are used to provide information about the structural

transformations and chemical reactions of the sample during heating.

During the sample measurements, two crucibles are introduced. One contains the
sample and the other is empty used as a correction curve to record the actual changes

occurring in the sample.

TG/DTA analyses were conducted on the Setaram SetSys Evolution 1750 equipped
with a combined measuring head TGA-DTA 1600. Heating-cooling runs were performed
under two flowing gases: synthetic air (80 vol.% N;and 20 vol.% O;) and He (99.9999
vol.%) at 20 ml/min. Different measurement programs were performed with heating/cooling
rates varying between 1 and 5°C/min, and temperatures up to 400°C. In some cases, the
samples were purged before heating up. The evacuation was completed at 10° mbar for
15 min before filling with the flowing gas. Before each sample measurement, a reference
measurement was made exactly in the same way as the sample measurement using the

crucible without the sample for baseline corrections.

TG/DTA methods were used to check the thermal stability and decomposition of
NaBH, (chapter 3), NH3BH3; and NH3BH3-G (chapter 4) composites. This method was also
used to study the thermal dehydration steps of NaBO,.4H,0 to NaBO, (chapter 6).

2.2.2 Powder X-ray diffraction (XRD)

X-ray diffraction constitutes the fingerprint of a crystalline solid and gives information

about the periodic arrangement of atoms and ions.

X-ray powder diffraction patterns were taken on the Philips PW-1800 and the Bruker
D8 Advantage. The diffraction data were evaluated using STOE WinXpow software.
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With X-ray diffraction, the less or more ionic exchange between different mixtures of
NaBH, and halide (NaCl, KBr and NaBr) was determined (chapter 5).

In-situ powder X-ray diffraction using Bruker D8 Advance equipped with a hot stage
PXD was carried out to follow in-situ the thermal dehydration of NaBO,.4H,0 (chapter 6).

Measurements were made under N, flowing.
2.2.3 Fourier Transformation Infrared Spectroscopy (FTIR)

IR spectroscopy is based on the absorbance of specific frequencies characteristic of the
vibrations of atoms in the molecule. When a sample is subjected to IR radiation, it absorbs
particular energies matching the frequencies of vibrations of its molecule. For a molecule to
absorb IR radiation, the vibration must cause a net change in the dipole moment of the

molecule.

Attenuated total reflectance ATR-FTIR spectroscopy

Attenuated total reflectance ATR-FTIR spectroscopy was used in this thesis to
compare the IR frequencies of NaBH, and KBHj in the absence of any matrix effect (chapter
5). The ATR method does not require sample preparation. The IR beam is directed onto the
ATR crystal of high refractive index and is totally reflected from the internal surface of the
crystal creating an evanescent wave which emerges only a few microns into the sample. In the
spectral regions where the sample absorbs energy, the evanescent wave is attenuated. After
one or several internal reflections, the IR beam exits the ATR crystal and is directed to the IR-
detector. Its penetration depth depends on the wavelength, the refractive indices of the ATR
crystal and the sample and the angle of the entering light beam [29]. ATR-IR spectra were
recorded on the Bruker IFS 66v/S FTIR spectrometer.

Sample in contact
with evanescent wave

/\/\W —
—_—

\ Infrared \ ATR

Beam Crystal

Figure 2.1: Scheme of the path of IR beam in the ATR system (the figure is taken from ref. [29])
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Transmission FTIR spectroscopy

Transmission FTIR spectroscopy was used in this work unless stated otherwise. The
IR spectra were recorded on the Bruker Vertex 80v spectrometer using the pressed pellet
(disk) method. Typically 1 mg of the sample was finely grinded and diluted in 200 mg matrix
and then pressed under 100 kN for approximately 2 min. The diameter of the pellet is 13 mm.
Alkali halides as KBr and NaCl are usually used as matrices due to their excellent
transmission in IR and the simple structure of their lattices. In this thesis KBr is chosen unless
stated otherwise. Sample pellets were measured relatively to a reference-pellet constituted of
200 mg of the same alkali halide used for the sample-pellet. Data were recorded between 370

and 4000 cm™ with a resolution of 2 cm™ and 32 scans.

Temperature dependent FTIR spectroscopy

Temperature dependent Infrared (TIR) measurements were carried out using the
Bruker IFS 66v/S FTIR spectrometer equipped with an in-house build furnace and a manually
adjustable temperature controller (Eurotherm 810) [30]. For the measurements the samples
were pressed in KBr- or NaCl-pellets. The sample holder consists of Ag cylinder with two
silver nets used in contact of the sample-pellet to provide homogeneous and fast thermal
distribution (Figure 2.2). The heating/cooling runs were accomplished under vacuum. TIR

spectra were taken between 370 and 4000 cm™ using a resolution of 2 cm™ and 40 scans.

Figure 2.2: The sample holder used for TIR experiments including the Ag holder and the two
silver nets with a pellet

Data were evaluated using the Bruker Opus 6.5 software. TIR bands were integrated to
calculate the variations in the areas under the IR peaks in function of temperature. This gives
particular results about increase or decrease of the concentration of the considered species in
the sample compartment. For a given IR band, the integration limits were maintained the

same throughout the calculations at different temperatures.
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TIR spectroscopy was considered as in-situ method to study the thermal behavior and
dehydrogenation of NaBH, (chapter 3), NH3BH; and NH3BHs-G (chapter 4), the ionic
exchange between NaBH, and AX salts (chapter 5) and the dehydration of NaBO;.4H,0
(chapter 6).

TIR of a pellet constituted of only KBr was made between 25 and 500°C and taken as

reference for TIR measurements of the sample-pellets (Figure 2.3).
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Figure 2.3: TIR of a KBr pellet

The KBr matrix contains traces of H,O which becomes desorbed at 200°C as can be
concluded from the negative IR bands for H,O bending (1600-1680 cm™ [31]) and O-H
stretching (3300-3600 cm™ [31]) modes. The TIR spectrum cooled down from 500°C shows
very sharp IR peaks at 1384 and 2170 cm™ assigned to NOs™ [32, 33] and cyanate NCO™ [34,
35] isolated in KBr matrices, respectively. These are shifted in NaCl matrix to 1422 [32, 33]
and 2211 cm™ [34], respectively. Anions dispersed in very low amounts in halides are called

“impurities” and give rise to very sharp and intense IR bands even at very low concentrations
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[36]. NCO™ impurity may originate from a reaction between ammonium NH," ion (or trapped

ammonia) and the carbonate-bicarbonate ion (or trapped carbon dioxide) [35].

Nitrate reduction method

TIR experiments were performed in presence of nitrate tracer to follow H; release
from NaBH, (chapter 3), NH3BH3; and NH3BH3-G (chapter 4) samples. Similar experiments
have been previously described for the hydrogen release reaction of NaBHj-sodalite and
NaBH,-geopolymer for temperatures above 250°C [37, 38]. Approximately 0.4 mg of NaNO3
was grinded and distributed homogeneously in the sample/matrix mixture and then pressed in
pellet. H, released of the sample reduces NO3™ ions to NO,™ (reaction 2.1).

NOs™ + H, => NO,” + H,0 (21)

The nitrite ion was indicated by the sharp peak assigned to the asymmetrical stretching
mode (v3) at 1270 cm™ in KBr [34, 39] and at 1300 cm™ in NaCl [39]. H, release could also
be followed considering the variation of the integrated intensities of NO3™ tracer in function of
temperature in comparison with a reference pellet constituted only of approximately 0.4 mg

NaNOjs diluted in the appropriate matrix.

TIR spectra of NaNO3/KBr reference pellet are shown in Figure 2.4. The IR spectrum
of NaNO; possesses peaks at 836 (out-of-plane bending v;), 1380 (broad, asymmetric
stretching vs), 1447 (shoulder, 2v,) and 1789 cm™ (vi+vs) in agreement with literature values
reported for NaNOjs [40]. At temperatures higher than 250°C, v3(NO3") is strongly sharpened
and peaked at 1383 cm™ indicating the formation of solid solution of NO3™ in KBr. This was
accompanied by a peak shifting of v, and v;+v4 between 200 and 240°C. At the end of the

thermal treatment v, IS peaked at 839 cm™ and vi+vg at 1768 cm™.
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2.2.4 Raman spectroscopy

Raman spectroscopy is a scattering technique where the sample is illuminated with a
monochromatic laser beam. The majority of the light is scattered with the same frequency of
that of the incident radiation and constitutes Rayleigh scattering. Only a small amount of the
light (1x107) is scattered with a frequency different from that of the incident radiation and
constitutes Raman scattering. Scattered light with frequencies below the incident light
frequency are known as Stokes frequencies; frequencies above the incident light frequency
are called anti-Stoke frequencies. Stokes Raman frequencies involve the transitions from
lower to higher energy vibrational levels and are more intense than the anti-Stokes. Therefore,
it is Stoke frequencies which are measured in conventional Raman spectroscopy [41]. (See

Figure 2.5 for comparison between IR and Raman spectroscopy).

_ _ _Virtual energy
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Figure 2.5: Energy levels and transitions involved in IR and Raman spectroscopy

Raman measurements were carried out on the Bruker Senterra dispersive Raman
microscope using a laser excitation wavelength of 532 nm using the objective Olympus
50xLWD. Raman spectra were recorded using Opus Software in the range of 70 to 4455 cm™

with a resolution of + 9 cm™.

Temperature dependent Raman (TRam) spectroscopy

This method was used to study the thermal behavior of NaBH, from room temperature
to 400°C under different atmospheres in order to determine the role of H,Og) and O in the
oxidation reaction to metaborate (chapter 3). Samples were introduced in a Linkam stage
coupled to a Linksys32 temperature controller and a cooling water system. TRam spectra
were collected on the Bruker Senterra dispersive Raman microscope. Measurements were
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performed under air, N, flowing and N, loaded with water vapor (N, + H,0). For (N,+H,0)
stream, a washing flask (denoted B) was filled with water and placed on a heating plate (A)
heated to approximately 80°C to increase water vapor. The N, flowing passing through the
washing flask is then loaded with water vapor which is further transported to the entire system
including the sample (Figure 2.6). The temperature of the sample must not go down below
120°C to prevent the condensation of the vapor on the powder sample. To control N, flowing,
the downstream gas was connected to a washing flask filled with distilled water that serves as

a bubbles counter (B").
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Figure 2.6: Scheme of the setup used for TRam measurements under N, loaded with water
vapor (A: heating plate, B and B’: washing flask, C: Linkam stage, D: Raman microscope).

2.2.5 Volumetric Acid catalyzed hydrolysis release (ACHR)
method

Acid catalyzed H; release reactions from NH3;BH3, NH3BH;-G were conducted using
the apparatus shown in Figure 2.7 in comparison with NaBH, salt (chapter 4). The method
was previously used to evaluate hydrogen content in NaBH4-geopolymer composites [25, 38].

Same experimental setup and back calculations are used here.
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Specific amounts of the dry solid sample were introduced in a two-neck bulb
surmounted by a gas-syringe. Definite volumes of hydrochloric acid (3 %) were injected with
an injection needle through a pierceable rubber plug to make sure that the apparatus remains
gastight. The added volume of acid was then subtracted from the shown volume at the gas
syringe to register only the amount of released gas. Higher concentrations of acid result in too

fast hydrogen release reactions.

Figure 2.7: The glass apparatus used for ACHR experiments

As the acid solution and the samples come in contact, bubbles of gas evolve rapidly
from the samples. Oxyhydrogen-test carried out for several samples confirms that the released
gas consists of hydrogen or at least mainly of hydrogen. Additionally, the released gas was
checked with a gas detector suggesting the absence of CO, (detection limit < 1000 ppm). For
each sample, three measurements with different masses in a wide range from 10 to 40 mg
were investigated. Using linear regression, the amount of gas released per 100 mg sample was
calculated for each hydride. A factor of 1.0118 that represents the influence of the additional

weight of the plunger in the vertical assembling of the gas syringe was added to the results.

The calculated data were evaluated by considering the possible errors. These errors
may rise from practical inaccuracies during each H, release experiment or from the linear
regression. The equation (2.2) represents the absolute error for each single measurement. The

reading error at the gas syringe is equal to the graduation of the scale, 1 ml (corrected with the
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piston load). The injection needle has an absolute error of £0.02 ml. A factor of 2 was
necessary to reproduce the intervention of the added volume of acid twice in the
determination of the volume of released H,, respectively during the injection and the

subtraction.

The uncertainties in the slope were estimated using the Excel function LINEST. The
overall error (equation 2.3) consists of a combination of the average of the relative errors from
the single measurements (equation 2.2) and the given error from LINEST-gradient.

2 2
Vacid v 2.2)
AV single measurement:\/ < ki > '0.022 2+ < gas) . 12
Vgas Vgas

(2.3)

2 2
A\]total:\/ [(rel'errorLINEST-gradient) +(aV~rel'err0rsingle measurement) ]

2.2.6 Imaging method: Scanning Microscope Electron (SEM)

SEM images of NH3BH3-G in comparison with NH3;BHj3 (chapter 4) were taken using
a JOEL JSM-6390A equipped with a Bruker XFlash detector 410-M-200. The sample is
scanned with a focused beam of electrons which interact with atoms of the sample producing
secondary electrons that are used to give information of the topography and the composition
of the sample. A low-vacuum sputter coating of the samples with gold was necessary to create
a conductive layer that inhibits charging, reduces thermal damage and improves the secondary
electron signal.
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3. H, Release from Solid State Sodium Borohydride
NaBH,

3.1 State of the art

3.1.1 Synthesis and structure

The first reported synthesis of NaBH,4 was in 1949 by Kasper et al. [42] by shaking a
sodium amalgam in the presence of diborane gas for 4 days. The compound was thought to be
Na,B,Hs, but more diborane was adsorbed than that required to form disodium diborane and
the CuKa-ray diffraction of the sample gave a pattern similar to that reported by Soldate [16]
for NaBH, (1947).

Later on, Schlesinger et al. [43] found that the reaction of trimethoxyborohydride
NaBH(OCHj3)3 and diborane B,Hg proceeds very rapidly to give NaBH,4 according to reaction
(3.1). The reactions (3.2), (3.3) and (3.4) are other synthetic modifications for NaBH,.

B,Hs + 2NaBH(OCHz);  => 2NaBH, + 2B(OCHj) (3.1)
3(CHs0),BH + NaBH(OCH3)s => NaBH, + 3B(OCHs)s (3.2)
2B,Hs + 3NaB(OCHs)s  => 3NaBH, + 4B(OCHa)s (3.3)
2B,Hg + 3NaOCH;  => 3NaBH, + B(OCHs)s (3.4)

Commercially, NaBH, is produced via the Schlesinger process: a multi-step
processing based on the reduction of the trialkylborate B(OCHz3); with NaH (reaction 3.5.5)
[44]. The synthetic pathway follows the chemical reactions (3.5.1-3.5.6) and provides high
purity of NaBHy,, but it requires further optimization for energy efficiency [45].
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Na,B4O7 + H,SO04 + 5H,0 =>  4H3BO; + Na,SO,4 (3.5.1)
HsBO3 + 3CHsOH => B(OCH3); + 13H,0 (3.5.2)

NaCl => Na+ %Cl,, by electrolysis (3.5.3)

4Na+2H, => 4NaH (3.5.4)

B(OCHs); + 4NaH => NaBH, + 3NaOCHj (3.5.5)
3NaOCHz + 3H,O0 => 3CH30H + 3NaOH (3.5.6)

The overall reaction is:

Na;B4O7 + 16Na + 8H, + H,SO4 + 5H,O => 4NaBH4 + 12NaOH + Na SO, (3.5.7)

At room temperature, NaBH, adopts a rock salt, face centered cubic structure with
ao = 6.1635 A [46]. At -83°C the structure undergoes a transition from the cubic to the
tetragonal ordered phase caused by reorientations of the tetrahedra. The tetragonal phase has
been described within the space group P4,/nmc (a = 4.332 A and ¢ = 5.869 A for NaBD,)
[47]. The tetragonal modification appears also upon compression to 6 GPa and transforms at

pressures higher than 8 GPa to the orthorhombic Pnma phase [48].

The cubic structure has been described either in Fm-3m [46, 49] or F-43m [50] space
groups. Basing on the diffraction data alone, both groups could be considered. The only
difference between them is that F-43m lacks an inversion center yielding a fully or partly
order of BH,™ units. Whereas, in the centrosymmetric Fm-3m, the B atoms are situated on the
center of inversions and each B is coordinated to eight half occupancy hydrogen atoms
yielding an intrinsically disordered structure. The peak of heat capacity is observed at
approximately -83°C, consistent with an order-disorder transition. Therefore, for

thermodynamic considerations the fully disordered Fm-3m has to be assumed [49, 51].

Single crystals of sodium borohydride dihydrate NaBH,4.2H,O were obtained by re-
crystallization of NaBH,4 from an aqueous solution of NaOH. The dihydrate crystallizes in the
Pbca space group (a = 10.2870, b = 6.8759 and ¢ = 12.0651 A). The BH,™ anion has a nearly
ideal tetrahedral geometry with an average B—H bond length of approximately 1.12 A. The

35
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structure involves strong dihydrogen bonds of 1.77-1.95 A. The crystals can be stored in a

closed vessel at 0°C. In open air, they take up water from atmosphere and dissolve [49].

The structures of the room temperature phase of NaBH, and NaBH,4.2H,0 are shown
in Figure 3.1.

(@ (b)

? e’

Figure 3.1: The room temperature structure of (a) NaBH,; (Fm-3m) and (b) NaBH,.2H,0
according to the crystallographic data of ref. [49] (Na: blue, B: red, O: purple, hydridic
hydrogens H>™ of BH,: gray, H*" protonic hydrogens of H,O: pink).

H, can be released from NaBHj, either by thermal decomposition or by hydrolysis. The
thermal desorption of hydrogen atoms from NaBH, requires high temperatures
(approximately 500°C) owing the strong covalent character of the B-H bonds. The hydrolysis
reaction can be performed at moderated temperatures (30 — 80°C) using a catalyst. A large
amount of water is required to hydrolyze the total amount of NaBHy,.

3.1.2 H, release by NaBH,4 hydrolysis

The reaction of NaBH, with H,O produces pure hydrogen gas. It is an oxidation-
reduction (redox) reaction, where NaBH,, or more precisely the hydridic H on the B atoms,
reduce H,O to H,. In turn, NaBH, gain O atoms and is oxidized to metaborates (NaBO5). In
an ideal way, 1 mol NaBH, reacts with 2 mol H,O to produce 4 mol H, (reaction 3.6).
Nevertheless, this reaction is a very simple representation which does reflect neither the

challenges on the practical level nor the complexity of the mechanism on the molecular level.
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NaBH; + 2H,0 => NaBO, + 4H, (36)

In practical systems, the number of mol H,O per 1 molagHas) exceeds largely the ideal
stoichiometry because of the low solubility of each of the sodium borohydride reactant
(559(NaBH4)/100g 20y [11]) and the metaborate by-product (289/100g20) [11]), reducing the
effective hydrogen storage capacity of the system. The formation of basic metaborate by-
product increases the pH of the solution decreasing, thus, the rate of hydrogen evolution.
Basic solutions of NaBH, are chemically stable and do not release significant amounts of H,
under ambient conditions. The degree of hydrolysis of an aqueous solution of NaBH, is
0.01 % NaBH4/h in 1 N NaOH meeting the stability requirements for the borohydride
solutions [52].

The hydrolysis reaction of NaBH, can be greatly accelerated by rise of temperature or
by adding acidic substances. Many efforts have been devoted to improve the storage
capacities and hydrogen release by NaBH,4 hydrolysis. For example, the use of catalysts as
PtRu-LiCoO, and Co-C has shown a remarkable improved H, release of NaBH, by
hydrolysis. The remaining challenge today is raising the efficacy and the durability of the
catalyst [11]. Other numerous strategies have been reported [53, 54, 55, 56, 57] and are

actually beyond the scope of this thesis.

Mechanistic studies on the reaction between NaBH,; and H;O are copious.
Nonetheless, suggested models were neither conclusive nor satisfactory with one another [58].
For a better understanding of the NaBH,4-H,O system, the reaction of NaBH,4 with H,O is

investigated in this review according to different criteria:

(a) The external (experimental) parameters affecting the hydrogen release
(b) The metaborate by-product

(c) The interactions between NaBH, and H,O

(d) The hydrolysis reaction path

These are discussed in more details in the next paragraphs.
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(a) The external (experimental) parameters affecting the hydrogen release

The rate of hydrogen generation is dependent on the temperature at which the reaction
is performed and on the pH of the solution. The relation (3.7) of Kreevoy and Jacobson

(1979) is a simple empirical representation of the reaction rate [58].

log (t*2) = pH — (0.034T — 1.92) (3.7)

t¥% is the half-life, the time required for one-half of NaBH, in solution to decompose, and is
given in minutes, and T is the temperature in K. Accordingly, low temperatures and high

values for pH slacken the hydrolysis of aqueous solution of NaBH,.

Moon et al. [59] suggested that the rate is initially linear (zero order) then changes to
non-linear after several hours of reaction time. They also found that the hydrogen generation
rate increases with increase of NaBH,4 concentration ranging from 5 to 20 wt% and then
decreases with 25 wt% NaBH,4. A similar pattern was also observed for the hydrogen yield
which increases with increase of NaBH, concentration, reaches a maximum at 10 wt% NaBH,4
and then decreases (Figure 3.2). The reduced hydrogen amount generated from highly
concentrated solution of NaBH, was referred to the reduction of water activity as the solution
viscosity increases. The authors reported also that NaBO; particles formed in the course of the

reaction hinder the hydrolysis of NaBHs.
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Figure 3.2: The effect of NaBH, concentration on (a) hydrogen generation and (b) hydrogen
yield. The concentration of NaBH, (in wt%o) is indicated on the curves (the figure is taken from
ref. [59]).



3.1 State of the art

(b) Identification of the metaborate by-product

Marrero-Alfonso et al. [60, 61] obtained NaB(OH)4 by-product from the hydrolysis of
solid NaBH, with H,O steam regardless of the H,O/NaBH, ratio used. Therefore, they
concluded that the degree of hydration of the metaborate by-product does not appear to be a
direct function of H,O/NaBH, ratio originally present in the system. This was further
supported by Andrieux et al. [62] basing on quenching an aqueous solution of NaBH,
(NaBH4:H,O 1:1) at a conversion of 25 %. The authors do not observe NaBH3(OH)
intermediate and obtained NaB(OH), and un-reacted NaBH,. In other words, if water supplied
for the hydrolysis is not enough to produce NaB(OH), by-product, the reaction pursues the
path to a final state of NaB(OH), and un-reacted NaBHj, (3.8).

1NaBH3(OH) + 1H, NO
1NaBH; + 1H,0 (3.8)
0.25NaB(OH)s + 0.75NaBH4+ 1H,  YES

(c) The interactions between NaBH, and H,0

Numerous kinetic studies were performed on the hydrolysis of NaBH, in aqueous
media. The most important and common conclusion is that the hydrolysis reaction occurs in a
stepwise fashion where the release of the first of the four H; is the rate determining step of the
whole hydrogen release process. This assumption was made for hydrolysis reactions in

alkaline to strongly alkaline solutions and over the pH range of 4 - 13 [12].

The first H, generation step involves a protonation of BH,™ anion [63, 64, 65, 66, 67,
68]. The hydrolysis of NaBDy is faster than NaBH, [63, 65, 69] and BH,™ hydrolyzes faster in
H,0 than in D,O [65]. Therefore, assuming the weaker basicity of D,O with respect to H,0,
the interacting borohydride and water molecules might result in a weakening of an OH bond
and a strengthening of a BH bond [65].

Davis et al. [63, 64] suggested the formation of BH3 according to:

slow Activated ) *
BH, + H;O" <——= |complex ——> BHjyq + H,0 (3.9)
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The reaction between BH;~ and hydronium ion HsO" is general acid catalysis and is unity in
the borohydride concentration and unity in the concentration of the acid. The rate expression
is:

_d[Na:tM] = [BH4] X Zk;[HA;] (3.10)

HA; is general acid (for e.g. H30", H,0, H3BO3...).

When only [H30"] contributes significantly to hydrolysis, the equation (3.10) is reduced to:

_d@ = k[BH4][H30"] (3.11)

k is the second order rate coefficient and is given in mol.I"".s™. The authors claimed that the
reaction of NaBH, with D,0O gives over 90 % HD. Therefore, they assumed that no exchange
occurs between the hydride and the solvent and excluded the formation of a trigonal
bipyramidal penta-coordinated complex as BDH3 which would decompose to both H, and HD
and speculated two possible activated complexes I and Il (Figure 3.3). A four-center

activated complex could also occur.
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I : linear activated complex II: triangular activated complex

Figure 3.3: The two possible activated complexes of the hydrolysis of NaBH, in D,O as given by
Davis et al. [63]

Mesmer and Jolly [65] performed a kinetic study of NaBH, hydrolysis in water
solution in the pH range of 3.8-14 for different temperatures (10-50°C) and concluded the
existence of a molecular pentahydroboron complex BHs which decomposes to BH3 and H,
(3.12).
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slow
BH4_ + H+ —— BH5 _— > BH3 + Hg (312)

The fact that the hydrolysis reaction of BH;~ in D,0 yields about 4 % H; and the hydrolysis of
BD," in H,O gives about 1 % D,, indicates the formation of BDH,4 or BHD, complexes, which
mainly decompose to HD and BH3; or BD3 and at a lower rate to H, and BDH, or D, and

BHD,, respectively.

Kreevoy and Hutchins [66] supported the existence of BHs intermediate. They found
that the experimental models based on general acid catalysis failed to correlate the rate of the
hydrolysis of NaBH, in basic solutions, in particular at pH > 13. Furthermore, !B NMR
studies reveal an uptake of deuterium by un-hydrolyzed BH,™ in basic D,O (1 M NaBH,4 + 1M
NaOD at 25°C for two years and 1 M NaBH; + 4.4 M NaOD at 100°C for one month).
Deuterium uptake by un-reacted BH,™ occurs in stepwise; one deuterium is taken up at a time.
The exchange with D,O becomes faster than hydrolysis in strongly basic solutions. The
authors considered these observations as indirect evidence of the existence of a reaction
intermediate which can react with OH to regenerate BH, . This should be BHs with the
incoming proton is equivalent to only one of the original four protons. Therefore, it could be
preferentially written as H,BH3 because it has two relatively long and three normal B-H bond

lengths. The developed kinetic model is:

H*+BH; _Kus 5 H,BHs (3.13.1)
. _

H,0 + BH, Lo HoBH; + OH (3.13.2)

HoBH; _K2 o H,+BH, (3.13.3)

BH; + 3H,0 _eryfag  3H, + B(OH); (3.134)

O + B(OH); erviag - B(OH) (3.13.5)

The BHs complex is a metastable species, isoelectronic and isosteric to the methonium
ion, CHs", and has the Cs symmetry [66, 67, 68]. A similar pentahydroaluminium intermediate
was proposed for the hydrolysis of alanate AlH,™ [67].

In the case of BDH, or better represented as HDBHg, the presence of H; in the evolved

gas phase indicates a subsequent bond-bond rearrangement in the molecule resulting in a
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cleavage of H, and formation of BH,D [67]. HDBH3 may hydrolyze or exchange. The loss of
HD or H, results in hydrolysis, while the loss of H* gives rise to exchange and appearance of
BH.n)Dn scrambled products.

The H-D scrambling in the D,O solutions of NaBHy, takes place by two different paths
[70]. The first path occurs in highly basic solution (pH ~ 14) and at elevated temperatures (70-
100°C). In this case the rate is independent of pH (the exchange is first order in BH,™ and zero
in HO"). The second path involves D" catalyzed exchange at ordinary temperatures (pH = 7-9)
(the exchange rate is suggested to be first order on the concentrations of each of H" and
BH,"). The scheme of the hydrolysis of NaBH,4 in D,O in presence of D is simplified in
Figure 3.4a. In pure D,O and at moderated pH, NaBH, does not undergo significant H-D
scrambling [71, 72]. Grice et al. [72] showed that NaBH, solution left 1 day in pure D,O

contains mainly BH,4~ and borates. Only traces of BHzD™ were detectable.

Guella et al. [73] observed deuterium incorporation in BHs  affording BH.nDn
(n =1, 2, 3, 4) in their investigation of the Pd-catalyzed hydrolysis of NaBH, in alkaline
media. This occurred in competition with the hydrolysis reaction. Moreover, in contrast to the
acid-catalyzed hydrolysis, the exchange rate constants of the Pd-catalyzed process were found
to be higher than those of the corresponding hydrolysis reactions. For the Pt-catalyzed
hydrolysis of NaBH, [74], *'B NMR analyses indicate that the main reaction products are the
tetrahydroxoborate species DpHu-nBOs~ (n = 1, 2, 3, 4) and only a minor amount of the
partially scrambled BH3D™ is formed. The mechanism of the catalyzed hydrolysis of NaBH,
in D,O as proposed by Guella et al. is presented in Figure 3.4b. The first step is a fast,
reversible and dissociative chemisorption of BH,;™ and the catalyst atoms and produces cat-
BH3™ and cat-H (3.14.1).

The exchange between NaBH, and D,O facilitated in presence of D* (Figure 3.4a)
and that afforded in presence of Pd-catalyst (Figure 3.4b) confirm that the exchange path
does not involve a direct exchange between D,O and BH,™. It occurs in an indirect way via
HDBHg; intermediate (a) or via the reversible reaction between cat-BH3™ + cat-D in the Pd- or
Pt-catalyzed hydrolysis reaction (b, reaction 3.14.3). This is further supported by the reaction
(3.14.4) between cat-BH3;~ and D,O which vyields hydrolysis rather than exchange
corroborating that the H/D scrambling is induced by the catalyst.
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(a) Hydrolysis of NaBH, in D,O in presence of D",

HI /"1?

BH; + D™ =-= HDBH;

_D_l \.H.

BHs

(b) Hydrolysis of NaBH,4 in DO in presence of catalyst.

BH; + cat-cat <=> cat-BH3™ + cat-H (3.14.1)
cat-H + D,O <=> cat-D + HDO (3.14.2)
cat-BH3™ +cat-D <=> BHsD™ + cat-cat (3.14.3)
cat-BHs” +D,0 => BH3;0D" + cat-D (3.14.4)
cat-D + cat-H => cat-cat + HD (3.14.5)

The overall exchange reaction is:
BH, +D,0 <=> BH;D™ + HDO (3.14.6)
The hydrolysis reaction is:

BH, +D,0 => BH;OD™ + HDO (3.14.7)

Figure 3.4: Schemes of the Hydrolysis of NaBH, in D,O: (a) in presence of D" according to ref.
[65, 66, 67] and (b) in presence of Pd or Pt catalyst according to ref. [73, 74].

It can be concluded that the H on the B atoms have strong hydridic character (H*") and
would combine preferentially to protonic hydrogen (H®") of the surrounding. The vacancy left
on B might be plugged by an electron rich group possessing a lone electron pair or negative

charge as the hydroxyl group HO™ in the case of water as will be shown in the next paragraph.
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(d) The hydrolysis reaction path

The individual reaction steps of the reaction of BH;™ (or BHs) to NaB(OH), in alkaline
media (in acidic media the hydrolysis of NaBH, leads to boric acid B(OH)3) are still not well

established experimentally and the role of water molecule is still not fully understood.

The elementary steps can be described by series of conventional chemical reactions as
the reductive eliminations and the nucleophilic substitution SN2 reactions [68]. According to
Mochalov et al., the hydrolysis of NaBH, in buffered solutions would occur in a stepwise
fashion based on the substitutions of B—H by B-OH bonds [62, 68]. Proton magnetic studies
of Mesmer and Jolly were not able to observe hydroxoborate intermediates [65]. Gardiner et
al. [69, 75] made an allusion to the presence of the intermediate BH;OH™ on the basis of 'B
NMR spectra and polarographic data. Goubeau and Kallfass [76] also suggested the formation
of BH3(OH)™ basing on IR data.

In a more recent study, Andrieux et al. [62] performed spectroscopic and Kinetic
studies of the spontaneous hydrolysis of NaBH, considering a wide range of concentrations
(2.3-18.9 wt%) in the temperature range 30-80°C. They were able to demonstrate the presence
of traces of a very short-lived intermediate BH3(OH)™ using 'B NMR spectroscopy. The
monohydroxoborate intermediate exhibits a quartet at approximately 6 = -10 ppm. The
authors suggested a zero-order reaction versus the initial concentration of NaBH, (for
T = 80°C, NaBH, solution concentrations: 2.3-18.9 wt%, at conversion of 20 and 40 %) at
least within the conversion range 0-50 %, for which the apparent activation energy was

constant and the hydrolysis is independent of NaBH, concentration.

Grice et al. [72] confirmed the presence of BH3(OH)™ traces for concentrated NaBH,
solutions (> 84 mM) (5=-11.46 ppm, “Jg = 87.7 Hz) (Figure 3.5). The 'H NMR of
BH3(OH)™ shows a broad quartet, 6=2.48 ppm, *Jg.n = 87.4 Hz, for NaBH, solutions highly

concentrated (> 1 M).
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BH{
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T
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Figure 3.5: B NMR spectrum of 84 mM solution of NaBH, in 4:1 H,0:D,0 showing the signals
for BH4~ (6 =-40.24 ppm), BH3(OH)™ (6 = -11.46 ppm) and borates (6 = 3.01 ppm) (the figure is
taken from ref. [72]).

These results suggest that the un-catalyzed hydrolysis reaction of NaBH,4 occurs according to

the following sequence:

BH,~ => BH3(OH) => BH,(OH), => BH(OH);” => B(OH), (3.15)

BH2(OH),” and BH(OH)3™ are very reactive making their experimental observation very
difficult [62]. Likewise, the theoretical calculations of Grice et al. [72] showed an increased
hydridic reactivity of BH(.)(OH),~ with increasing n. The calculated hydride donating
abilities of BH;~, BH3(OH)~, BH2(OH),", BH(OH)3™ and B(OH),™ were 31, 14.8, 1.6 and -0.5
kcal.mol™, respectively.

Li et al. [68] performed theoretical ab-inito study of the un-catalyzed hydrolysis
reaction of NaBH, and drew a comprehensive picture of the detailed mechanism. The
identified elementary reactions gave evidence to the tetrahedral hydroxoborate BH 4.x)(OH)x
(x =1, 2,3) and the planar three-coordinated boron BH.(OH)y (y = 0, 1, 2) intermediary
species. The main steps of the mechanism are summarized in Figure 3.6. The initial step is a
proton transfer from H,O to BH,4 yielding BHs, which in turn reacts with H,O to give BH;
and H,. BH3 in not long-term stable in aqueous solution and bound rapidly to H,O generating
BH3(OHy), which hydrolyses further to the monohydroxoborate, BH3(OH)™ (Figure 3.6i).
Hydrogen release from hydroxoborate is facilitated through direct dihydrogen bond between
H® of the hydroxoborate and H®" of water. The reaction yields also BH.,(OH), (Figure

3.6ii). None of the hydroxoborate is able to form five-coordinated metastable species with the
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interacting environment, as do the borohydride anion. The identified reaction steps necessitate

both protons and hydroxyls anions to proceed to completion.

I- Hydrogen release from BH,™:

_ + H,0O + HO™ _
BH, + H,O ? BHs ? BH3(OH2) ? BH3(HO)

-HO" - H, - H,0

ii- Hydrogen release from hydroxoborates:

+H;0 +HQ™ +HQ™
BH3(HO)" BH,OH ——> BH,(OH),™ BH(OH), ——> BH(OH)s~
- HO -HO™ “H
-H, -H, * Hzo\[/\> ?

B(OH)4, (%)

Figure 3.6: Scheme of the main steps of the mechanism of hydrolysis of BH;~ to B(OH),™ as
proposed in ref. [68]. *In basic solution the main product of the hydrolysis reaction is B(OH),;
the reaction of BH(OH);™ to B(OH),~ may proceed through the dehydrogenation of BH(OH);™ to

(OH),B=0" followed by the hydrolysis of the latter to B(OH),".

At last, it is worth to mention that there is no single kinetic law able to describe the
hydrolysis reaction in the pH range from -1 to 14 since different mechanisms are thought to
occur, particularly in the strongly acid (pH < 1) and strongly basic (pH > 13) solutions.
Under strong acidic conditions (for e.g. the hydrolysis in acidic water-methanol at
temperatures lower than -78°C [77], the reaction intermediates proposed are H,O-BHjs,
(H,0),BH," and H,O-BH(OH), which give by deprotonation the anionic species HO-BH3",
HO-BH,OH™ and HO-BH(OH),", respectively. In this case, the loss of the first of the four H,

is the fastest step and the rate is controlled by one of the intermediates [12]).
3.1.3 Thermal decomposition of NaBH,

The thermal desorption of hydrogen from complex hydride leads to a complete

decomposition of the complex hydride and a mixture of at least two phases is obtained [13].

The melting temperature (Tn,) of borohydrides could be considered as an index for
their thermal stability [20]. T,, of NaBH, was reported at 497°C basing on DSC measurement
performed under 0.1 MPa hydrogen.
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In a very general way, the thermal decomposition of NaBH, could be represented as
follows [78]:

NaBH4s => X solidi(Na, B, H) + X gas; (B, H) (3.16)

The decomposition pathway is thought to be the sum of the reactions (3.17) and (3.18)
[13, 21].

NaB H4(s)

> NaH+B+3,H, (3.17)
NaBH,y => Na+B+2H, (3.18)

The decomposition temperature (Ty) is defined as the temperature at which hydrogen
gas with a pressure of 1 bar would be in equilibrium with the solid hydride (T4 = AH/AS)

[13]. Martelli et al. [78] reported T4 of NaBH, at 534 + 10°C under 0.1 MPa H,. The desorbed
material consists of a soft, gray metallic material, identified as Na, and a black powder with a
more complex structure. The black powder could not be straightforwardly identified. The
corresponding X-ray pattern shows broad features indicative of the presence of one or more
amorphous phases in addition to NaOH and traces of NaH. The weight ratio of the two phases
is about 2:1, equal to the ratio of the atomic weights of Na to B suggesting that the second
phase might correspond to a boron-rich material. The presence of NaH in the solid residue
indicates that the decomposition proceeds at least partially via NaH, which decomposes above
425°C to its elementary constituents. The authors performed theoretical calculations using
density functional approach to get more insight into the thermal decomposition path. Similar
reaction enthalpies are obtained for the decomposition path proceeding via NaH and
elemental B (3.19) and that involving borides as Na;Bszy (3.20) suggesting that the
decomposition of NaBH, may involve elemental Na and B as well as Na-H and Na-B binary

compounds.
2NaBH4(s) => 2N8.H(5) + ZB(S) + 3H2(g) AH=199.981 l(J.I’T]Ol-l (3.19)
30NaBH4(5) => 28NaH(s) + Nango(s) + 46H2(g) AH=193.643 kJ.moI'l (320)
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Urgnani et al. [21] observed a multi-step thermal desorption of hydrogen from solid
NaBH, in both isothermal and heating experiments. Some small but significant H, release
could be observed at temperatures between 200 and 300 and at about 350°C. The main H,
release starts at 450°C centered at about 500°C (Figure 3.7). However, XRD patterns taken
after the thermal treatments below 450°C reveal only un-reacted NaBH,; making further
spectroscopic investigations desirable to clarify the intermediary stages. Undesirable emission

of gases as B,Hg has not been observed.
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Figure 3.7: TDA signal for H, and H,O as a function of temperature for solid NaBH, heated
under vacuum up to 600°C (the figure is taken from ref. [21]).

Theoretical calculations based on density functional theory suggested that the thermal
decomposition of NaBHy, is based on a mass transport through point defects of missing Na*
and BH,. The transport proceeds via self-diffusion, i.e. creation and subsequent diffusion. At
the surface BH4™ is decomposed into BHz and H™. The H™ ions remain in the lattice converting
NaBH, to NaH. BHj; are not easily incorporated in the lattice and can escape to the gas phase
and form B;He, or they may alternatively decompose immediately to B and H [79]. NaH ) and
B2Hs(g) are not stable under the decomposition conditions of NaBH, and may decompose into
the elements. This would explain the experimental results of Urgnani et al. [21], who do not

observe B;Hg in the gas phase [19].

Na;Bi2Hi, was seen during the thermal decomposition of NaBH4-composites.
Nonetheless, its mechanism of formation is still unclear and may be the result of a reaction
between evolved borane and un-reacted NaBH, rather than being a decomposition product of

the thermolysis of NaBH, [19]. A similar case is the formation of Li,B1,H, cluster during the
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thermal hydrogen desorption of LiBH4, which was recently demonstrated by a reaction of
B,Hg and un-reacted LiBH, at 200°C [80].

Since the US DOE recommended a no-go for NaBHj-hydrolysis for automotive
applications [18], solid-state thermal decomposition has become more attention. Several
approaches have been developed to ameliorate the kinetics and thermodynamics of hydrogen
release and uptake of NaBH,. The catalytic doping is found to reduce notably the activation
barrier for diffusion facilitating hydrogen dissociation. The use of reactive additives (as
fluorographite FGi, MgH,, Mg,NiH, ...) offers the opportunity to promote the kinetics and to
tune the thermodynamics through an effective destabilization of NaBH, by creating
alternative reaction pathways for uptake and release and making the dehydrogenation and
even more the hydrogenation possible at moderated temperatures and pressures. The
infiltration of NaBH, into a porous host matrix (SBA-15, CMK-3, C...) promotes the
dehydrogenation of NaBHy, but it reduces the hydrogen storage capacity of the system [19].

3.2 Results and discussion

3.2.1 The reaction of NaBH, with neutral H,O,

The reaction of NaBH, with H,Og was investigated in neutral water and for

temperatures up to 80°C.

In a first step, a droplet of water (of approximately 3 mm diameter) was added to

NaBH, powder (2-3 mg). Raman spectra taken at room temperature are shown in Figure 3.8.

Theoretically, the BH;™ anion has a tetrahedral symmetry and exhibits four normal
modes of vibration, the symmetric stretching of B-H v;(A;), the in-plane bending or
deformation of HBH v,(E), the asymmetric stretching of B-H v3(F;) and the in-plane bending
or deformation of HBH wv4(F2). All four vibrations are Raman active, whereas only F,
vibrations are IR active [31]. The room temperature Raman spectrum of NaBH, (Figure 3.8a)
shows peaks at 1277 (v2), 2198 (2va, Al), 2227 cm™ (2va, Fa), 2333 (v1), 2400 (vo+vs) and
2538 cm™ (2v,) in agreement with previous works [81, 82]. The asymmetric bending mode v
appears in the Raman spectrum as a weak band at 1124 cm™ [83]. The Raman spectrum is
characterized by the A1 resonance of v; with 2v, (strong) and to a much lesser extent with 2v,
(weak) [83, 84].
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Figure 3.8: Raman spectra of (a) NaBH, powders and (b) in contact with a droplet of water of
approximately 3 mm diameter. The Raman fundamentals of NaBH, are indicated.

The first two Raman spectra recorded just after adding water (after 1 and 2 min) show
unresolved broad BH, -related bands (Figure 3.8b). These bands evolve to peaks after few
minutes (6 min). The Raman fundamentals v, and v; are peaked in the Raman spectrum taken
after 8 minutes at 1275 and 2325 cm™, respectively. Shoulders are detected at 1258 and
2316 cm™, respectively. For comparison, as-received NaBH, powders were slightly kept at
ambient conditions. The corresponding Raman spectra are showed in Figure 3.9. NaBH, take
up H,O molecule from the atmosphere resulting in a slight shifting of the Raman bands
toward lower frequencies. The spectrum corresponds to NaBH,.2H,0 as can be deduced from
a comparison between the obtained Raman shifts and those reported by Filinchuck and
Hagemann for NaBH4.2H,O [49]. The v, mode appears at 1259 cm™ with a shoulder at
1245 cm™ and vs at 2316 cm™ with a shoulder about 2299 cm™. The weak peak at 1102 cm™

is related to v4. The authors suggested an almost tetrahedral symmetry for the BH;™ anion
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since the deformation mode is slightly split. In addition, the Raman spectrum shows the
vibrational modes of crystalline H,O. The H-O-H bending mode is at 1641 cm™ and the O-H
stretching modes appear as a single peak at 3564 cm™ and a much stronger band peaked at
3480 cm™ with shoulders at 3500 and 3469 cm™. These are consistent with the literature IR
and crystallographic data of NaBH,.2H,0 revealing strong dihydrogen bonds for three OH
groups (strong Raman band) and the absence of dihydrogen bonding for the fourth one (single
Raman peak). Filinchuck and Hagemann obtained NaBH4.2H,O by re-crystallization of
NaBH, from an aqueous solution of NaOH. The dihydrate crystals were stored at 0°C in

closed box. Under open conditions the crystals take up water from the atmosphere and

dissolve.
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Figure 3.9: Raman spectra of (a) as-received NaBH, and (b) after few minutes at ambient
conditions

According to these observations, the shoulders at 1258 and 2316 cm™ in the Raman
spectrum taken after 8 minutes (Figure 3.8b) are due to NaBH,4.2H,0. Therefore, it can be
concluded that some re-crystallization occurred in the sample yielding NaBH,4.2HO.
Nonetheless, the dissolution of NaBH, in water was not complete and the sample still contains
NaBHj, residuals. The thermal behavior of NaBH,4.2H,0 is considered later in section 3.2.3. It

may also be noted that a weak peak is observed at 745 cm™ which can be assigned to
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NaB(OH), [85]. This indicates that a reaction of NaBH,; with H,O occurred releasing

hydrogen, too. This reaction is however minor.

The reaction with water was further investigated using IR spectroscopy. Few mg of
NaBH, were dissolved in 5-10 ml water. Three experiments were performed denoted I, Il and
I11, respectively. I and Il use H,O whereas Il uses D,0 solvents. The solutions were dried at
80°C under open conditions for different times. Residues were then pressed into KBr pellets
and characterized by IR spectroscopy. In some cases, the pellets after the IR measurements
were further dried. The different thermal treatments are summarized in Table 3.1. Solution |
was dried for 24 h. The obtained solid residue was pressed in KBr pellet and characterized
using IR spectroscopy (thermal treatment I-1). Afterwards, the pellet was further dried at
80°C for 24 h (1-2). Solution Il was dried for 24 (I1-1) and 72 h (I1-2), respectively. Residues
were characterized using IR spectroscopy. Solution 111 was dried for 24 h and the residue was
then pressed in KBr pellet (111-1). The pellet was further dried for 2 h (111-2). The IR results

are shown in Figure 3.10 in comparison to the IR spectrum of NaBH, in KBr pellet.

Table 3.1: Thermal treatment of NaBH, in H,O and D,O solvents

Experiment | Solvent Thermal treatment at 80°C Pellet composition
under open conditions

I-1: solution dried for 24 h, then | NaBH,, NaB(OH),, H,O
pressed in pellet

I H,O

I-2: Pellet of I-1 dried for 24 h NaBH,, NaB(OH),
] H,O 11-1: solution dried for 24 h NaBH,, Phase “n”

11-2: solution dried for 72 h NaBH,, NaB(OH),

I11-1: solution dried for 65 h, then | NaBH,, Phase “n”, H,O, DOH
m D,0 pressed in pellet

I11-2: Pellet of 111-1 dried for 2 h NaBH,, NaB(OH),, NaB(OD),,
H,O, DOH
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Figure 3.10: IR spectra of NaBH,, NaBH, + H,O (I and Il) and NaBH, + D,O (I11) solutions
dried at 80°C in open conditions for different times (see Table 3.1 for more clarifications of the
denotations I-, 11-, and 111-1-2). Circles denote the IR fundamentals of BH;~ anion at 1125 (v,)
and 2290 (v5) cm™.
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The IR spectrum of NaBH4/KBr pellet shows peaks at 1125, 2223, 2290 and 2386
cm™, which can be assigned to va, 2va, vs and vao+vs modes, respectively [81]. Each peak
reveals a shoulder at higher frequency attributed to the isotope distribution *°B/*'B in natural
abundance [24]. The bending mode occurs about the half the stretching frequency giving rise
to multiple Fermi resonances between the combination, the overtone and the stretching
fundamental [83, 84, 86, 87]. The resonance redistributes the intensities and changes the
frequencies. As a result, the overtone and the combination modes appear with much greater
intensity than would have been expected and the IR frequencies are shifted from the values at

which they would otherwise have appeared [83].

All experiments reveal more or less significant amounts of un-reacted NaBH, as
indicated on the IR spectra by v4 and vz peaks. Thus, a partial decomposition of NaBH, with
H,0 is observed showing that the hydrolysis reaction of NaBHy, is self-inhibited in agreement
with previous reports [15, 58]. The IR spectrum of I-1 can be assigned to NaB(OH), basing
on a comparison of the obtained IR frequencies with those reported by Kessler and Lehmann
[88]. In addition, the IR spectrum shows molecular water at 1641 cm™ which disappears after
drying the pellet at 80°C for 24 h (I-2). The IR spectrum of II-1 has broad IR bands at
principally 940 and 1383 cm™ which can be assigned to the tetrahedral BO4 and planar BOs
units, respectively [89], in addition to a broad OH stretching band between 2850 and
3820 cm™. This metaborate phase (called phase “n”) is rather unknown and was not
previously described in the literature. After a longer drying time of 72 h (11-2), NaB(OH), is
obtained. The IR spectrum Il1-1 shows also broad IR bands which can be referred to the phase
“n”. Drying the pellet for 2 h yields NaB(OH), (111-2). The origin of the phase “n” is further
investigated in details in chapter 6. It is showed that NaB(OH), decomposes above 85-90°C
and yields in a first step a new gel-like phase reported for the first time. The gel was isolated
at 120°C and exhibits broad IR bands similar to those observed for I1I-1 and I1I-1. In open
conditions, the gel takes up water and re-hydrates back to NaB(OH),. Therefore, it can be

assumed that the hydrolysis of NaBH, at 80°C yields the gel phase “n” of sodium metaborate.

The IR spectrum of 111-2 shows a minor amount of NaB(OD), as can be deduced from
a comparison of the OD stretching region between 2470 and 2680 cm™ and the OH stretching
region of NaB(OH), between 3070 and 3670 cm™. Strong H/D exchange should have taken
place between NaB(OD), and H,O molecules of the atmosphere to yield a large amount of
NaB(OH),. It may also be noted that a very weak peak is observed at 1720 cm™ related to vs

of NaBD, [82]. This can be interpreted by a week H/D exchange which might have taken
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place during the long drying time at 80°C. It has been reported that H/D exchange is faster
than hydrolysis in highly basic solutions of NaBH, at temperatures between 70 and 100°C
since the H,BH3; intermediate or its isotopic analog reacts back to BH4~ (see the hydrolysis
path proposed by Kreevoy and Hutchins 3.13.1-3.13.5, page 41) and the rate of exchange
(reaction 3.13.2) is almost equal the rate of protonation (reaction 3.13.1) [66, 70]. In the
present case, the hydrolysis releasing H, occurs during the first few hours and produces basic
metaborate NaB(OH), by-product which makes the solution basic.

It is worth noting that in all investigated cases no BH.n(OH), (n = 1, 2 and 3)
intermediates were not observed in agreement with previous reports [61, 62, 72].
Furthermore, in the non-catalyzed hydrolysis reaction of NaBH,4, no exchange occurs with the
solvent at room temperature supporting ref. [72].

3.2.2 Thermal behavior of NaBH, up to the melting point:
TG/DTA analysis

TG/DTA analyses of NaBH4 were conducted from room temperature to 400°C at
5°C/min under He flowing and synthetic air. Two experiments were performed under
synthetic air considering pre-evacuated and non-pre-evacuated samples, respectively. The
solid residues after TG were collected and characterized using IR spectroscopy (KBr pellet).

Results are shown in Figure 3.11.

NaBH, sample heated under He is relatively stable to 400°C. It shows neither
significant mass loss nor thermal effect. The IR spectrum of the solid residue after TG reveals
principally the presence of only NaBH,. The H-O-H bending modes at 1618 and 1637 cm™
and the O-H stretching band at 3100-3680 cm™ are due to the formation of NaBr.2H,0. Its
formation indicates some ionic exchanges between NaBH, and KBr matrix during the pellet

preparation (discussed in details in chapter 5).

55



3. H2 Release from Solid State Sodium Borohydride NaBH4

(@) L 0,3 - é,g
- 0’0 ~ r ’ <
03 £ [ 00 2
g 1 - r = ~ -0,5 >
O S =
- +—
04 M E 8
© T
-1 IR DL LR DL DL DAL B B B
0 50 100 150 200 250 300 350 400 450
Temperature (°C)
(b) -
>
- 200 2
2
- 100 2
., 8
T
T T T T T T T T
T T T T T T T L -_ 8
- 4
L 0 £
/\a\ E
f—D/ 60 = o\o
= 0,5 ZD/
407 40 5
20 4 05
0
0 -
0 50 100 150 200 250 300 350 400 450
Temperature (°C)
(c)

o h o M SN

BH4'\

M\M airy T

air, non-pre-evac.
- 7

500 1000 1500 2000 2500 3000 3500 4000

Absorbance (a.u.)

Wavenumber (cm™)

Figure 3.11: TG/DTA of NaBH, heated to 400°C at 5°C/min under (a) He and (b) synthetic air
(solid lines and dashed lines are for pre-evacuated and non-pre-evacuated samples, respectively).
TG: red, dTG: blue and heat flow: green lines. The inset graph is zoomed for the TG curves
between 0 and 250°C. (c) IR spectra of the solid residues after TG.
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The thermal treatment under synthetic air shows high reactivity for NaBH,. Only
traces of NaBH, are detected in the IR spectra of the residues after TG. This indicates an
important role of O, in the thermal decomposition of solid NaBH4. The TG curves show
total mass increase of approximately 67 % initiating at about 230°C for the pre-evacuated
sample and a total mass increase of 69.92 % initiating at about 240°C for the non-pre-
evacuated sample. Mass increase occurs in three main steps peaked on the dTG curve of the
pre-evacuated sample at 240, 272 and 306°C, respectively. The mass increase during the first
and the second steps between 219 and 288°C is about 22.79 % and becomes more pronounced
in the third step (44 % between 290 and 350°C). All steps correspond principally to
exothermic effects as can be concluded from the comparison of dTG and DTA curves. The
DTA exotherms are broad suggesting that more or less strong endothermic effects could take

place simultaneously.

The IR spectra of the residues after TG under synthetic air reveal the formation of
borates by-products due to the oxidation of B-H to the heavier B-O. The IR spectrum for the
non-pre-evacuated sample shows NasB3;0¢. The difference of the IR spectra between the two
residues is not related to the thermal treatment of the sample. It is simply due to the instability
of NazB30¢ at room temperature as will be shown in chapter 6. For the pre-evacuated sample,
the solid residue was kept longer at ambient conditions before pressing it in KBr pellet
resulting in a partial hydration of NazB3Og into hydrated borates. Thus, it can be assumed that
the overall heating under synthetic air yields an almost total oxidation of NaBH,4 to Na3B3Os.
The total mass increases obtained (67 and 69.92 % for the pre-evacuated and non-pre-
evacuated samples, respectively) are slightly lower than the theoretical loss of 73.93 %
corresponding to the oxidation of NaBH, (37.83 g.mol™) to NaBO, (65.7996 g.mol™). This
could be due to still unspecified additional contents in the starting materials as NaBH,4.2H,0.
These contributions may be indicated by the slight mass decreases up to 150°C in the inset

graph of Figure 3.11b related to dehydration reactions in the sample.

The reaction of NaBHas) with O, could release H; according to:

NaBHy + Oy => NaBOys) + 2Hyq) (3.21)

For the non-pre-evacuated sample, the reaction is slightly retarded and shifted about 10°C to
higher temperatures in comparison with the non-pre-evacuated sample. For this sample, the

mass decrease of the dehydration observed up to 150°C is higher (inset graph of Figure

S7
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3.11b). Therefore, the retarded reaction in the non-pre-evacuated sample can be referred to a
higher water partial pressure at the surface of NaBH,. The inverse correlation between the
water partial pressure and the decomposition reaction with O, is more pronounced for the
NaBH,-geopolymer composites (NaBH4-G) where the dehydration step is more intense [90].
The thermal decomposition of NaBH,4-geopolymer composites under synthetic air is retarded
by 50°C for the non-pre-evacuated sample in comparison with the pre-evacuated sample. The
geopolymer framework contains H,O molecules which are desorbed at temperatures below
200°C. Pre-evacuating the sample is found to reduce the endotherm of dehydration on the
DTA curves. Therefore, it can be concluded that the reaction of NaBH,4 with O, can be seen as

equilibrium according to:

NaBHy(s) + 205 <=> NaBOje) + 2H,0() (3.22)

The reaction may form NaBO, or other intermediate. Water provided by the reaction of
NaBH, with Oy can be further consumed by NaBHy (or the intermediate) for hydrogen
release (3.23).

NaBH4(5) + 2H,0 @ == NaBOz(s) + 4H2(g) (323)

The sum of the two reactions (3.22) and (3.23) leads to the global reaction (3.21). That is to
say, the reaction of NaBH. with O generates Hy in an indirect way via the production of
H,O which reacts with NaBHj, to release Hy). The higher water partial pressure in the non-
pre-evacuated sample suppresses to some extent the reaction with Oy near 250°C (3.22) but
would enhance H, release at 400°C with respect to the reaction (3.23). This could be indicated
by the slightly higher mass increase (2-3 %) observed for the non-pre-evacuated sample at
400°C compared to the non-pre-evacuated sample and the presence of still traces of un-

reacted NaBHy in the IR spectrum of the pre-evacuated sample.
3.2.3 Temperature dependent Raman (TRam) analyses

The thermal behavior of solid NaBH, was further studied in-situ from room
temperature to 400°C by mean of temperature dependent Raman (TRam) spectroscopy
performed under different atmospheres (air, N, flowing and N, flowing loaded with water
vapor). During heating, the image of the illuminated spot becomes grainy and blurry and

required the microscope to be refocused.
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Figure 3.12 shows TRam spectra of NaBH,4 heated from room temperature to 400°C
under air. The room temperature Raman spectrum reveals a hydration of NaBH, powders to
NaBH,4.2H,0. Crystalline water is upon slight heating to 40°C without being apparently
consumed by NaBH,. The Raman spectrum at 60°C is related to anhydrous NaBHj,. It is
observed that NaBH,4 remains stable up to 350°C. At 375°C, traces of NazB3Og are detected at
625 and about 1550 cm™ [85]. The peaks increase during heating at 400°C together with a

broad scattering background.
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Figure 3.12: TRam of NaBH,.2H,0O from room temperature to 400°C

For comparison, the decomposition of NaBH, in the TG experiment under synthetic air
becomes visible at lower temperatures (near 250°C). This could indicate that the reaction of
NaBH,4 with O, occurs at the surface and is dependent on the effective partial pressure of Oy
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which could be effectively lower in the TRam under open conditions shifting, thus, the
reaction to higher temperatures. The difference may also be related to the sodium metaborate
by-product. The detailed investigations of sodium metaborate compounds in chapter 6
indicate that the crystallization of NasB3Os requires temperatures above 300°C. For
temperatures between 200 and 300°C, the TIR spectra of the metaborates show broad IR
bands indicating a poor crystallinity. Therefore, the reaction of NaBH, with O, between 200
and 300°C may yield NaBO; or other intermediate with very poor crystallinity difficult to be

seen in the Raman spectra which are taken on a limited illuminated spot of the sample.

Further TRam experiments on the thermal behavior of NaBH, were performed under
N, and N, flowing loaded with water vapor to check the role of H,O in the decomposition
reaction of NaBH,. Results are shown in Figure 3.13. The formation of NazB3;Og was seen
even under inert Ny inert flowing. NazB3;O¢ peaks are detected at 375°C, similarly to TRam
under air. This indicates that the reaction of NaBH, occurs with traces of H,O and/or O, of
the atmosphere. An increased reaction is observed at 350°C under N, loaded with water
vapor. Thus, H,O() plays an important role in the oxidation of NaBH,4 to NasB3Os above
350°C and have a minor role below 300°C since H,O loaded in N, flowing decomposes
NaBH.) at temperatures above 350°C. Therefore, it can be concluded that the third step of
the oxidation of NaBH, to NazB3;Og observed above 300°C in the TG experiments under

synthetic air includes a reaction of NaBH, with H,O releasing H; (reaction 3.23).
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Figure 3.13: TRam of NaBH, powder under (a) inert N, flowing and (b) N, loaded with water for
temperatures above 300°C. Asterisks denote the Raman peaks assigned to Na;B;0e.

In order to check H, release, nitrate reduction method was conducted on a mixture of

NaBH,4:NaNO; (50:50 wt%) pressed into pellet for a full homogeneity. TRam spectra were

collected on a spot containing NaBH,; and NaNOs together (results not shown). The sample
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reveals a thermal stability up to 300°C, where an abrupt explosion occurred and prevented the
completion of the experiment. The detonation could be interpreted by the use of a relatively
high amount of the oxidizing nitrate agent in addition to a probable release of Hyg) near
300°C.

3.2.4 Temperature dependent Infrared (TIR) analyses

TIR spectra of NaBH, using KBr matrix from room temperature to 400°C are shown
in Figure 3.14. The room temperature IR spectrum shows peaks at 1125 cm™ (v4), 2223 cm™
(2v4), 2291 cm™ (v3) and 2387 cm™ (vo+v,). These are close to those reported for BH,™ anion
in solid solution in KBr halide where BH,4~ substitute Br™ anions [91, 92]. Additionally, the IR
spectrum shows weak bands at about 940 and 1350 cm™ which can be assigned to borates by-
products due to a possible reaction of NaBH, with H,O adsorbed from atmosphere during the
pellet preparation. The pellet also contains traces of CO3*~ and H,0 as can be concluded from
the weak bands at 1435 and 3300-3600 cm™, respectively.

Above 300°C, new peak structures appear indicating some destruction products. These
are resolved in the IR spectrum cooled down from 400°C into three doublets peaked at 708,
726 cm™, 1240, 1265 cm™ and 1438, 1460 cm™ respectively, in addition to a single weak but
sharp peak at 959 cm™ that can be assigned to NazB3Os [91].

The formation of NazB3Og rather than K3;B3;0g confirms that the reaction does not take
place in the KBr matrix, and it involves NaBH, crystal rather than BH,4 in solid solution in
KBr. It has been reported that the IR frequencies of B3Os® anions depend on the cation
element [91]. If the reaction involved BH,™ in solid solution in KBr, the resulting by-product
would be K3B30s. This can be therefore ruled out. For comparison, NaBH, pellets using other
halide matrices KCI and NaCl, and KBH, diluted in KBr were heated to 450°C, too. IR
spectra are recorded after cooling down the pellets to room temperature. Results are shown in
Figure 3.15 in comparison with the IR spectrum of NaBH./KBr thermally treated in the same

way.
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Figure 3.14: TIR of NaBH,/KBr from room temperature to 400°C (at the left side). At the right
side, the corresponding spectra are zoomed in the spectral range between 1200 and 1700 cm™.
Asterisks are used to follow the intermediary peak at 1575 cm™. (RT: room temperature).

The IR peak maxima of BH,4™ (for e.g. for v,) after the different thermal treatments are not the
same and are found to be similar to reported values for BH, in solid solution in the halide
matrix in use [91, 92]. These frequencies are governed by the halide matrix independently of
the borohydride salt used. Indeed, NaBH./KBr and KBH4/KBr pellets after the thermal
treatment reveal the same frequencies for BH4~ group which are related to the solid solution of
BH,4 in KBr. The solid solution of BH,™ in different Na, K and Rb-halides are discussed in
details in chapter 5. All pellets give evidence to the formation of the metaborate B;Og>" ring.

The obtained frequencies are given in Table 3.2.
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Figure 3.15: IR spectra NaBH,/NaCl, NaBH4/KCl and KBH4/KBr pellets after thermal
treatment to 450°C in comparison with of NaBH,/KBr. Spectral region of B;O¢*~ (650-800 cm™)
and BH,~ (1000-1200 cm™) are shown. Dashed vertical lines are used to show the peak positions

of BsOs™".

The IR frequencies of Na3B3;0s and K3B30g salts are also given. These are the average of the
IR frequencies reported in ref. [91] for BsOs® in NaX and KX halides (X = Cl, Br and 1),
respectively. For NaBH, pellets, the IR frequencies of B3Og®™ are similar and close to those
reported for NazB30s. For KBH4/KBr pellet, the IR frequencies of B3O¢ ™ are different and
related to K3B3Os. Therefore, it can be said that the metaborate by-product is related to the
borohydride salt used rather than the solid solution of BH; in the halide matrix. As a
consequence, during the pellet preparation of NaBH, in KBr a large amount of BH,~ forms
solid solution in KBr. Only a minor amount of NaBH, remains unaffected by KBr and
undergoes the reaction to NazB3;Og above 300°C. The BH,™ anion in solid solution is stabilized

in the matrix and decomposes at much higher temperature.
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Table 3.2: IR peak positions of B;Os and BH,™ after the thermal treatment of NaBH,/KBr,
NaBH4/KCI, NaBH,/NaCl and KBH4/KBr pellets in comparison with literature values of
Na;B3;0¢ and K;B;04

B3Os™ BH,"
Ring out-of- Ring stretching Ring stretching \7
plane bend v;; A2 Vg
NaBH,/KBr 712; 729 1240; 1265 1438; 1463 1127
NaBH4/KCI 711; 728 1238; 1264 1440; 1463 1144
NaBH,/NaCl 710; 726 1241; 1266 1437; 1468 1165
KBH/KBr 718; 735 1228; 1253 1405; 1441 1127
NasB3;06[91] 707; 722 1240; 1263 1436; 1464 --
K3B3Og [91] 717; 734 1226; 1250 1405; 1440 --

The oxidation of NaBH, to NazB3;0g above 300°C can be interpreted by the presence
of H,O and/or O, contaminations in the evacuated cell, similar to the case of TRam results
under inert N, flowing. Detailed visualization of the TIR of NaBH, in KBr (Figure 3.14)
reveals the presence of a weak but significant peak at 1575 cm™ between 200 and 300°C
which could be tentatively described by a stretching mode involving a boron atom B sp?
hybridized vibrating with an oxygen atom [90, 93]. This peak vanishes above 320°C,
concurrently with the formation of Na3;B3;O¢ (this may be confused with the weak peak of
NasB30s at about 1570 cm™ which appears near 380°C). Therefore, it can be referred to an
intermediate or transient species which polymerizes above 300°C to Na3B3Og. Other plausible
descriptions could not be excluded. Compounds containing boron double bonded to oxygen
are generally not stable [94] due to the oxophilicity of the boron atom which favors the B-O-B
linkage with ease compared to the B=O double bond [95]. Pietsch et al. [96] suggested
O=B(OH),” as isolated species in the sodalite cages during the thermal dehydration of
B(OH), -sodalite to BO, -sodalite. The corresponding asymmetric stretching of the threefold
coordinated B atom to O was reported between 1400 and 1500 cm™.

The evolution of Na3zB3;0¢ at 400°C was followed in function of time (IR spectra not
shown). Integral intensities for Na;B3;Og peak between 677 and 775 cm™ and NaBH, between
2065 and 2700 cm™ (corresponding to 2vs, vs and vo+vs) were calculated and plotted against
the holding time at 400°C (Figure 3.16).
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Figure 3.16: Time dependence of the integrated intensities (Int. 1) at 400°C of (a) Nas;B;Og (677-
775 cm™) and (b) NaBH, (2065-2700 cm™). Red lines are the regressions using a logarithmic
function of the form y =y, + aln(x-xo).

The variation of the integrated intensities in function of time can be described by a
logarithmic function representing an increase for NazB3;Og and a decrease for NaBH,. This
confirms the oxidation reaction of NaBH, to Na3B3;Og and indicates that the reaction proceeds
rapidly in the first few minutes and then decelerates.

The oxidation of NaBH, to NasB3;0g is accompanied by H; release, as showed in the
TIR experiment of NaBH, in KBr conducted in presence of nitrate tracer (NaNO3) (Figure
3.17). Additional IR bands at room temperature at 836 cm™ (v,), 1380 cm™ (vs, broad),
1447 cm™ (2v4, shoulder) and 1789 cm™ (vi+v,) are for NaNO; [40]. The TIR spectrum taken
after cooling down the pellet from 300°C shows a weak peak at 1270 cm™ which corresponds
to v3(NO,/KBr) [34, 39]. The nitrite contribution in the TIR spectrum taken after the thermal
treatment to 420°C appears superimposed to the doublet of NazB3Og and is highly increased
along with the oxidation reaction of NaBH,4~ to Na3B30s.
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Figure 3.17: TIR spectra of NaBH4#/KBr in presence of NaNO; tracer

The IR spectrum cooled down from 420°C shows a slight decomposition of the cyclic
B3O¢ to the linear BO,™ molecule as can be concluded from the pair of weak but sharp peaks
about 2000 cm™. Additional weak peaks are observed at 2170, 1630 and 2426 cm™. The peak
at 2170 cm™ is for NCO™ impurities in KBr and this at 2426 cm™ is related to N-based
compounds originating from the thermal decomposition of the nitrate (see Chapter 2). The IR

peak at 1630 cm™ corresponds to the formate ion HCO,™ in solid solution in KBr [97, 98, 99,
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100]. Its formation can be interpreted by the reaction of BH,~ with CO, contaminations. Grice
et al. [72] reported a hydride transfer from BH,™ to CO, in aqueous solution and this occurs in

competition with the hydrolysis reactions of NaBH, with H,O releasing Hy(g).

The NaBH4/KBr pellets were generally much darker after being heated to
temperatures between 400 and 500°C. This was referred to the presence of carbon in the
thermally treated pellets. Its formation can be explained by the reduction of contaminations of
CO; by NaBH, [101]. Likewise, the decomposition of HCO;™ near 500°C can also make the
pellet appear dark. It has been reported that HCO,™ diluted in KBr decomposes to COs>, CO

and H,. The disproportionation reaction of CO produces CO; and carbon [97].

The H, release reaction was followed using the variation of the integral intensities of
v2(NO3") in function of temperature. Results are depicted in Figure 3.18 and are compared to
a reference pellet constituted of only NaNOg3 diluted in KBr. The variation of the integral
intensities of NasB30g (677-775 cm™) and NaBH, (2065-2700 cm™) in presence of NaNOs;
tracer are also shown and are compared to the integral intensities of Na3B3;Og and NaBH, for
the pellet without NaNOj tracer. A decrease of the integral intensity may originate, in some
cases, from a broadening of the IR peak at high temperatures (for e.g. for BH; and NOg3")
since the integration limits for a given species were maintained the same overall the
integrations. Therefore, integrated intensities of the TIR spectra after cooling down from a
given temperature to room temperature (T => 25°C) were also considered.

The formation of NagB3Os becomes significant above 300°C. This is accompanied
simultaneously by a gradual decrease of the integral intensities of BH,™ at high temperatures.
A remarkable decrease of the integral intensities of BH, is observed at relatively lower
temperature (100-200°C), which cannot be related to any chemical reactions since the TIR
spectra in this temperature range do not show additional IR decomposition bands. Therefore,
this can be referred to structural changes within the borohydride as a re-crystallization in the

KBr matrix.
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Figure 3.18: Temperature dependence of the integrated intensities of (a) NaBH, and (b) NazB;Os
for TIR of NaBH4/KBr pellets with and without NaNOj tracer. (¢) Integral intensities of v, of
NaNO; tracer used in NaBH,/KBr pellet compared to a reference NaNOy/KBr pellet. Integrated
intensities are calculated for the TIR spectra during the heating up run (left) and at 25°C when
cooled down from T as denoted (T=>25°C) at the right side. Lines are only guide for eyes.

The oxidation of NaBH; to NazB3Og above 300°C produces strong decrease of
v2(NO3") confirming H; release. The percent of NaBH, decomposition in KBr, calculated

from the decrease of the integral intensities of BH;~ bands above 200°C, is about 23 % at
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420°C after 20 min for the pellet containing NaNOs tracer and 7 % at 400°C after 30 min for
the pellet without NaNOg tracer. Theoretically, conversions of 8.9 wt% and 4.5 wt% of
NaBH,, calculated according to the reaction (3.21) and the reaction (3.23), respectively, are
enough to reduce the total amount of NaNO3 used in the pellet. Therefore, a significant

amount of H; is evacuated and goes out of the pellet without reducing NOs".

The TIR experiment performed in presence of NaNO; tracer shows an increased
conversion of NaBH, to NazB3;Os compared to TIR without NaNOs tracer. This is explained
by the reduction reaction of nitrate to nitrite which supplies “internal” water vapor to the

system according to NO3™ + H; => NO,™ + H;0.

An interesting observation is that, between 250 and 300°C, v,(NO3") of NaNOj tracer
decreases without a significant decrease of BH, or increase of Na3B3;Og integral intensities.
In this same temperature range the weak IR band at 1575 cm™ is also observed (Figure 3.14).
This indicates hydrogen release without significant consumption of NaBH,4. Urgnani et al.
[21] reported a small but significant H, release near 250°C during the thermal desorption of
NaBH, under vacuum (Figure 3.7).

The origin of H, release between 200 and 300°C was further investigated using
NaBH4/KBr pellets with and without nitrate tracer (KNO3). The pellets were heated under N,
atmosphere loaded with water vapor to 250°C for 15 min and to 270°C for 30 min,
respectively. IR spectra recorded before and after the thermal treatment are shown in Figure
3.19.

The room temperature IR spectra reveal the presence of NaBr.2H,0 indicated by the
H,O bending modes at 1618 and 1638 cm™ and the OH stretching modes at 3236, 3412, 3473
and 3551 cm™ [102]. The IR bands related to the nitrate ion are observed at 836 cm™ (vy),
1380 cm™ (broad, vs), 1447 cm™ (shoulder, 2v,) and 1789 cm™ (vi+vs). These correspond to
NaNOs; rather than KNO3 [31, 40] and suggest an ionic exchange K*/Na® during the pellet
preparation. The IR spectrum cooled down from 250°C reveals the presence of two
components for the combination mode vi+v, peaked respectively at 1788 and 1768 cm™, in
addition v3(NOs”) mode at 1384 cm™ is strongly sharpened. These variations indicate that

most of NO3™ anions did go in the KBr matrix.
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Figure 3.19: IR spectra of NaBH,/KBr pellets before and after the isotherms (a) at 250°C for 15
min and (b) at 270°C for 30 min under N, atmosphere loaded with water vapor. Experiments
were performed on pellets without and with KNOj tracer. At the right side, the graphs are

zoomed between 650 and 1700 cm™.

The pellets without nitrate tracer do not reveal any decomposition of NaBH, to

metaborate after the thermal treatment. This is in agreement with TG analyses and TRam
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experiment under N, flowing loaded with water vapor suggesting that H,Og do not
decompose NaBH, to NaBO; for temperatures below 300°C and could furthermore suppress
the decomposition of NaBH, with O, between 200 and 300°C. Loading the atmosphere with
H,O did not increase the band at 1575 cm™ indicating that this peak is a metastable species

which polymerizes readily to NazB3Os.

The above observations could imply new reaction path for H, release using NaBH,
between 200 and 300°C. One approach, NaBH, could exhibit a poorly catalytic effect for the
thermal production of hydrogen from water. In this case, the weak IR band at 1575 cm™ could
indicate a transition state on the NaBH, surface in the reaction with water. O, released from
water could adsorb on NaBH, and reacts further with NaBH,4 to Na3;B3;O¢ (reaction 3.21 and
3.22). Other reaction schemes could not be excluded.

The IR spectra after the thermal treatment in the presence of nitrate tracer show the
nitrite peak at 1270 cm™ confirming H, release. The IR spectra indicate slight decomposition
to NasB30s, too. This could indicate that the nitrate reduction to nitrite (NO3~ + H, => NO,™ +
H,0) releases water in an “activated form” different from molecular H,O of the atmosphere
which is able to oxidize NaBH, to NazB3Os at such temperatures. Furthermore, water
provided by the reduction reaction of nitrate may increase the effective water partial pressure
at NaBH, surface in comparison with H,Og of the atmosphere promoting thus the
decomposition of NaBH,4 with H,O to NaBO,.



4.1 State of the Art

4. H, release from Ammonia Borane NH;BH; and
NH;BH3-Geopolymer (NH;BH3-G)

4.1 State of the Art

4.1.1 Synthesis and structure

The room temperature structure of NH3;BH3 has been described within the space group
l4mm with the cell parameters a = b = 5.2630 A and ¢ = 5.0504 A [103, 104]. The BH3NH;
molecules are located at the vertices and body-center of the unit cell and have their B-N bond
oriented parallel to the four-fold c-axis. Boron and nitrogen atoms carry opposite formal
charges and are distanced by 1.597 A according to the single crystal X-ray studies on
NH3BH; [104]. The structure exhibits halos of hydrogen atom occupancy around N and B
atoms. Hydrogen disorder in tetragonal BH3NHj3 arises from either rotations of higher than
three-fold order or from random orientations of hydrogen-containing groups (Figure 4.1a).

An order-disorder phase transition occurs at -48°C [105]. The low temperature phase
is orthorhombic with the space group Pmn2; and the cell parameters a = 5.541 A, b = 4.705 A
and ¢ = 5.0237 A [104, 106]. The structure of NHsBH3; molecule is preserved in both phases.

A highly polarized dative bond is formed between the lone pair of electrons of
nitrogen atom and the empty 2p orbital of boron atom as shown in Figure 4.1b. This results
in a stabilization of NH3BH3 at ambient conditions compared to the isoelectronic molecule of
ethane H3C-CH3 which melts at -181°C [107].

NH3;BH; salt contains dihydrogen bonding between the protonic hydrogen on N
(N-H®") and the hydridic hydrogen on B (B-H®?), with 2.02 A being the shortest H...H
distance in the orthorhombic structure [106] and 1.91 A in the tetragonal structure [104]. The
N-H bond has a more covalent character, whereas the B-H bond is more ionic [108].



74 4. H2 release from Ammonia Borane NH3BH3 and NH3BH3-Geopolymer (NH3BH3-G)

(@)

(b)

=

H H H H H

H - H""‘“.B - N

H H H H H H

Figure 4.1: (a) Room temperature structure of NH;BHs showing the rotational disorder of
hydrogen atoms (white) around each B (pink) and N (purple) atoms (the figure is taken from ref.
[104]). (b) The chemical bond between B (blue) and nitrogen N (red) atoms in NH;BHs.

Several synthetic routes of NH3BH3; were developed all based on chemical reactions

between borohydride and ammonium salts. Some examples are reported in reactions (4.1) to
(4.4).

THF
2NaBH, + (NH,);S0. ——> INH;BH; + Na;S0, + 2H, [109] 4.1)
[(NH3)zBH2][BH4] + NH4,Cl ——> NH3BH;3 + [(NHg)zBHg]Cl + H, [110] (42)

diethyl ether

LiBH, + NH,CI ——> NH;3BHs + LiCl +H, [111] (4.3)
diethyl ether

2LiBH,4 +(NH,),S0, 2NH3BHs3 + Li;SO4 +2H; [111] (4.4)

—_—>
diethyl ether
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4.1.2 H, release from NH;BH;

Hydrogen can be released from NH3BHj; either by hydrolysis or by thermal
dehydrogenation (thermolysis).

NH3BHj3 is highly stable in water under inert atmosphere [112] unlike NaBH4 which
undergoes a self-hydrolysis reaction in aqueous solution. Aqueous solution of NH3BH;

hydrolyses slowly under air due to the catalytic effect of carbon dioxide [113].

The hydrolysis of NH3BH3 is an acid [113] or metal catalyzed reaction [112] and
could be presented stoichiometrically according to reaction (4.5) [114].

NHgBHg(aq) + 2H20(|) => NH4+(aq) + BOZ-(aq) + 3H2(g) AH= -156 k.].mol'l (4.5)

The theoretical hydrogen storage capacity of NH3BH3-H,O system is 15 wt%. The
system loses unrecoverable hydrogen in the form of NH,". In practical system, the storage
capacity of an aqueous solution of NH3BH3 does not exceed 4.9 wt% by reason of its low
solubility (33.6 gn3eH3)/100g(H20) [11]). For comparison, the aqueous solubility of NaBH,
(55 g(naBH4)/1009g(H20) [11]) implies an aqueous storage capacity of 7.5 wt%.

Studies of the acid catalyzed hydrolysis of NH3BH3 suggested two mechanisms for H,
release [115] (Figure 4.2). In scheme a, the rate determining step involves a proton transfer
from HCI to the borohydride group in NH3;BH3 resulting in the formation of a five-
coordinated boron species. A similar penta-coordinated boron intermediate species has been
reported for NaBH, (chapter 3, section 3.1.2). Analyses of isotope effects and reaction rates
suggested a favorable protonation of the nitrogen atom (scheme b). In this model, an activated
complex involving both the entering group (H™) and the leaving group (BHs) is proposed. In a

next step, Hz is released via rapid hydrolysis of the highly reactive BH3 solvated species.
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Scheme (a)
H _1
/
NH:BH: + HCl— |H:N— Bk---H +CI”
o
Hl H
T‘:H_:-BHg_l +H:
fastl +3H0
NH.-+ H:BO; + 2 H;
Scheme (b)
H..Cl|#
) sl - .
NH:BH: + VHWQL—p H:N —_— NH. Cl'_BH_:{m.
-, fast | +3H:0
EBEH;

H:BO; + 3H;

Figure 4.2: The mechanisms proposed for the acid catalyzed H, release of NH;BH; according to
ref. [115]. Scheme (a): protonation of the borohydride group. Scheme (b): protonation of the
amino group.

The dehydrocoupling of NH3BHj3 catalyzed by a strong Lewis acid or Brgnsted acids
(B(CgFs)3, HOSO,CF3, HCI) at 60°C in glyme, diglyme or tetraglyme involves a hydride
subtraction generating the boronium cation NH3BH," which could be obtained according to
scheme a. NH3BH," reacts with NH3;BHj; to liberate H,. These reactions set between 0.6 and
1.2 equivalents H, free [116].

The thermal decomposition route can achieve a higher extent of H; than the hydrolysis
process. Nevertheless, from a chemical point of view it is a harsh process since hydrogen
release is accompanied with foaming and voluminous swelling of the material. Additive
reagents as methyl cellulose and others have a foam suppression effect on the bulk material
[117].

Hydrogen release is facilitated by the presence of hydridic B-H®? and protic N-H®"
hydrogen [8]. NH3BH3 melts with decomposition at 110-114°C [107]. Two thermolysis steps
were reported at about 110 and 150°C for the release of the first and the second mol Hy,

respectively [8, 11]. The third mol H; is desorbed at much higher temperature, above 1100°C
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[118]. *'B magic angle spinning-nuclear magnetic resonance (*“BMAS-NMR) [119, 120] and
vibrational spectroscopic studies [118, 121] confirmed the formation of poly-aminoborane
(PAB) (-NH,-BHz-), in the solid phase of the first decomposition step. The solid residue of
the second decomposition step is formed in a broad range of temperature and is assigned to
poly-iminoborane (PIB) (-NH=BH-), structures which are characterized by n-bonded B and N
atoms [118, 122]. The consumption of all hydrogen atoms yields hexagonal boron nitride as
evidenced by ATR-FTIR spectroscopy [118]. The nature of PAB and PIB polymers is
complex and is not well-defined since H, could be released via different routes involving
linear as well as cyclic structures [108]. PAB compounds may include a diversity of linear,
branched and cyclic compounds. Likewise, PIB may have undefined amounts of cross-linking
and branching [4]. Figure 4.3 shows some examples of PAB and PIB compounds.

Amino borane (H;NBH;), products Imine borane (HNBH), products _
' HB—NH
_— ! HN  B—%
| i e < B=N
H, Hy , Ha | H | Mo
_B.. NCHzN® T LT B NH B-N, B-NH
HaN"""NHy  HzB™ B BHy BE- B. B P HNTTENH E 5 El HN  B-N B—
HpBo BHy  HaN. o N NH; H-_, Hz ol HB. - BH H H N B=NH HB=NH
H, A, 2, HBHE BH| | HN=N
b | ! N —MN, BH
: HE-N
! 5
Cyclotriborazane Cyclopentaborazane  Polyamincborane | Borazine  Polyiminoborane (PIB) — —n
(CTB) (PAR) : Paolyborazylene

Figure 4.3: Chemical structure of some possible products of the thermal decomposition of
NH3;BHj; (the figure is taken from ref. [8]).

The release of the first and second mol H, overlap at high heating rates but could be
separated at very slow heating rates (0.05°C/min) or at stepwise rising temperatures [121,
123]. Wolf et al. [123] reported the release of the first mol H; after heating NH3BH3; at 90°C
for 6 h.

Baitalow et al. [121] showed a constant hydrogen release of NH;BH3; between room
temperature and 220°C and variable mass losses which increase with increasing the heating
rate. Simultaneous TG/FTIR measurements [121, 123] and TG/MS analyses [121]
demonstrated the presence of monomeric aminoborane HoN=BH,), borazine B3zN3Hgg and
traces of diborane B,Hgg) in the evolved gas phase (Figure 4.4). The release of B, N-
containing gases becomes more significant at temperatures above 140°C. Zhu et al. [124]

suggested that the gas phase may also contain traces of ammonia NHsg).
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Figure 4.4: Temperature dependence of the ion intensity assigned to hydrogen (...), H;N=BH,,
(= —-) and B3N3Hg( (—) from two different runs at 5°C/min (the figure is taken from ref. [121]).

Stowe et al. [120] proposed a mechanistic model for the first decomposition step of
NH3BH; at 88°C based on 'B MAS-NMR studies. It consists of three principal steps: (i) an
induction period leading to a mobile phase denoted NH3BH3*, (ii) nucleation and formation
of the diammoniate of diborane (DADB) [(H3N).BH.][BH.] and (iii) growth releasing H,
through a reaction between DADB and NH3BH3; (Figure 4.5).

Induction: Disruption of dihydrogen bonding Nucleation: Formation of DADB
NH;
BHz  _.H. BH; BH;—_\
NHy~ H  NH; — | NHy (H NHy ~—= BH. BH,4
2AB H;B NH3
AB* DADB
NHa/BHszHZ/BHs dimer

Growth: Reaction of DADB with AB
BH» BH;

- - -
NHa”BHR“NHs NH; THz Growth NH; r]qu Growth
BH,4 ; : BH, PHZ ,_/ : BH, /BHz
i DADB + AB Ha HsN +AB Ha HN 4 aB Hy
H;

HzN—BH -
2| ? ? cyclic dimer H3N
H2B—NH;

Figure 4.5: Mechanism of the release of the first mol H, of NH3;BH; at T=88°C. AB denotes
ammonia borane NH3;BHj; (the figure is taken from ref. [120]).

The thermal decomposition of NH4BH, at 50°C yields DADB. The decomposition
goes through the formation of NH3BH3 according to reactions (4.6) and (4.7) [10]. This
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finding could be considered as an evidence of the formation of DADB intermediate from the

thermal decomposition of NH;BHs.

NHsBH4 => NH3BH3 + H, (rate limiting step) (4.6)
NH;BH; + NH3;BH; => DADB +H, 4.7)

DADB is nowadays accepted as a borohydride salt [(HsN),BH2]" [BH4]™ [110, 125]
after an ambiguity with [NH,]'[(BHs),NH,] [126] and [NHs]"BH,NH,[BH4]™ [127]. The
crystal structure of DADB can be described within the space group 14/mcm. Each BHj4
tetrahedron is disordered between two orientations related by 90° rotation, as in the room
temperature structure of NaBH,. There are two crystallographic distinct sites of BH,~ which
coordinate differently with neighboring (NH3),BH," ions [128]. DADB undergoes solid-phase
decomposition without melting and free of foaming with no appreciable induction period
unlike NH3BH3 which has a long induction period for more than 10 h [128, 129].

Several strategies have been developed to improve the thermal dehydrogenation of
NH3BH3;. For example, heating NH3BHj3 in an ionic liquid as 1-butyl-3-methylimidazolium
eliminates completely the induction period and enhances the rate and the extent of H; release
[130, 131]. The pre-heating of NH3BH3 at 80°C for 2-4 h [132] or the use of chemical
additives as DADB or ammonium chloride (NH4CI) reduce significantly the induction period.
NaBH, additive has no significant role [133]. Catalytic activities using strong Lewis and
Bransted acids [116], basics [134, 135] and metal catalysts [136, 137, 138, 139] have been
also widely investigated.

4.1.3 Confinement of NH;BH; in porous scaffolds

One approach for a better handling of NH3BHj3 consists of its incorporation in a porous
framework. Confining NH3BHj3 into a mesoporous graphitic carbon nitride (MGCN) improves
the hydrogen release reaction afforded by the basic catalytic sites of the MGCN [140].
Mesoporous silica SBA-15 loaded with NH3BH3 lowers the activation barrier of H; release
due to the catalysis activity of SiO-H groups within the silica scaffold [141]. Another example
is the infiltration of NH3BHj5 in silica hollow nanospheres SHNS, where new interactions of
the type SiO-H...H-B result in a remarkable decrease of the onset temperature of H, release
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(70°C) [142]. Metal-organic framework MOF embedded with NH3BH3 offers also a relatively
low operational temperature and a suppression of unwanted gas particularly NH3 [124].

One approach for a better handling of hydridic materials consists of the re-
crystallization of the salt in a geoplymer type matrix. Geopolymers are “inorganic polymers”
possessing a mostly amorphous to semi-crystalline three-dimensional aluminosilicate
framework. SiO4 and AlO, tetrahedra are linked by oxygen bridges via sialate (Si-O-Al)
and/or siloxo (Si-O-Si) bonding. Negative charges on tetrahedral sites are generally
compensated with alkali cations (typically Na* and /or K"). The structure is generally
expressed by M;[-(SiO2)~Al,O3]n.wH,O where M is the alkaline cation, n is the degree of
polycondensation, z is 1, 2, 3 or more and w is binding water [143]. Geopolymer technology
is intended for sustainable concrete industry and green buildings. The geopolymer exhibits
comparable performance to traditional concrete with a much smaller CO, footprint with the
main advantage of consumption of industrial wastes that are produced in every country
including mining, metallurgical, municipal, construction and demolition [27, 144]. NaBH,4
[24, 25, 38] and NH3BHj3 [26] have been readily confined in geopolymer host matrices. The
NaBH,-geopolymer composite can be optimized releasing up to 80 % of the amount obtained
for pure NaBH, [25]. In this thesis, preliminary results of the NH3BH3-geopolymer composite
including its stability and dehydrogenation mechanism are presented and compared when
necessary to NH3BH3; and NaBH, salts.

4.2 Results and discussion

4.2.1 Characterization of NH;BH; and NH;BH3-G by XRD,
SEM/EDX and IR

The synthesis of NH3BH3-G is described in details in chapter 2. Two syntheses
batches were made. The corresponding obtained products are denoted NH3;BH3-G1 and
NH3BH3-G2, respectively. For NH3;BH3;-G2, NH3;BHs-aluminate and NH3;BHs-silicate

solutions were longer stirred.

XRD

The XRD patterns of NH3BH3-G1 and NH3BH3-G2 are shown in Figure 4.6. All main
reflections of NHsBH3; are also seen for NH3;BH3-G. For both NH;BH3-G1 and NH3BH3-G2,
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some additional reflections of low intensities are observed. For NH3BH3-G1, the additional
peaks are assigned to minor amounts of the sodalite phase [26]. For NH3BHs-G2, the
additional reflexes could be related to some decomposition of NH3;BH3 due probably to the

longer stirring time of NH3;BHs-silicate and NH3;BHs-aluminate solutions during the

synthesis.
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Figure 4.6: X-ray powder diffractograms of NH3;BH3-G1 (green) and NH3;BH;-G2 (blue). X-ray
pattern of NHsBH; is also shown for comparison. Inset graph is zoomed for the two main
indexes between 23 and 25°20. S denotes the peaks indexed to sodalite phase. Circles indicate the
peaks due to the sample holder. (Bruker D8, 5-90°20, step width of 0.01°20 and 12 s/step).

The broad bump between 20 and 40°26 centered about 30-32°20 is attributed to the
geopolymer formed by the condensation of siloxo (Si-O-Si) and sialate (Si-O-Al) units by
mixing the aluminate and silicate solutions [25].

The as-received NH3BH3 exhibits asymmetric peaks whereas for NH3BH3-G the
distribution tends to more symmetrical profile as shown in the inset of Figure 4.6. This
indicates that the morphology of NH3BHj; crystals is improved upon its re-crystallization
within the geopolymer.
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SEM/EDX

Typical SEM pictures of NH3BH3; and NH3BH3-G using a magnification of 4000 and
10000, respectively, are displayed in Figure 4.7.

30kV X130 100pm 30kV  X4,000 5um

Figure 4.7: SEM pictures of NH3;BH; (left side) and NH3;BH;-G1 (right side)

NH3BHs; crystals appear as birefringent elongated laths. The higher magnification was
necessary for NH;BH3-G sample since the typical particle size was much finer distributed
compared to those of the as-received NH3BH3; sample. This could be related to the dissolution
and re-crystallization processes. For NH3BH3, only B and N were obtained by EDX analysis,
whereas for NH3BH3-G very strong signals for Si, Al, and Na were seen compared to some
weak identifications of B and N. This shows that NH3BHj3 crystals are well covered by the

geopolymer.

IR and Raman

IR and Raman spectra of the as-received NH3BH3 are shown in Figure 4.8. The
vibrational spectrum of the room temperature tetragonal phase of NH3BH3 can be understood
based on the symmetry of the free molecule. Isolated NH3;BH3; molecule has Cs, symmetry.
The irreducible representation is 5A;+A,+6E and corresponds to 18 degrees of freedom.
Twelve of these are unique vibrational frequencies and 11 are both Raman and IR active [145,
146].
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Figure 4.8: IR and Raman spectra of as-received NH3;BH;. Squares denote unassigned bands (see
text for more clarifications).

The IR and Raman spectra of NH3BH; could be divided into five regions: the lattice
region at 50-600 cm™ (not considered in this thesis), the B-N stretching, BHs/NHs
deformations and NBH rocking region at 700-1650 cm™, the B-H stretching region at 2100-
2600 cm™ and the N-H stretching region at 3000-3500 cm™. Similar descriptions can be made

for the IR and Raman peaks at similar frequencies.

The IR and Raman fundamentals are summarized in (Table 4.1). The obtained results

are in good agreement with previous works [147, 148, 149, 150].

83
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Table 4.1: IR and Raman fundamentals of NH;BH;

IR (cm™) Raman (cm™) Assignment

3318 3315 N-H asym stretch N-H (v-)
3250 3253 N-H sym stretch N-H (v4)
2377 B-H asym stretch B-H (vs)
2332
2280 2282 B-H sym stretch B-H (v»)
1605 1598 NH; deformation (vg)
1378 1379 NH; deformation (v3)

1178, 1162 1185, 1165 BH; deformation (v1g, V4)
1064 1065 NBH rocking (v11)
798 797 19B-N stretch (vs')
782 783 DB-N stretch (vs)
727 728 NBH rocking (v1,)

The vibrational spectra show unassigned bands (indicated on Figure 4.8 using square
symbols) that could be interpreted as overtones and/or combination modes. For example in
the Raman spectrum, Allis et al. [151] assigned the peak at 1450 cm™ to the overtone (2vi2) of
the low frequency rocking mode. The peak at 3176 cm™ could be explained as the result of
Fermi resonance of the overtone of the NH3 deformation mode at 1600 cm™ (vg) and the N-H
symmetric stretching fundamental [146]. These two peaks are also observed in the IR
spectrum, which shows more many unassigned peaks as those at 2751 and 2116 cm™ which
may be assigned to 2vs and 2vi;, respectively. The IR band at 1750 cm™ is likely a
combination of lattice and internal modes [147].

The main IR bands of NH3BH3; are also observed for NH3BH3-G (Figure 4.9). An
additional broad band centered at 980 cm™ is related to the formation of Si-O-Al groups
characteristic of the geopolymer [25]. The triplicate at 726, 703 and 666 cm™ and the two
peaks at 460 and 432 cm™ indicate the presence of a type sodalite phase in its earlier
crystallization stage due to the low intensities of these bands [38]. The peaks around 1450 and

878 cm™ are assigned to CO5>” which results from a reaction of CO, of the atmosphere and the
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alkaline solutions through the handling under atmospheric conditions. The large IR band
between 3500 and 3600 cm™ is related to the stretching vibration of OH groups. The
additional shoulders at 3615, 3558 and 3538 cm™ for NH3BH3-G2 are mainly due to the
partial destruction of NH3BH3; during the synthesis in agreement with XRD data.
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Figure 4.9: IR spectra of NH;BH;s-G1 (green) and NH3BH3-G2 (blue) in comparison with
NH3;BH; (black). S denotes the IR triplicate related to the sodalite phase.

4.2.2 Stability in neutral water

NH3;BH;3; and NH3BH3-G1 were dissolved in distilled water (50 mg sample in 1.2 ml
H,0). The obtained solutions were dried at 80°C under open conditions. After 20 h, white

powders were obtained and were characterized using IR spectroscopy (Figure 4.10).



86

4. H2 release from Ammonia Borane NH3BH3 and NH3BH3-Geopolymer (NH3BH3-G)

NH,BH,-G1+H,0

S
< NH,BH,-G
o
(S]
C
@©
2
S NH,BH,+H,0
o}
<
NH,BH,

500 1000 1500 2000 2500 3000 3500 4000

Wavenumber (cm™)

Figure 4.10: IR spectra of NH3BH; and NH3;BH3-G1 and the solid residues of their aqueous
solutions dried at 80°C under open conditions for 20 h

NH3BHjs is totally decomposed whereas NH3BH3-G remains stable. This indicates that
NH3;BH; molecules of NH3BH3-G composite are well covered and protected by the

geopolymer.
4.2.3 Total hydrogen release using HCI solution

The amount of NH3BH3; re-crystallized within the geopolymer during the synthesis was
evaluated considering the amount of H; released of NH3BH3-G in comparison with NH3BH;3
salt. Acid-catalyzed hydrogen release reaction (ACHR) of NH3;BH3; and NaBH, vyields total

decomposition with H; release according to reactions (4.8) and (4.9), respectively.

NHsBH; + HCI + 3H,0 => B(OH)3 + NH,CI + 3H, [8] (4.8)

NaBH4 + HCI + 3H,0 => B(OH); + 4H, + NaCl [63] (4.9)
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ACHR experiments were performed by adding diluted solutions of HCI (3 %) for
series of NH3BH3-G2, NH3BH3; and NaBH,4 samples using the glass apparatus described in
chapter 2. The results are shown in Figure 4.11. Regression analyses were used to predict the
volume of H; liberated per 100 mg of the sample V(H2)/(100 mg sample). Relative errors of
each single measurement and the total error of the predicted values of V(H,)/(100 mg sample)

are given in Table 4.2.
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Figure 4.11: (a) Experimental values of V(H,) released as a function of sample masses used for
NHs;BH;-G2 (squares) in comparison with NH3;BH; (triangles) and NaBH, (circles). Dashed lines
are the linear regressions. (b) Predicted values for V(H,)/(100 mg sample). Bars represent the
errors calculated as described in 2.2.5.

The regression analyses predicted 224 ml H, per 100 mg NH3BH3 and 237 ml H, per
100 mg NaBH,. These values are close to those expected theoretically according to reactions
(4.8) and (4.9), respectively. About 50 wt% hydrogen of NH3BH3 is loss in the form of NH,".
For NH3BH3-G2, the analyses reveal 52 ml H,/(100 mg sample). Considering the mass ratio
NH3BHa/solid of 0.47 used in the syntheses and the fact that three mol H, could be released of
the hydrolysis of 1 mol NH3sBH3 (reaction 4.8), the obtained value implies that 50 % of
NH3BH3 was effectively used for the hydrogen release reaction. For NH3;BH3-G samples with
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less destruction products (as NH3BH3-G1 sample), at least 60 % of NH3;BH; is available for

hydrogen release [26].

Table 4.2: ACHR of NH3;BH;-G2, NH3BH3; and NaBH,. Experimental single measurements and
predicted V(H,)/100 mg sample with the corresponding errors calculated as described in 2.2.5.

Mass V(HCI) V(Hy) (ml) relative error | V(H,)/(100mg | Absolute
(mg) (ml) (experimental) | (single sample) total
measurement) | (predicted) error (ml)
12 2 26 0.0385
NaBH, 22 2 46 0.0217 237 25
34 3 84 0.0119
12 3 39 0.0256
NH;BH; 24 4 56 0.0178 224 35
42 4 88 0.0114
14 5 9 0.1111
NH;BH;- 25 6 14 0.0714 52 4
G2 34 8 16 0.0625

The solutions after ACHR were dried at 80°C in open conditions for 20 h. The solid residues

were then characterized using IR spectroscopy. The main product was identified as boric acid
H3BOs. Results are shown for NH3BH3-G2 and NH3BH; samples in Figure 4.12. The
residuals of NH3BH3; and NH3BH3-G2 show indications of NH4CI as can be deduced from a

comparison with NH,4CI reference spectrum. The geopolymer framework is broken in acidic

medium. The mechanisms proposed for H, release of NH3BHj3 in acidic solution are described

in section 4.1.2 (page 76).
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Figure 4.12: IR of NH;BH;3-G2 and NH3BH; and the solid residues after ACHR. IR spectra of
NH,CI and H3BO; are overlaid for comparison.

4.2.4 Alkaline solutions of NH3;BH3; and NH;BH;-G

NH3BH3-G1 and NH3BHj3 dissolved in a solution of sodium hydroxide NaOH (50 mg
sample in 1.5 ml NaOH 1 M) reveal a total dissolution without any effervescence. The

filtrates were dried at 80°C under open conditions for 18 h. The solid residues were then

characterized using IR spectroscopy (Figure 4.13).
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Figure 4.13: IR spectra of NH;BH; and NH3;BH3-G1 and the solid residues after treatment with
NaOH solution (1M). Squares denote the IR peaks related to BH,™.

The main IR bands for NH3BH3; and NH3BH3-G coincide principally with those of
NaB(OH),. NaBH, is highly stable in NaOH solutions. It has been reported that NH3BH3 is
stable in weak basic solutions [152]. In a relative strong basis solution as pyridine (CsHsN,
pKb=8-9), NH3BHj3 is converted to CsHsNBH3 and NHs(g) [153]. This indicates an abstraction
of protonic hydrogen by the solvent. Accordingly, the formation of NaB(OH), could be
referred to the formation of BH3(OH)  and NHjg. BH3(OH) is a very short-lived
intermediate (see chapter 3, section 3.1.2) and could further reacts with NaOH to give

NaB(OH), and NaH. This is described in the scheme a of Figure 4.14.
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Scheme (a)
NH:BH: + NaQH — NaBH:(OH) + NHsg,
+3NaOH
NaB(OH): + 3NaH

2cheme (b)

NH:BH: + NaQll ——— BH:NH:” Na™+ H:O
BH:NH:;” Na™ + NH:EH:——— H:ENH:BEH:NH:;" Na™ + H:
BH:NH:"Na~ — 5 (BH:NH:)+ NaH

NH:BEH: + NaH —— NaBH: + NH:

Figure 4.14: Possible decomposition pathways for the decomposition of NH;BH; in NaOH
solutions

Further inspections of Figure 4.13 show weak peaks at 1120, 2225 and 2289 cm™,
which can be assigned to BH, groups. The formation of BH, could be referred to the
reaction of NH3;BH3; with NaOH wupon drying at 80°C. Basic agents as
bis(dimethylamino)naphthalene (proton sponge) [134] and Verkade’s base (C1gH39N4P) [135]
were shown to improve the dehydropolymerization of NH3BHj3 at temperatures slightly higher
than room temperature via the formation of intermediates of the type BHsNH,. The
deprotonating agent LiNH, produces PAB and LiBH,, too [134]. Based on these results, the
formation of BH,™ in the present experiment could be interpreted by the reaction of NH3BH3
and NaH via the BHsNH," intermediate. The suggested reactions are described in scheme b of
Figure 4.14.

4.2.5 Aging of NH3BH3-G

The IR spectrum of NH3BH3-G1 held in closed glass bottle under standard conditions

for four months is shown in Figure 4.15.

A partial decomposition of NH3;BH3;-G1 to NaB(OH), is observed. For comparison,
NaBH;-geopolymer remained unaltered after 9 months [25]. This difference can be explained
by the high stability of NaBH, in alkaline media compared to NH3BHj.
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Figure 4.15: IR spectra of fresh prepared NH3;BH;-G1 and after 4 months. IR spectrum of
NaB(OH), is shown for comparison.

4.2.6 Stability at 80°C

Different NH3BH3-G and NH3BH3 samples were kept in open conditions at 80°C for
different times: 20, 43 and 64 h. IR spectra of the samples before and after the isotherms at

80°C are displayed in Figure 4.16.

NH3;BH3; samples remain stable even after the isotherm for 64 h at 80°C. Wolf et al.
[123] and Heldebrant et al. [133] detected Hzg) from NH3sBH3 within hours at 80°C. Their
observations were made using principally calorimetric DSC method coupled to gas volumetric
equipment, i.e. closed systems, and running under inert atmosphere. Zhang et al. [132]
reported H, release at 80°C in less than an hour. They attributed the difference between their
results and those of Heldebrant et al. [133] to the material of which the cell that holds

NH3BH3; is made and to the pressure in the reaction chamber.
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Figure 4.16: IR spectra of (a) NH3;BH; and (b) NH3;BH;3-G1 kept at 80°C under open conditions
for different heating times: 20, 43 and 64 h. IR spectra of NH;BH3; and NH3;BH3-G1 are shown
for comparison.



4. H2 release from Ammonia Borane NH3BH3 and NH3BH3-Geopolymer (NH3BH3-G)

In the present work, the different isotherms were performed under open conditions, i.e. open
systems, using bottle of glass as sample holder. Further investigations are required to more
explain the differences in the behavior of NH3BHj3 at 80°C.

The IR spectrum of NH3BH3-G1 composite after 64 h at 80°C reveals high
concentration of CO3> due to the intense IR band at 1430 cm™. In addition, the IR spectrum

shows broad IR bands and weak amount of NH3;BH3; molecules.

4.2.7 TG/DTA analyses

TG and DTA of NH3BH3 and NH3BH3-G1 samples (pre-evacuated) were carried out
to 300°C under synthetic air at 5°C/min. Results are shown in Figure 4.17. A voluminous
swelling of the NH3BH3; sample near 120°C even for small sample size (2 mg) prevented the
completion of the TG measurement. The DTA values for NH3;BH3; above 120°C are only
considered for qualitative analyses. This harsh aspect was suppressed for NH3;BH3-G

indicating a better handling.

For comparison, TG of NH3BHj3 is reproduced in the inset of Figure 4.17a according
to the results of Frueh et al. [118] using the same heating rate (5°C/min). The TG profile
shows two mass loss steps which initiate near 110 and 150°C, respectively, and are
accompanied by H; release as confirmed by mass spectrometric analyses. The total mass loss
reported around 200°C is about 50 %, which greatly exceeds the theoretical value
corresponding to the loss of two mol H; (13 %). Nonetheless, the authors were not able to
detect other gas emissions due probably to the small sample size (1.5 mg). Several other
authors [121, 123, 142] confirmed the evolution of other B, N-containing volatiles
(H2N=BHo;(g), BsN3Hs(g), NHs3() and B,Hg(g)).

For NH3BH3-G1, the TG curve reveals a total mass loss of about 11.8 % at 300°C. A
slight mass loss commences about 50°C and continues up to 110°C. This is estimated to be
about 2-3 % and attributed to the dehydration of NH3BH3-G1. Afterwards two sharp
decreases are observed in the temperature ranges 110-130 and 135-170°C and are
accompanied with mass losses of 4 and 3 %, respectively. These coincide with the two
exothermic peaks on the DTA curve centered at 120 and 155°C confirming the release of the

first and the second mol H,, respectively.
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Figure 4.17: (a) TG and (b) DTA results of NH3;BH; (dashed blue line) and NH;BH;-G1 (solid

green line). The inset graph reproduces TG results of NH3;BH; according to Frueh et al. [118].

Assuming the mass ratio NH3BHz/solid of 0.47 used in the synthesis and that according to
ACHR method at least 65 % of NH3BH; is effectively embedded in the geopolymer [26], a
minimal loss of 4 % is expected for the release of two mol hydrogen, the first and the second
one. This suggests a significant suppression of unwanted B, N-containing volatiles for

NH3;BH;3-G1 sample. Further elemental analyses of the gas phase are highly recommendable

to confirm this result.
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4. H2 release from Ammonia Borane NH3BH3 and NH3BH3-Geopolymer (NH3BH3-G)

For NH3BHj3, the two exotherms on the DTA curve about 120 and 130°-150°C are
assigned to the release of the first and the second mol Hyg), respectively. The first exotherm is
preceded by a crossover into an endotherm peaked at about 115°C. The sharp decrease is
referred to the melting of NH3BH3. For NH3BH3-G1, the endothermic effect of the melt is less
significant. The corresponding DTA curve shows a weak but significant exothermic effect,
which becomes interrupted by a small endothermic peak before a steep exothermic peak
evolves. That is to say, the heat desorbed during the first exotherm offsets the heat required
for NH3BH3; melting indicating that hydrogen release from NH3BH3-G1 sample starts before

the melt occurs, at slightly lower temperature compared to NH3BH3.
4.2.8 TIR using KBr matrix

TIR spectra of NH3BH3; and NH3BH3-G1 using KBr matrix during the heating run to
400°C are shown in Figure 4.18.

Near 130°C, the absorbance cross section of NH3BH3/KBr pellet increases abruptly.
This is due to the melting of NH3BH;3 as can be recognized by the disappearance of the B-N
stretching mode at 780 cm™. It is also observed that this effect is accompanied by the
appearance of B-H modes at 1123, 2221, 2287 and 2380 cm™ which could be assigned to
BH,4~ substituted for Br in KBr [91, 92]. The BH4 anions persist in the pellet even at 400°C,
the highest temperature reached in this experiment. The origin of BH4~ anions is discussed
later. Next to the IR bands of BH,", the IR spectrum at 150°C indicates the formation of a
B, N(H)-polymer involving principally single bonds between B and N as can be concluded
from the broad N-H stretching band centered at about 3200 cm™, the NH, deformation mode
at 1562 cm™ and the IR peak at 1400 cm™ [118, 154, 155] (the denotation B, N(H) is usually
used to describe a polymer formed of alternating B and N atoms which may carry one or two
hydrogen atoms).
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Figure 4.18: TIR spectra of (a) NH3;BH; and (b) NH3;BH;3-G1 in KBr matrix in the heating run to

400°C. IR modes of BH,™ are indicated.
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Above 200°C, new NH and BH stretching frequencies appear at higher wavenumbers, 3435
and 2500 cm™, respectively, indicating the formation of a more condensed structure
containing B double bonded to N [118].

For NH3BH3-G, most water enclosed in the pores becomes desorbed at 120°C. The
changes in the TIR spectra of NH3BH3-G upon annealing are very similar to those of NH3BH3
suggesting a similar thermal decomposition for both materials. Nonetheless, the BH,™ peak at
1120 cm™ (v4) appears at about 110-120°C in the case of NH3BHs-G, a lower temperature
compared to NH3BHj3 (130°C).

The observations of B, N(H)-polymers with single and double bonds between B and N
about 120-130 and 160°C, respectively, can be taken as indirect proof of the evolution of
hydrogen in two consecutive steps in agreement with the two exothermic peaks observed in
the DTA curve of NH3BH3-G centered at 120 and 155°C, respectively (Figure 4.17). In order
to further investigate the release of hydrogen, nitrate tracer experiments were conducted as in-
situ measurements in TIR. Particularly interesting are the profound spectral changes between
100 and 150°C. TIR spectra in presence of NaNOj tracer show principally the same variations
as those without nitrate tracer, therefore only the spectral region between 600 and 1800 cm™

is presented in Figure 4.19.
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Figure 4.19: TIR spectra of (a) NH3;BH; and (b) NH3;BH;3-G1 in KBr in presence of NaNO; tracer
from room temperature to 180°C in the spectral range between 600 and 1800 cm™. Asterisks
indicate the BH,™ peak at 1123 cm™ and the NH, deformation mode at 1566 cm™.

The more intense peak of nitrite v3(NO,/KBr) appears at 1270 cm™ [34, 39]. The
absorbance of the decomposition products of NH3BH3 at the same frequencies as v3(NO;")

makes it difficult to identify low yield of nitrite. Therefore, the integrated intensities of
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v2(NO3") of (NH3BH3+NaNO3z)/KBr and (NH3BH3-G+NaNO3)/KBr were followed in

function of temperature in comparison with NaNO3s/KBr reference pellet. Results are shown

in Figure 4.20.
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Figure 4.20: Variation of the integral intensity of vo(NOs") of NaNOs tracer for NH;BHj; (stars)
and NH3;BH;-G (square) in function of temperature in the TIR experiments in presence of
NaNO; tracer, in comparison to the thermal behavior of NaNO3/KBr reference pellet (open

circles). Heat flow curves of NH3;BH3; and NH3;BH5-G (dashed line) are overlaid for comparison.

The integrated intensities of NaNO3/KBr are nearly the same between 20 and 180°C.
For NH3BH3+NaNOs, vo(NO3) decreases clearly for T>110°C with a minimum about 120°C
in accordance to the first exothermic peak on the DTA curve. This experiment demonstrates
also that the nitrate reduction method works as low as 110°C. The fact that the nitrate tracer
method does not correlate with the second exothermic effect on the DTA curve could be
referred to the fact that above 140°C the release of B, N-containing volatiles becomes more
significant (Figure 4.4). That is to say the second mol H; released is “diluted” in a gas
mixture containing also considerable amounts of NH,=NH,) and B3N3Hg decreasing the
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accuracy of the NaNOg tracer. It is worth to mention that in the case of KNOj tracer (not
shown), the integrated intensities of vo(NO3") decrease in the temperature range 100-150°C
because of a structural phase transition occurring at 128°C making it not suitable to follow the
release of the first mol H, of NH3;BHs.

Detailed observation of Figure 4.19 shows that BH,~ and NH; group characteristic of
PAB structures are formed in NH3BHs3-G at slightly lower temperatures in comparison with
NH3BHs. Indeed, va(BH4) at 1123 cm™ is detected at 110°C for NH3BH;-G and at 120°C for
NHsBH;. Likewise, NH, deformation band at 1565 cm™ is observed at about 115°C for
NH3BH3-G and at about 130°C for NH3BH3. Moreover, the integrated intensities of vo(NO3")
of NaNOs tracer in Figure 4.20 reveal the minima for NH3;BH3-G and NH3BHj3 at 115°C and
120-130°C, respectively. These observations suggest a less thermal stability of NH3;BH3-G by
at least 10-15°C in comparison with pristine NH3BH3, which is in agreement with TG/DTA
results of NH3;BH3 and NH3BH3-G samples.

The averaged decrease of v,(NO3z") between 110 and 180°C is about 30 % for
NH3BH3;+NaNO; sample and 8-9 % for NH3;BH3-G+NaNO3 sample. Considering the mass
ratio NH3BH3/NH3BH3-G of 0.47 used during the synthesis, obtained values suggest that
approximately 60 % of NH3BH3 in NH3BH3-G is used for H; release.

Comparison with NaBH, salt

Figure 4.21 shows the variation of the integral intensities of NH3BH3, NH3BH3-G in
comparison with NaBH, salt for TIR using KBr matrix in presence of NaNOg tracer (see
chapter 3, section 3.2.4 for more details about TIR of NaBH, in KBr in presence of NaNOs).
The integrated intensities are taken for the TIR spectra cooled down to room temperature
from a given temperature since BH,™ peaks broaden extremely at temperatures above 100°C.

The thermal behavior of NaNO3/KBr is taken as reference.

According to NaNOj tracer, the major H; release for NH3BH3; and NH3BH3-G occurs
between 100 and 150°C as could be concluded from the decrease of the integral intensities of
v2(NO3"). Above 150°C, vo(NO3") shows a comparable behavior to the reference pellet
NaNO3s/KBr. For NaBHy,, the nitrate tracer reveals the evolution of H; traces between 200 and
300°C. The decrease of v,(NO3) becomes more significant above 300°C concurrently with the

oxidation reaction of NaBH, to metaborate (chapter 3). That is to say, for temperatures above
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200°C the H; release from NaBH, is more pronounced when compared to NH3BH3; and
NH3BH;3-G.
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Figure 4.21: Integral intensity of v,(NO3) of NH3BHj; (stars), NH;BH;-G1 (squares) in
comparison with NaBH, (diamonds) as a function of thermal treatment temperature. v,(NO;) of
NaNOy/KBr (circles) is taken as reference. Values are given for TIR spectra cooled down from
temperature T as indicated (T=>RT). Dashed lines are only guide for eyes.

Further inspections of Figure 4.21 suggest that the total amount of H; released from
NH3BHj3 is lower than that from NaBH, for the same sample size (1 mg). NH3BH3; releases
about 6.5 wt% hydrogen pro decomposition step, whereas NaBH, provides a higher amount
of H,, 21.14 wt% hydrogen for the reaction NaBH4 + 2H,O() => NaBO; + 4Hjyg and
10.6 wt% assuming the reaction NaBH, + Oz(g) => NaBO2 + 2Hy( (see chapter 3). Moreover,
the NH3BH3/KBr and NH3BH3-G/KBr pellets lose considerable amount of hydrogen in the
form of BH; anions substituted for Br~ in the KBr matrix (Figure 3.18) reducing
significantly the amount of H; released. The formation of BH,™ is discussed in section 4.3.



4.2 Results and discussion 103

4.2.9 TIR using NaCl matrix

The role of the matrix on the thermal decomposition of NH3BH3 and NH3BH3-G was
checked using NaCl-pellets. TIR results are shown in Figure 4.22. Interestingly, there is no
evidence of BH,".

For NH3BHj3, at about 130°C, the absorbance cross section of the sample increases and
the stretching mode of the dative B-N bond about 780 cm™ disappears indicating the
formation of the melt. The other IR modes of NH3BH3; are preserved in addition to a new
weak peak at 1562 cm™ characteristic of the bond bending mode of -NH, group. The
spectrum differs from that of the polymeric species and could be attributed to aminoborane
oligomers exhibiting short B, N(H)-chains as the linear dimmer of aminoborane LDAB,
NH3;BH;NH,BHj3 [132] (reaction 4.10):

2NH3;BH3 => Hz(g) + NH3;BH,;NH>BHj3 (410)
(LDAB)

Upon slight heating to 140°C, the IR bands of NH3BHj3 disappears and new IR peaks
are principally observed at 3285 and 3246 cm™ for NH stretching, at 2380 and 2321 cm™ for
BH stretching and at 1560 cm™ assigned to the NH, deformation mode. These coincide with
the literature values reported for PAB structures [118, 122, 154, 155]. The formation of PAB
structures can be described according to reaction (4.11).

NHsBH3 => Hz(g) +1/n (-HzNBHg-)n (411)

Or according to reaction (4.12) considering LDAB

NH3:BH,NH,BH; => Hz(g) + 1/n (-HzNBHz-)zn (412)
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Figure 4.22: TIR spectra of (a) NH3;BH; and (b) NH;BH5-G2 in NaCl (dry) from room
temperature to 500°C. (c) IR spectrum of commercial boron nitride BN, for comparison.
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As the temperature further increases, NH and BH stretching modes on singly bonded
N and B decrease and disappear totally around 260°C. The IR spectrum at 170°C shows NH
and BH stretching modes at higher wave numbers, 3434 and 2495 cm™, respectively, which
can be explained by the n-character between B and N atoms strengthening the bonds and
resulting, thus, in absorbance at higher IR frequencies. These are close to those reported in
ref. [118, 122] for PIB structures. Additionally, the broadening of the IR band between 1300
and 1550 cm™ indicates the polymerization into a more condensed structure. The

dehydrogenation of PAB to PIB can be represented according to:

1/n (-H,NBH,-), => Hagg + 1/n (-NH=BH-), (4.13)

TIR spectra of NH3BH3-G2 in NaCl indicate that the decomposition steps and
products of NH3BH3-G2 are very similar to those of NHz;BH3. The room temperature IR
spectrum of NH3BH5-G2 shows additional OH stretching peaks at 3564 and 3541 cm™ related
probably to the partial decomposition of NH3;BHs3; during the longer stirring time of
NH3;BHs-aluminate and NH3;BHs-silicate solutions during the synthesis as confirmed by X-ray
diffraction. These peaks persist up to 200°C and do not show any additional effect on the

thermal decomposition of NH3;BH3; molecules.
4.2.10 Thermolysis under open conditions

The effect of heating on NH3BH3-G and NH3;BH; to different temperatures was
investigated ex-situ under open conditions. The samples were heated to 120, 120°C for 5 min,
150 and 300°C, respectively, using a heating rate of 5°C/min. End-products were pressed into

KBr pellets and characterized using IR spectroscopy.

At 120°C, NH3BH3; melts vigorously with foaming. When heating a bit longer at
120°C (5 min) the sample forms a more voluminous soft white powder. Both sample forms,
melt and soft white powder, were collected and characterized. Unlike NH3;BH3, the NH3BH3-
G1 sample does not show significant variations of the sample form at 120°C. IR results for
NH3;BH3; and NH3BH3-G1 are depicted in Figure 4.23.
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Figure 4.23: IR results of the heating of (a) NH;BH; and (b) NH3;BH3;-G1 under open conditions

to different temperatures as denoted. IR spectra of NH;BH; and NH3BH3-G1 are shown for
comparison.
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The melt of NH3BH3 pressed in KBr pellets shows IR peaks of BH; /KBr at 1125,
2224, 2290 and 2385 cm™. IR features of BH,~ were also observed in TIR using KBr matrix at
120°C.

The foaming observed at 120°C could be related to the liberation of B, N-containing
volatiles NH,=BHj(g) and BsNsHs() according to reactions (4.14) and (4.15) [118, 121, 123],

respectively .

NH3BH; => Hz(g) + H2N:BH2(g) (414)
NH3;BH; => H2(g) + B3N3H6(g) (415)

The IR spectrum of the soft white powder produced upon slightly longer heating at
120°C (5 min) shows principally N-H stretching modes at 3293 and 2350 cm™, B-H
stretching modes at 2318 and 2380 cm™ and NH, deformation mode at 1565 cm™. These can
be referred to PAB according to reactions (4.11) and (4.12).

Monomeric aminoborane H,N=BHy may also polymerize to PAB [118] (4.16).

n(NH,=BH;) => (-NH,-BH5-), (4.16)

Further heating to 150 and 300°C suggest partial and nearly complete reaction to PIB
(reaction 4.13) as can be deduced from the NH and BH stretching modes at higher
frequencies, 3435 and 2500 cm™, respectively. The formation of PIB is accompanied by a
broadening between 1300 and 1560 cm™ associated to the condensation and polymerization

reactions of BN bonds.

Similar decomposition products were obtained for NH3;BH3-G1 samples following the
same heating sequence to 120, 150 and 300°C. Handling was, however, much easier since
undesired effects as evaporation, foaming and voluminous swelling of the sample observed
for NH3BH3 do not occur for NH3BH3-G.

IR spectra of PAB and PIB obtained in the heating experiments under open conditions
at 120°C 5 min and 300°C (Figure 4.23) are close to those obtained in TIR experiment using
NaCl matrix at 140 and 260°C (Figure 4.22), respectively. The lower amount of BH in the IR
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spectrum of PIB under open conditions compared to the TIR spectrum using NaCl matrix is

due to the oxidation of B-H to B-O under air.
4.2.11 Characterization of the dehydrogenation products

The nature of PAB and PIB has not been unequivocally established due to the
complexity of their structures (Figure 4.3). Therefore, IR spectra reported previously for PAB
and PIB are not unique. IR frequencies of PAB obtained in this work are summarized in
Table 4.3 and compared to the IR frequencies of cyclotriborazane (CTB) (BH2NH3); and
other PAB like-structures as reported in the literature. In Table 4.4, IR frequencies of PIB
obtained from TIR using NaCl matrix are shown in comparison to other possible
decomposition products with unsaturated BN bonds including H,N=BH,, B3sN3Hg and PIB
structures. The IR frequencies of boron nitride BN are also shown. The IR spectra of the well-
established structure of aminoborane, borazine and BN are useful for the description of the IR
modes of PAB and PIB structures.

Monomeric aminoborane H;B=NH,( is characterized principally by BN stretching
mode at 1337 cm™, B-H symmetric and asymmetric stretching at 2495 and 2564 cm™,
respectively, and N-H symmetric and asymmetric stretching at 3451 and 3534 cm™,
respectively [156]. In the case of PAB, N-H and B-H stretching, as well as NH, deformations
modes were unequivocally attributed to the bands in the frequency ranges 3200-3400, 2250-
2400 and 1150-1600 cm™, respectively. Nonetheless, the assignment of B-N stretching
frequencies was not straightforward. The peak near 1400 cm™ was labeled as the signature of
BN stretching by Kim et al. [155] and Baumann et al. [122]. Ab-initio investigations on the
properties and the vibrationnal spectra of different conformers of PAB [157] predicted the BN
stretching mode at 900 cm™. The peak at 1380 cm™ was referred to the umbrella of NH;
terminal groups, with intensity decreasing with increasing oligomer size. This finding was
recently supported by Frueh et al. [118] who made the assignment basing on a comparison
with IR frequencies of molecular compounds with different BN bond orders. Accordingly,
they concluded the BN stretching of PAB at 850 cm™, between those of NH3;BH; and

aminoborane.
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Table 4.3: IR frequencies obtained in this work for PAB in comparison with literature values for
polymers containing single bonds between B and N atoms. HEL (helicoidal) and COIL (coiled)
are two possible conformers proposed for PAB.

Ref. Ref. Ref. Ref. Ref. Ref. Ref. Ref. (BH,NH;); PAB
[122] [157]° [154]b [158] [157](HEL) [157](COIL] [118]° [132]° [159] this
work
3425- 3330 3320- 3380 3350
3197 3220
3300 3308
3280 3283
(b)
3230 3250 3250 3270 3260 3253
(b)
2400
2360 2380- 2380 2371 2381
2280 (b)
2348 2340
2300 2319
(b)
2250
1622 1600 1620 1610
1550 1575 1556 1562 1562 1564
(m)
1400 1400 1405 1394 1398
(m)
1380 1370 1380 1380
1236
1200 1200 1210 1201 1221
(b)
1182 1160 1168 1166
(b)
1137
1119
1090
1068
1040 1035 1036 1051 1047
(sh)
894
866 860 850 880 850 826 866
(w)
809,
706

b: broad, m: medium, sh: shoulder, w: weak

% estimated from spectra reproduction of ref. [155]

® shoulders and some very weak peaks are not considered
¢ The peaks are estimated from the spectra reproduction

For PIB, the introduction of the m-character shifts the stretching frequencies toward
higher wavenumbers. The BN stretching was recorded about of 1400-1500 cm™, similarly to
that of borazine. A detailed description of the IR spectrum of the gas phase of borazine
BsNsHe(g) can be found in ref. [160]. NH, BH and BN stretching frequencies appear at 3486,
2526 and 1406-1465 cm™, respectively.
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Table 4.4: IR frequencies obtained in this work for PIB in comparison with literature values for
compounds containing wt-bonds between B and N atoms. Asterisks denote the peaks that were
estimated by reproduction of the IR spectra.

Aminoborane  borazine BN (hex) [122] PIB [118] PIB
(9) [156] (9) [160] [161] this work
3534
3451 3486 3441 (b)
3430 3435
3264
2564
2495 2520 2498 2502 (b)
2389
2291
1625 1628
1571
1465
1406 1405 1395 (vb)
1390
1337 1350
1203
1131 1128* 1129 (w)
1096 1106 (w)
1058
1005 990
917.5 914* 899 (w)
810 871
820
719

b: broad, vb: very broad, w: weak

Hexagonal boron nitride BN is characterized principally by two modes: the out-of-
plane motion at about 800 cm™ and the in-plane motion at about 1380 cm™ (very broad) [161,
162, 163].

4.3 Summary: thermal decomposition routes of NH3;BH3-G
and NH3;BH3; in KBr and NaCl matrices

The IR bands of BH,™ anions were observed upon the first decomposition step of
NH3BH3-G and NH3BH; in TIR using KBr matrix and were stabilized up to 400°C. Some
indications of BH,~ were also seen in the IR spectrum of the melt isolated after heating
NH3BH3 under open conditions to 120°C and pressed in KBr pellets. The KBr pellets of the
ex-situ dehydrogenation by-products of NH3BH3 at 150 and 300°C do not show BH,4~ anions
and were similar to those obtained in TIR using NaCl matrix at 140 and 260°C, respectively.

This indicates the existence of a reaction-intermediate at 110-120°C upon the release of the
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first mol of H, which may exchange BH,;™ anions with KBr matrix. This is the diammoniate of
diborane [(NH3),BH2]BH, (DADB). The anionic exchange can be explained by the proximity
of the ionic radii of BH4~ (2.05 A [164]) and Br™ (1.96 A [165]). In the case of NaCl matrix,
the anionic exchange is less favorable (CI™: 1.81 A [164]). The conversion of NH3BH3 to
DADB is a dimerization which occurs without loss of hydrogen according to reaction (4.17).
It is not a labile equilibrium in the solid phase [166] and occurs very slowly at room
temperature [110].

2NH3BH3 => [(NH3),BH,]BH, (4.17)

Stowe et al. [120] reported the formation of DADB intermediate during the first
decomposition step of NH3BH; to PAB at 88°C basing on NMR !B studies. The thermal
investigations on NH3BH; between 70 and 90°C of Bowden et al. [167] confirmed the
formation of a mobile phase (NH3;BH3*) and DADB before the release of the first mol H..
DSC curves of isothermal treatments of NH3BH3 between 20 and 90°C show two exothermic
effects well separated in time at 70-80°C which overlap as the temperature increases to 90°C.
The mass loss occurs during the second exotherm. In the present work, the DTA curve
obtained during linearly heating NH3BH3; at 5°C/min (Figure 4.17) shows a single broad
exothermic effect centered at 120°C indicating that at temperatures above 100°C the two
exothermic steps of Bowden et al. [167] corresponding to the formation of NH3BH3* and
DADB and the release of the first mol H, could not be distinguished anymore. TIR using
NaCl matrix does not show IR features of DADB confirming that DADB is unstable at
temperatures above 100°C and decomposes immediately to Hyg) and PAB. This agrees with
previous works on the thermal decomposition of DADB [128, 129]. Therefore, the formation
of DADB at 110-120°C was indirectly proved by the stabilization effect of KBr on BH4~
anions. The anionic exchange with KBr causes a partial loss of H; in the form of BH,™. The
remaining structure of the KBr-pellet at 120°C is constituted probably of [(NH3),BH,]" and/or
other olgomeric/polymeric B, N(H)-species which condense above 150°C to polymeric
species involving n-character between B and N atoms (Figure 4.24). It can be hard said
whether the conversion of NH;BH;3; to DADB is total or partial and whether H is liberated
from DADB or from a bimolecular reaction between NH3BH3; and DADB. Stowe et al. [120]
suggested that once the DADB species is present in the sample, hydrogen release occurs by
bimolecular reactions between the un-reacted NH;BH3 and the DADB vyielding H, and PAB
precursors at 88°C.
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dimerization™ decomposition*®

ONH3BH3 — 5 [(NH3)2BH2](BH4) _—— ~ . 2 + 1/n (-H2NBH2-)n
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Exchange

BH4 - Br 105°C for NH3BH3-G**
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[((NH3)2BH2]
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Figure 4.24: Reaction scheme of the decomposition of NH;BH; and NH3BH;-G in KBr and
formation of BH, anions. * It can be hard said whether the conversion of NH;BH; to DADB is
total or partial and whether H, is liberated from DADB or from a bimolecular reaction of
NHs;BH; with DADB. ** v,(BH;") appears for NH3;BH;-G at slightly lower temperatures
compared to NH;BHs.

The thermal behavior of NH3BH3-G is summarized in Figure 4.25 basing on TG/DTA
and TIR results. Water of hydration is released between 100 and 150°C. The dehydrogenation
path of NH3BH3-G is similar to that of NHsBH; and can be described by series of
polymerizations and condensations between B, N-chains yielding PAB then PIB structures at
about 140 and 160°C according to TIR using NaCl matrix, respectively. The two
dehydrogenation steps correspond on the DTA curve of AB-G to the two exotherms centered
at 120 and 155°C, respectively. About 105°C a dimerization of NH3;BH; to DADB occurs as
demonstrated by use of KBr matrix. In the first stages of the decomposition, oligomeric
species (as linear dimmer of aminoborane LDAB NH3;BH,;NH;BH3) could be found which

further polymerize to PAB.
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NH3BH3-G
100-150°C -H20
105°C ~115°C
NH3BH3-G.xH20 E_ Nﬁ?BDIEB J —— Melt]
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Mass AB/solid: 0.47
~130°C
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~140°C
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Figure 4.25: Reaction scheme of the thermal decomposition of NH;BH3-G composite.

Both NH3BH3; and NH3BH3-G samples melt at 115-118°C. This is indicated by the
endothermic effect peaked at 115-118°C on the DTA curve and the total disappearance of the
IR mode of the dative N-B bond at 780 cm™ in the TIR spectra at 120°C. The melt was
significantly reduced for NH3BH3-G. The heat desorbed during the first exotherm offsets the
heat required for NH3BH3 melting indicating that hydrogen release from NH3;BH3-G1 sample
starts before the melt occurs, at slightly lower temperature compared to NH3;BHs. This was
further supported by the TIR experiments using KBr in presence of NaNOj tracer. The IR
peak of BHs at 1123 cm™ (v4) and the deformation mode of NH, group at 1565 cm™
characteristic of PAB like-structures are detected for NH3BH3-G at about 110°C, whereas for
NH3;BH3 at about 120°C.
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5. Solid Solutions of BH,~ in Different Halide AX
Matrices (A = Na, K, Rb; X=CI, Br, I)

5.1 State of the art

Nakamori et al. [168, 169] reported a correlation between the first hydrogen
desorption temperature (T4) defined as the temperature of the first desorption peak of the
metal borohydrides and the Pauling electronegativity (yp) of the metal cations. T4 decreases
with increasing yp of the cation. An apparent linear relationship was obtained between T4 and
xp Of the cation element for the borohydrides of Na, Li, Mg, Sc, Zr and Zn indicating that yp
could be considered as an indicator for approximate estimations of the stability of
borohydrides. This correlation is applicable for other classes of hydrides as tetra-alanates
(AlH4) [170] and hexa-alanates (AlHg*) [171], too. In Figure 5.1, T4 of the borohydrides of
Na, K and Rb is compared with those of the alanates. The cation element of the
borohydride/alanate with high y, attracts electron density back from BH4™ and reduces the
electron density on the BH, /AlH, destabilizing thus the borohydride/alanate. The lower
stability of AlH,™ in comparison with BH,™ is due to the lower value of yp of Al (1.61) in
comparison with yp of B (2.04) [13].

Basing on the concept of the cation electronegativity, one approach to affect the
thermal stability of the borohydrides is to introduce a metal with high electronegativity
through lattice cation substitution. The cation substitution of Na (yp = 0.93) and Li (yp = 0.98)
by Zn (yp = 1.65) in NaBH, and LiBHj, salts, respectively, could be produced by mechanically
ball milling with ZnCl, forming mixed-metal of borohydrides NaZn(BH,)3, NaZn,(BH,)s and
LiZn,y(BH,4)s. These samples are showed to be less thermally stable than their un-substituted
patterns [172].
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Figure 5.1: Linear correlation between the decomposition temperature (Tg) of the complex
hydride (borohydrides and alanates, respectively) and the Pauling electronegativity (yp) of the
cation (the figure is taken from ref. [170]).

The anion substitution in the alkali borohydride can also be useful in tuning the
thermodynamics of the borohydrides. The mixed hydride-fluoride NazAlHe.x)Fx prepared
from NaF, Al and H; is destabilized relative to the hydride pure system NazAlHg [173].
Likewise, first-principles calculations of the decomposition reaction of LiBH, with and
without fluorine anion F~ suggested that doping the borohydride salt with F~ may result in F~
lattice in the borohydride salt LiBH, as well as in the dehydrogenated product LiH yielding
favorable thermodynamics modifications [174]. In a more recent study on ball milled samples
of NaBH, and NaBF,, the authors reported a fluorine substitution in the temperature range
200-215°C vyielding NaBH,F,. The NaBH,-NaBF, composite was found to decompose at
temperatures lower by at least 100°C in comparison with NaBH, [175].

The anion substitution may involve the whole borohydride unit as the substitution of
BH,~ with CI” in NaBH, [164, 176] and with Br [165] and | [177] in LiBH,. Differential
Scanning Calorimetry (DSC) measurements of the produced solid solutions showed the
endothermic peaks of the melt as indicator of the thermal stability at higher temperatures
compared to the un-substituted borohydride salts suggesting that hydrogen release is not well

improved upon these substitutions.

The stabilization/destabilization effect upon the lattice substitutions could be attributed
to different types of interactions altered during the ionic exchange. The ionic bonding is
effective between the cation element and the BH,~ group, whereas the bond between B and H

atoms within the BH4~ group has a covalent character [14]. In fact, the interactions on the
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BH, anion could be observed by the frequency variations of the BH,™ related peaks in Raman

and IR spectra.

Orimo et al. [20] found that for lithium, sodium and potassium borohydrides, the
Raman active stretching vi and bending v, modes decrease in the order (vo(LiBH4) = 1295
cm™ and v, (LiBH4) = 1305 cm™) > (vo(NaBH4) = 1280 cm™) > (vo(KBH,) = 1240 cm™) and
(vi(NaBH,) = 2325 cm™) > (vy(KBH,4) = 2305 cm™), whereas the melting temperature (Ty)
varies in the opposite direction, T,(LiBH4) < Tn(NaBHy) < Tr(KBHy). The v, of LiBH4 was
reported at 2293 cm™ and did not follow the afforded relation due to the difference of the
crystal system. LiBH, adopts an orthorhombic structure (space group Pcmn) at room
temperature, whereas the other alkali metal (Na, K, Rb and Cs) borohydrides crystallize in a

rock salt, face-centered-cubic structure [51].

Renaudin et al. [81] performed a structural study on MBH,4 and MBD, salts (M = Na,
K, Rb and Cs). Structural parameters were determined using powder X-ray diffraction for the
cell parameters and Neutron diffraction for the positions of D atoms. Analyses were
conducted at room temperature (295-298 K) and at temperatures below 10 K for the high and
low temperature phases, respectively. The Raman and FTIR-ATR spectra were also reported
and assigned. The data were found to be in good agreement with Badger’s rule showing a
linear decrease of the symmetric stretching v; frequencies with increasing the B-D bond
length of MBD, by increase of the cell parameters.

The Badger’s rule was firstly established on diatomic molecules providing a simple
linear relation between the force constant of the bond (k¢) and the equilibrium position (re)

which can be written as:

1.86x10° 1 [178] (5.1)
e = k— 3+ dl]
e
and, re = (22)5 4+ dpny [179]  (5.2)

dj is a constant which depends on the period in the periodic table of the two atoms
constituting the molecule, and Cn,, and dn, are two constants related to the corresponding
groups of the elements in the periodic table. The relation established for diatomic molecules

could be also justified for polyatomic molecules [180].
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Earlier works on borohydrides using matrix isolation technique reported the IR
frequencies of BH, anions in different alkali halides AX [91, 92]. The matrix isolation
technique consists of trapping species as isolated entities in an inert solid or matrix where the
solute (the polyatomic ion) is dispersed in the matrix in very low amounts, varying typically
between 0.01 and 0.5 mol%. Therefore, it is commonly called “impurity” [36]. The
broadening of IR absorption bands is due to the direct interactions between similar vibrational
groups. The matrix-isolated species have sharp IR bands. The typical half band-width for
BH.™ in the alkali halide lattice is 0.65 cm™ [181]. This effect is referred to the absence of
coupling between identical ions in the solid solutions [182]. The local symmetry group of the
BH,™ in different halide matrices ion is found to be T4 and the IR frequencies depend on the
particular alkali-halide in which the ion is imbedded [92].

5.2 Results and discussion

In a first approach, the effect of pressing NaBH, in halide matrices is investigated.
Therefore, equimolar mixtures (molar ratio 1:1) of NaBH4s:NaCl, NaBH;:NaBr and
NaBH:KBr were pressed in pellets and then characterized by XRD. The results of the
thermal treatment of NaBH,:NaCl and NaBH4:NaBr are considered, too. In a second
approach, the IR frequencies of the BH,4™ anion in high dilution in halides AX (A = Na, K, Rb;
X =Cl, Br, 1) are investigated in details.

5.2.1 Solid solution formation in equimolar NaBH,: AX pressed

pellets

Equimolar mixtures of NaBH4:NaCl, NaBH4:NaBr and NaBH4:KBr were hand-mixed
and pressed into pellets using a force of 100 kKN for few minutes. Afterwards, the pellets were
ground into powder. XRD patterns were taken on thin films of the samples using acetone as
solvent (“Streupréparat™). Results are shown for the (2 2 0) reflexes in Figure 5.2 in addition
to the X-ray difractograms of pristine NaBH,4, NaBr, NaCl and KBr salts.
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Figure 5.2: XRD patterns of the equimolar mixtures of NaBH,:NaBr, NaBH,:NaCl and
NaBH,:KBr pressed pellets in the range of the (2 2 0) reflections of the pristine NaBH,, NaBr,
NaCl and KBr salts

For NaBH,:NaCl and NaBH,4:NaBr pellets, the NaBH, index is shifted to higher 26 by
0.19°26 and 0.35°20, respectively. Ravnshak et al. [164] and Olsen et al. [176] showed that
the cell parameters of the solid solutions of NaBH, and NaCl lie between those of NaBH,4 and
NaCl and vary linearly with the nominal compositions of the solid solutions (Vegard’s law).
This implies that the (2 2 0) reflexes of the solid solutions occur between the (2 2 0) reflexes
of NaBH, and NaCl, respectively. This could be also expected for NaBH4:NaBr which has not
yet been investigated in the literature. Therefore, the shifting of NaBH, indexes to higher 26
can be referred to some dissolution of NaBH, in the halide indicating that NaBH, salt is more
affected by NaBr salt where the ionic radii of the anions are similar (BH;™: 2.05 A [164] and
Br: 1.96 A [165]). The reflexes of NaCl and NaBr in the mixture-pellets are shifted by
approximately 0.2 and 0.13 to higher 20, respectively, due to the use of thin films

(“Streupréparate”).
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In the case of KBr mixture, the NaBH, reflex is displaced by 0.26°26 to higher 26. The
indexes of NaBH, in the solid solutions of NaBH, and KBr are expected to move in the

direction of KBr index, i.e in the opposite direction to that observed.

In a further step, The equimolar pellets of NaBH4:NaBr and NaBH,4:NaCl were further
thermally treated to temperatures between 300 and 375°C for different heating times as
indicated in Table 5.1.

Table 5.1: List of thermally treated samples

Materials Molar ratio Treatment Notation
NaBH4:NaBr 0.5:0.5 300°C 20 h (N2) B-0.5-300°-20h
350°C 20 h (Ny) C-0.5-350°-20h
NaBH,:NaCl 0505 375°C 20 h (N;) C-0.5-375°-20h
370°C 68 h (Ar) C-0.5-370°-68h

The X-ray difractogram of the thermally treated NaBH4:NaBr mixture is shown in
Figure 5.3. The X-ray patterns of pristine NaBH, and NaBr salts and the pressed-pellet before

the thermal treatment are also shown for comparison.

The XRD pattern of B-0.5-300°-20h shows reflexes for NaBr but no indication of
NaBH,. The inset graph is zoomed for the (2 2 0) reflexes between 41.4 and 43.8°20. New
reflexes are observed at slightly higher 20 in comparison with NaBH,4 crystal which indicate
the dissolution of NaBH,4 and the formation of Na(BHa4)u1-xBrx. The reflexes of the solid
solution are broadened over the whole range between the original reflexes of NaBH, and
NaBr indicating a wide range of compositions. The total dissolution of NaBH, is not reached

even after annealing the pellet to 300°C for 20 h.
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Figure 5.3: X-ray difractograms of B-0.5-300°-20h in comparison with the difractograms of the
mixture before heating and NaBH, and NaBr pristine salts. The reflexes of NaBH, are indexed.
Inset graph is zoomed for the (2 0 0) reflection between 41.4 and 43.8°20. Circles denote
Na(BH.)«x-.1)Bry reflexes.

Figure 5.4 shows the X-ray results of NaBH,:NaCl mixtures. Some peaks related to
decomposition by-products were obtained. These are more intense in the samples treated at a
higher temperature 375°C compared to 350°C. For comparison, the thermally treated
NaBH,:NaBr pellet does not show decomposition peaks indicating that NaBH, was already
dissolved in NaBr in the pressed-mixture and protected against the decomposition, whereas in
the case of NaCl, non-dissolved NaBH, during annealing is decomposed at temperatures
above 300°C.



5.2 Results and discussion

(220)
’; L AL AL L L |
) 42 43 44 45 46
> _/\ * NaBH4
= n [ ]
%) *
c * * *
[} * ° ° o
e A A\ o 370°-68h
o W 375°-20h
A 350°-20h
A NacCl
T | T T T T | T T T T | T T T T | T T T T |
20 25 30 35 40 45

26 (°)

Figure 5.4: X-ray difractograms of the thermally treated NaBH,:NaCl mixtures. Difractograms

of NaBH, and NaCl are shown for comparison. Inset graph is zoomed for the (2 2 0) reflections.

Circles and squares denote Na(BH.)-xClx and Na(BH,),Cl ..y, respectively. Asterisks are for the
by-products.

The quality of the diffractograms was not sufficient to refine the X-ray data and to
calculate the molar composition of the samples. Therefore data were qualitatively evaluated to

give an insight into the anion substitution mechanism by thermal treatment.

In all thermally treated samples, there is no evidence of NaBH, at the end of the
thermal treatment. The dissolution of NaCl salt is less pronounced since all samples show

NaCl reflexes after the thermal treatment even after the long isotherm for 68 h at 370°C.
The NaBH,; peaks are slightly shifted toward higher 260 values confirming the

formation of Na(BH4)1-xClx according to:

(1-x)NaBH, + xNaX => Na(BHy)10Xx  (X=Cl, Br) (5.3)

Another type of solid solutions is indicated by the reflexes at slightly lower 20 than the
reflexes of NaCl salt which can be referred to a slight dissolution of NaCl and substitution

with BH,4™. This solid solution is denoted Na(BH)yCl(1.y).
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It can be observed in the inset graph of Figure 5.4 that the peak intensities of
Na(BH,)yCl1.yy and Na(BH.)1-xClx varies in an opposite way. An increase of Na(BH4),Cl(1.y)
is accompanied with a decrease of XRD peaks of Na(BH4)1-xClx and NaCl. This suggests that
Na(BH4)1-xClx and NaCl dissolve into each other to produce Na(BH4),Cl1.y).

In order to get a quantification of the degrees of substitution x and y in Na(BH4)1-Clx
and Na(BH4),Cl1.y), respectively, the peak positions of the reflexes (2 2 0) were taken and
compared to the results of Olsen et al. [176] who reported the 26 values of the reflex (2 2 0)
for different solid solutions of NaBH, and NaCl with different nominal compositions. For
Na(BH4)1-xCly, the (2 2 0) reflexes are shifted to higher 20 by approximately 0.45°26 relative
to NaBH,4 and those for Na(BH4),Cl(1.y) are shifted to lower 20 by approximately 0.5°20
relative to NaCl. These shifts correspond to x and y of approximately 0.1-0.15 and 0.1,

respectively.

The molar proportions of Na(BH4)1-xClx, Na(BH4)yCl(1.yy and NaCl in the samples are
strongly affected by the thermal treatment. Higher amounts of Na(BH.),Clu.y) and
respectively lower amounts of NaCl are obtained for the samples annealed to higher
temperatures (375° in comparison with 350°C) and for a longer time (68 h at 370°C in
comparison with 20 h at 375°C).

Ravnsbaek et al. [164] obtained Na(BH4).43Clos; during the thermal treatment of
NaBH,4:NaCl mixture (0.5:0.5) at 300°C independently of the heating time. The prolonged
heating time promoted, however, the dissolution of NaCl and the formation of
Na(BH,)o.1Clo. In the present work the degree of substitutions x and y do not exceed 0.1-0.15
and 0.1, respectively. The difference between the results could be referred to the history of the
sample before the thermal treatment. Ravnsbaek et al. [164] ball milled the NaBH4:NaCl
mixture for 2 h before annealing resulting in the composition of 50.3 mol% Na(BH4)0.1Clog
and 49.7 mol% NacCl, whereas in the present work the mixture were only pressed into pellets

before the thermal treatment and still contain significant amounts of NaBH, salt.
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5.2.2 Spectra of NaBH,/KBH, in ATR and pressed in various
halides

The ATR spectra of as-received NaBH, and KBH,4 powders are shown in Figure 5.5.

The positions of the peak maxima frequencies are in good agreement with values reported by

Renaundin et al. [81] as collected in Table 5.2 together with the given assignments.
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Figure 5.5: FTIR-ATR spectra of the as-received NaBH, and KBH, samples

It is well known that the bands in the ATR spectra are generally shifted to lower
frequencies compared to the transmission spectra caused by the dispersion of the refractive
index. This is one reason that the IR peak positions obtained using the standard pressed pellet
technique, e.g. in KBr halide shows more or less deviations from peak positions determined
using ATR peak positions. A correction of the ATR peak positions can be carried out which
depends on a detailed knowledge of the functional dependence of the refractive index in the

vicinity of the peak absorption peak.

Another reason for deviations in the peak positions determined in the pressed pellet

method is related to a rather uncontrolled anion or cation exchange effect between the probe
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and the matrix. This is shown in Figure 5.6 for NaBH, in KBr (spectrum b, e). Rather broad
and less well determined peak positions are observed for short hand-mixing and short pressing
time (less than 30 s). Contrary, good hand-mixing and pressing for 90 s at the same force
(100 kN on a pellet of 13 mm diameter is equivalent to a pressure of 754 MPa) reveal much
sharper and shifted peak position. The position of the peak maxima are also given in Table

5.2 for comparison.

Table 5.2: ATR frequencies of NaBH, and KBH, compared to ATR values of Renaudin et al.
[81] (values in brackets) in addition to the transmission IR frequencies of NaBH, in KBr and

NaCl pellets.
Vy 2V4 V3 Vot vy

o NaBH, 1110 (1110) | 2217 (2217) | 2283 (2284) | 2397 (2404)
|_
< KBH, 1111 (1112) | 2205 (2208) | 2268 (2270) | 2375 (2376)

NaBH./KBr 1120 2220 2299 2398
= (< 30 s pressed)
8z
g = NaBH./KBr 1126 2224 2291 2387
€ 8| (90s pressed
g S (90 s pressed)
|_

NaBH./NaCl 1121 2229 2302 2403

The better mixing and longer pressing time leads to better resolved peaks, e.g. for the isotope
effect 'B/*°B depicted by the shoulders at higher wavenumbers. This better resolution is
explained, however, by a higher degree of solution of the BH4-anion into the KBr matrix. In
this respect the broader peaks seem to be more representative for NaBH,. This could also be
supported by inspection of the spectrum obtained for NaBH, diluted and pressed into NaCl
also shown in Figure 5.6 (spectrum a). The peaks well coincide with those of NaBH, in KBr
also taken from the typically broader one. Spectra given for NaBH, in NaBr (d) and KI (e)
also show rather sharp peaks but at significant different peak positions. This indicates the
effect of a sufficient dilution and incorporation of the BH4-anion in the various halide type

lattices.
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Figure 5.6: Room temperature transmission IR spectra of as-received NaBH, in (a) NaCl, in
KBr (b) short pressed and (c) long pressed, in (d) NaBr and in (e) Kl

It has been reported that the BH,~ anions could be highly diluted in AX by heating
discs constituted of AX and traces of borohydride (NaBH4 or KBH,) to temperatures between
500 and 600°C [91]. This effect is demonstrated in Figure 5.7. Shown are spectra for NaBH,4
(12 mg) diluted into 200 mg of NaCl and KCI (dashed curves) compared to those after heating
to 450°C. For NaBH, in NaCl, the IR peaks after the thermal treatment are sharpened and
shifted to higher wavenumbers compared to the spectrum taken before the heating. For
NaBH, diluted and pressed in KCI, the spectrum shows peak splitting indicating the formation
of two types of solid solutions with a higher and smaller BH4-anion concentration in KCI,

respectively. However, after thermal treatment a more homogeneous dilution of BHy-anions

in KClI crystals is obtained.
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Figure 5.7: IR spectra of NaBH, diluted in () NaCl and (b) KCI pellets before (black dashed
lines) and after the thermal treatment to 450°C (red solid lines)

5.2.3 TIR of NaBH4/NaCl pellet

The incorporation of BH4 in NaCl was followed in more details using TIR

spectroscopy performed from room temperature to 450°C. Results are shown in Figure 5.8.

At room temperature, the IR spectrum reveals a partial hydration of NaBH, to
NaBH,4.2H,0 as can be concluded from the presence of H,O IR libration modes at 572 and
614 cm™, the H-O-H bending mode at 1625 cm™ and the O-H stretching modes at 3242, 3476,
3505 and 3566 cm™ [49]. Crystalline H,O molecules are released at relatively low
temperatures, below 100°C, without being consumed by NaBH, since the IR spectrum

120=>25°C does not show new IR peaks.

The IR peaks of BH,™ at the end of the thermal treatment to 450°C appear at 1165,
2303, 2375 and 2482 cm™, for va, 2vs, v3 and va+vs, respectively. Interestingly, the overtone
2v4, the combination mode vo+v4 and the stretching v modes are displaced by the same
amount, 73, 75 and 73 cm™, respectively, confirming the conservation of the symmetry T4 and

the Fermi resonance of BH, ™ anion in the solid solutions as suggested in ref. [92].

Concurrent to the dilution of BH4~ in NaCl, NaBHy, is partially oxidized to Na3zB3Og in
agreement with the decomposition peaks observed in the X-ray patterns of the thermally

treated NaBH,4:NaCl mixtures (Figure 5.4).
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Figure 5.8: TIR spectra of NaBH4/NaCl pellet. The graph at the left side is zoomed for v,.

The total shifting observed at 450°C for the fundamentals v4 and vs occurs in
systematic way. A slight peak shifting of 4 and 10 cm™, respectively, is observed for the IR
spectrum cooled down from 300°C (300=>25°C). The fundamentals v4 and vs are further
shifted between 300 and 350°C by 10 and 19 cm™, respectively. At 400=>25°C, a shoulder
appears near 1165 cm™ related to v4 of BH,™ highly diluted in NaCl. This increases in intensity

upon further heating.

For a better resolution of the IR peaks of BH,, the second derivative (¥’”) of the TIR
spectra cooled down to 25°C were calculated and traced for only v4 because of the complexity
of the spectral range between 2100 and 2450 cm™ and the superimposition of many peaks.
TIR spectra and the corresponding ¥’ curves for NaBH4/KBr pellet are also shown, for

comparison (Figure 5.9).
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Figure 5.9: TIR spectra of (a) NaBH,/NaCl for v, and their second derivatives ¥’. Results of (b)
NaBH4/KBr are shown for comparison.

For NaBH./KBr pellet, the room temperature IR spectrum corresponds to BH,™ highly
diluted in KBr. The peak position of v4 remains approximately the same at all temperatures,
with a maximum at 1126 cm™ and a shoulder at 1133 cm™ assigned to the isotopes *'B and
198 of boron atom in natural abundance, respectively. ¥’ of all considered TIR spectra show

a global minimum at 1126 cm™ corresponding to the peak maximum in the TIR spectra.

For NaBH4/NaCl, ¥ 2s-c) shows principally a global minimum at 1120 corresponding
to the peak maximum of the IR spectrum at 25°C. The slight peak shifting observed in the
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TIR spectrum 300=>25°C is resolved in the second derivative curve ¥’ (3p0°=>rm) 10 @ peak
minimum with approximately the same position 1120 as for ¥”@2s°c), and a shoulder at about
1136. The peak minimum is totally shifted to 1138 in ¥’ (3s0°=>rm). This indicates that all
NaBH. crystals are dissolved and transformed to Na(BH4)axClx (reaction 5.3). In
P’ a00°=>25°c), the minimum is shifted to 1163 indicating further dissolutions in the pellet and
incorporation of BH,™ in NaCl. These observations are in accordance with XRD results of the
thermally treated NaBH,4:NaCl mixtures revealing in a first step the dissolution of NaBH,4 and
slight substitutions with CI” yielding Na(BHa)1-xClx followed by further dissolution of the
latter in NaCl.

Detailed inspections of Figure 5.9a reveal the presence of a shoulder at 1136 in
v’ 25°c) related to Na(BHa4)a1-Clx. This can be referred to a slight dissolution between the
outer layers of NaBH, and NaCl during the pellet preparation. The shoulder disappears in
¥’ 200°=>rT) @nd the weak minimum at about 1165 cm™ appears confirming the dissolution of
Na(BH4)1-xClx and the incorporation of BH,™ in NaCl.

5.2.4 BH,4-frequency variations dependences on halide parameters

The pellet preparation procedure using a pressure of approximately 754 MPa was
sufficient to solve NaBH, (ag= 6.16 A) in each of Nal (a,= 6.48 A), NaBr (ap= 5.97 A), KBr
(ap= 6.60 A) and Kl (ag= 7.06 A), whereas for NaCl (a;= 5.64 A) and KCI (ag= 6.29 A), a
subsequent annealing to 450°C was necessary to achieve the total solution of BH; in the
halide lattice. This can be explained by the smaller effective ionic radius of C1~ (1.81 A [164])
compared to BH4~ (2.05 A [164]). Contrary, the ionic radii of Br~ (1.96 A [165]) and I
(2.20 A [177]) are close or significantly larger than that of BH,, respectively, facilitating thus
the ionic exchange at room temperature by only the pressure effect. The larger cation radius
of K" compared to Na" of the halide lattice may enhance the solution effect as could be
suggested from the two type of compositions indicated in the NaBH, spectrum in KCI
compared to NaBH, in NaCl (Figure 5.7).

The obtained IR frequencies of BH,™ in different halide matrices in the limit of high
dilution refer to an isolation of BH,™ in the halide (denominated as i-BH,~, “i” for isolated)
and are summarized in Table 5.3. The IR values for BH; in RbX matrices are taken from
ref. [92]. The obtained frequencies for BH; in NaX and KX matrices are in good agreement
with those of ref. [91, 92]. The cell parameter (ap) [183] and the radius ratio of the effective
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ionic radius (NaCl structure, coordination number 6) of the cation to the ionic radius of the

anion (R=r*/r) [184] are also given in Table 5.3.

Table 5.3: IR frequencies of i-BH,~ in different AX lattices. Structural parameters of AX are also

given.

AX IR frequencies of i-BH,~ in AX Structural parameters of AX
v, 2v, Vs v+, a0 R=r'/r
NaCl 1165 2303 2375 2482 5.6402 0.5635
NaBr 1138 2252 2326 2426 5.9738 0.5204
Nal 1112 2208 2281 2364 6.479 0.4636
KCI 1144 2257 2323 2422 6.290 0.7624
KBr 1127 2226 2293 2390 6.598 0.7041
Kl 1107 2191 2258 2350 7.064 0.6273
RbCI 1132 2236 2303 2395 6.582 0.8398
RbBr 1118 2212 2279 2369 6.8768 0.7755
Rbl 1104 2181 2250 2335 7.3291 0.6909

It is observed that v3(i-BH;") in Nal and RbBr are similar, 2281 and 2279 cm?,
respectively, while the corresponding a (6.479 A and 6.877 A, respectively) and R (0.4636
and 0.7755, respectively) of the halide matrices are very different. Therefore, the frequencies
of v3 (i-BH4") cannot be interpreted in terms of only the lattice parameter ap and the radius
ratio R determining the available space for the substituting BH,~ in AX. Contrary, the IR
frequencies of i-BH, ™ are found to depend on the nature of the host matrix, in agreement with
ref. [92]. To show this effect more clearly, graphical representations of v3(i-BH4") in function
of the structural parameters, ag and R of the corresponding AX are given in Figure 5.10a and
Figure 5.10Db, respectively.

Approximately linear relationships are observed between v3(i-BH,s") and ag(AX) for
the homologous series of halides with same cationic element A (A-series) or with the same
anionic element X (X-series). The linearity between v3(i-BH4") and ap(AX) is valid within
each of the defined halide series showing an increase of v3(i-BH;") with decreasing ag(AX)
(Figure 5.10a).
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Figure 5.10: Graphical representations of v3(i-BH,") in function of (a) cell parameter a, and (b)
radius ratio (R = r'/r") of the corresponding AX halide. Solid lines represent common cation
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Furthermore, according to Figure 5.10b, an increase of v3(i-BH4") is accompanied with an
increase of R for the A-series but with a decrease of R for the X-series. This indicates that
v3(i-BH,") varies in an opposite direction to the ionic radii of the cations (r") and the anions
(r"). Smaller cations and anions tend to increase v3(i-BH;"). This still could indicate that
increasing the available space for the substituting BH;™ anion along series with increasing
anion size (for e.g. NaCl, NaBr and Nal) is responsible for the decrease of vs. A similar effect
is observed for X-series. An increase of the size of the cation along a series (for e.g. I-series:
Nal, KI and Rbl) is accompanied with an increase of the available space which decreases,
thus, v3(i-BH4"). This argument fails, however, between different series as alluded above for
the case of Nal and RbBr which exhibit similar v3(i-BH4") but completely different available
anion spaces. The same is for NaBr and KCI matrices. Therefore, the main factor responsible

of frequency variations should not be based on the available space.
The linear relationship established between v3(i-BH;") and ag(AX) can be presented

empirically according to:

va(i-BH4") = cag(AX) + B (5.4)

where o is the gradient and B is a constant obtained from the linear regressions. These
parameters are given in Table 5.4. The R? values (> 0.98) are satisfactory and indicate the

effectiveness of the linear correlations.

Table 5.4: Empirical constants (o and f) of the linear relationship v3(i-BH; )= a.a0(AX) + p for
common cation A- series and common anion X-series

A-groups o (em™AY) B (cm™) R’
Na-group -119.9275 3054.0962 0.9848
K-group -88.8481 2884.8024 0.9928
Rb-group -69.1765 2757.6490 0.9956
X-groups
Cl-group -83.1449 2850.9477 0.9999
Br-group -56.6220 2668.9545 0.9999
I-group -35.7190 2511.7233 0.9957
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The absolute value of a of the A-series decreases when descending column 1 of the
periodic table, i.e in the order Na-series > K-series > Rb-series. Similarly, the absolute values
of a of the X-series decrease when going down column 17, i.e. in the order Cl-series > Br-
series > I-series. Assuming that the gradient a of the linear regression gives insight into the
rate at which changes are taking place, i.e. how much the variations of ag(AX) affect the
values of v3(i-BH4"), obtained results suggest that the dependency of v3(i-BH;") on ag(AX)
diminishes across column 1 and column 17 of the periodic table, i.e. when increasing the ionic
radii of A and X of A-series and X-series, respectively. Furthermore, the absolute values of o
of A-series are greater than those of the X-series. Since in a given A-series the anionic
element is varying and for a given X-series the cationic element is changing, the obtained
results suggest that the anionic element X of AX has more impact on v3(i-BH4") than the

cationic element A.

The interrelations established between v3(i-BH;"), ag(AX) and R(AX) can be extended
and discussed in term of other parameters of AX as the negative value of the standard
enthalpy of formation (-AH or exothermicity), the fractional ionic character of the bond for

AX (Ic) and yp of A and X, respectively.

-AH decreases with increasing ap of the homologous A-series. Moreover, -AH and I,
increase with increasing R(AX) of A-series and X-series [184]. By combining these
correlations with those deduced from Figure 5.10, it can be deduced that for the same cationic
A-series, v3(i-BHy") is positively correlated to -AH and I of AX, i.e. an increase of v3(i-BH4")
is accompanied with an increase of -AH and I, of AX. For the homologous series with the
same anionic element, an inverse correlation lies between v3(i-BH;") and -AH and 1. of AX,
i.e. an increase of v3(i-BH4") is accompanied with a decrease of -AH and 1. of AX (Figure
5.11).
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Figure 5.11: Graphical representations of v3(i-BH,") in function of (a) exothermicity -AH of AX
and (b) ionic character I. of the bond for AX halides. Solid lines are for A-series and dashed
lines are for X-series.

According to Pauling, xp Of an atom in a molecule is the power of this atom to attract
electrons toward itself [185]. yp is dimensionless and varies in an opposite direction to that
observed for the ionic radius in the periodic table, i.e. yp increases by going from left to right
across a period, and decreases by moving down a column. Thus, small cations and anions in
homologous A- or X-series have higher yp and higher v3(i-BHy").

The size and electronegativities of the cation and anion complexes determine the
structure and bonding of the compound [171]. The correlations between v3(i-BH4") and yp(A)
and yp(X) for the different series, could provide some information about the stability of the
borohydride. A more charge transfer to BH4™ anion results in stronger B-H bonds stabilizing
thus the borohydride [13]. A more electronegative cation destabilizes the borohydride by
attracting the electron density toward itself and reducing the electron density in the B-H bonds
[168]. For MBH, salts the thermal stability increases in the order NaBH,; < KBH4; < RbBH,4 <
CsBH, [20] whereas yp of the cation increases in the opposite way. At the same time
according to the Raman and ATR results of Renaudin et al. [81], the stretching frequencies v;
and vz vary in the opposite direction. This indicates an inverse correlation between the
stability of the borohydride and v3 of BH,™ anion. Basing on these results, it can be said that in
a given X-group where A is changing, an increase of v3(i-BH;") is accompanied with a
decrease of the stability. At the same time, ag(AX), R(AX), I.(AX) and ~AH(AX) decrease.
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DSC data reveal stabilization with increasing chloride-substitution in NaBH, [176].
Sieverts measurements of the hexagonal Li(BH4)osBros indicate similar H, release as for the
un-substituted pattern LiBH, [165]. This may indicate that the substitution with a more
electronegative anion localizes the negative charge on the B-H bond, stabilizing, thus, the
borohydride. Therefore, it could be deduced that for the A-series where the anionic element X
is varying, an increase of v3(i-BH4") is accompanied with an increase of the stability. At the
same time, ag(AX) decreases, R(AX), I.(AX) and —-AH(AX) are increased. Further
experiments are still needed to demonstrate the correlations suggested between yp of the

anion, vz and the thermal stability of the borohydride.

The correlations found between v3(i-BH4") and the different parameters (ap,—AH, I¢, R,
the effective radii of the cation (r") and the anion (r"), xp of the cation and the anion) are
summarized in (Table 5.5). The effect on the stability of the borohydride is also indicated.

Table 5.5: Correlations found between v3(i-BH;") and the different parameters of the AX halide

(the cell parameter ao, the effective radii of the cation (r*) and the anion (r"), the radius ratio R =

r'/r", the Pauling electronegativity yp, the fractional ionic character I, and the standard enthalpy
of formation AH). The effect on the stability of BH, is also indicated.

for a given A-group: X is varying for a given X-group: A is varying

va(i-BH,") increases va(i-BH,") increases

ap(AX) decreases

ao(AX) decreases

R increases

R decreases

r decreases

r* decreases

vp(X) increases

yp(A) increases

I increases

I. decreases

-AH increases

-AH decreases*

Stability increases

Stability decreases

*non-linear
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5.2.5 BH,-frequency variations using empirical experimental

models

BH, anion isolated in AX replaces the anion X" at individual sites in the alkali halide
lattice. Several complex empirical functions have been developed to carry out a quantitative
evaluation of the frequencies shift of an isolated ion in foreign surroundings. In a general
way, the potential function (V’) governing the vibration of a molecular ion substituted in
NaCl-type cube can be regarded as the sum of the potential function of the free ion (V) and

the interaction energy (V) arising from the presence of the environment (equation 5.5) [186].

V> =Ve+V (5.5)

The perturbing potential function has two distinct effects on the considered ion: (i) the second
derivatives of the perturbing potential with respect to appropriate symmetry coordinates
which represent additional contributions to the effective force constants of the impurity ion
and (ii) the first derivatives of the perturbing potential representing the forces which modify
the equilibrium internuclear spacing within the ion. Accordingly, the frequency shift of the ith

normal mode of the solute is given by:

Avi _ 1 02V 3a;;; OV ajir OV (56)
vi  2ki \ds? a;; 0S; " arr 8Sy

where ki is the force constant of the ith mode, Si are the normal co-ordinates and a are the
potential constants [187]. For a diatomic ion described by a Morse potential of the form

Vi = D(1 — e P%)2 the equation is reduced to:

Mv_ 1 (Vo0 (57)
v 2k (asz +3p af)

where ¢ = r — r,, the change in the internuclear spacing [187, 188]. The perturbing potential
can be explicitly expressed based on the classical theory of ionic crystals given by Born and
Mayer as the sum of a polarization term (V) arising from static or dynamic polarization of the
isolated ion or the surrounding lattice, a columbic term (V) describing the charge-charge
interaction between the solute ion and the supporting alkali halide lattice and a repulsive

short-range term (Vs) due to the overlap of electron density of the isolated ion with its
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surrounding ions of the lattice [186, 188]. In most cases where the terms of equation (5.7) or
its equivalent have been evaluated, it was found that the first derivative term (force multiplied
by anharmonicity) dominated the frequency shift calculations [187]. For example, for the
cyanide ion CN isolated in various alkali halides [188], the authors observed that the

frequency shifts calculations are dominated by the repulsive term shortening the CN bond.

An approximately linear relation is obtained between v3(i-BH4") and the short range
lattice energies of AX (Figure 5.12). The short lattice energy of AX can be considered as the
contribution of the repulsive, dipole-dipole and dipole-quadrupole interaction energies given
by the Born-Mayer equation of AX. These values are tabulated in Table 5.6 and show that the
repulsive forces constitute the major part. Similar linear correlations were obtained for the
nitrate anion NO3™ [32] and CN™ [188] embedded in different halide matrices.
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Figure 5.12: Graphical representation of v3(i-BH,") as a function of the contribution of the short
range interaction energies in the corresponding AX. Dashed line is the linear regression.
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5. Solid Solutions of BH4 " in Different Halide AX Matrices (A = Na, K, Rb; X = CI, Br, I)

Table 5.6: Contribution of the short range forces of the alkali halides as given by the Born-
Mayer equation (in kg.cal.mol™) [189]

AX | Repulsive | Dipole- Dipole- Short
dipole | quadrupole | range

NaCl -23.5 5.2 0.1 -18.2
NaBr -20.6 5.5 0.1 -15
Nal -17.1 6.3 0.1 -10.7
KCI -21.5 7.1 0.1 -14.3
KBr -18.6 6.9 0.1 -11.6
Kl -15.9 7.1 0.1 -8.7

RbCI -19.9 7.9 0.1 -11.9
RbBr -17.6 7.9 0.1 -9.6
Rbl -15.4 7.9 0.1 -7.4

Zhang et al. [190] studied the properties of MBH, (M = Na, K, Rb and Cs) using first
principle calculations (projected augmented plane-wave method). The optimized structures
suggest a variation of 0.0068 A for the B-H distances between NaBH, and CsBH,. According
to the experimental results of Renaudin et al. [81], the B-D distances are diminished by
0.039 A from NaBD, to CsBD, salts. Density functional theory (DFT) calculations at
generalized gradient approximation (GGA) level calculations indicated negligible variations
of B-H distances for MBH, as well as for the solid solutions Na(BH.)1-x)Clx, Na(BH4)(1-xBrx
and Na(BHa4)axlx for x = 0.25, 0.5 and 0.75. The variations are rather due the effective
potential function related to the changes of the neighborhood of BH, [191]. Further
experimental and theoretical studies investigating in more details the different solid solutions
of BH4™ are highly recommendable to more clarify the discrepancies between the results of
Renaudin et al. [81] and those obtained from first principle calculations [190, 191].
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6. Thermal dehydration of Sodium Metaborate
Tetrahydrate NaBO,.4H,0

6.1 State of the art

6.1.1 Borates and sodium metaborate compounds

Boron is usually coordinated to oxygen in three- or four-fold coordination forming
trigonal planar (BO3)®™ and tetrahedral (BO4)>™ primary units, respectively. These fundamental
units often polymerize by oxygen-sharing atoms yielding complex varieties of borate anions
[192]. Hydration of borates is referred to the presence of crystalline H,O molecules and/or
structural water in the form of hydroxyls —OH groups. The representation ABO,.yH,O with A
being the alkali metal, is commonly used to represent the hydration degree y of the borate
including H,O and —OH groups.

The thermal dehydration of synthetic and mineral borates produces anhydrous borates.
It is a complex process which involves multiple steps including generally the release of
crystal water, the removal of —-OH groups (dehydroxylation), amorphization and re-
crystallization of the anhydrous remains of the structure of the precursor solid [193].
Therefore, the thermal dehydration of borates has been considered as a relevant case for the
investigations of reactions which involve amorphization and recrystallization in the solid state
phase [194]. For example, the dehydration of lithium borates (LiBO,.8H,O equivalent to
Li(H20)4sB(OH)4.2H,0, LiBsOg.5H,O equivalent to Li(H,0)3Bs0s(OH); [195]) and
potassium borates (K,B;,07.4H,O [196]) reveals the formation of amorphous anhydrous
products with the same B/Li and B/K ratios as the hydrated lithium and potassium precursors,

respectively, which further crystallize upon heating.

The ordering of the release of H,O and —OH groups depends generally on the strength
of their bonds [193]. The dehydroxylation involves condensation reaction leading to cyclic

compounds:

~
2 B_OH 2, B o0_B (6.1)
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Sodium metaborates NaBO,.yH,O are derivatives of BO,". Five principal different
degrees of hydration have been reported until now, with y = 4, 2, 2/3, 1/3 and 0.
Crystallographic data and molecular structure of the corresponding borate anions are outlined

in Table 6.1 following the references as given.

Tetrahydrate NaBO,.4H,O and dihydrate NaBO,.2H,O also described as
NaB(OH)4.2H,O [197] and NaB(OH), [198], respectively, contain the tetrahedral
tetrahydroxoborate anion B(OH),~. The unit cells of the tetrahydrate and the dihydrate are
shown in Figure 6.1. The tetrahydrate contains in addition to B(OH);  anions two
crystallographically distinct molecules of water.

-

1o lfn o1 P A P
[ e

oy BE 2
NaB(OH)..2H,0 (y = 4) NaB(OH), (y = 2)

Figure 6.1: Crystal structures of sodium metaborate tetrahydrate and dihydrate (projection
along c-axis). I and 11 denote the two distinct crystallographic molecules of water of the
tetrahydrate (Na: orange, B: blue, O: green, H of B(OH),™: gray and H,O molecules: dark red). |
and 11 denote the two types of crystalline molecular water of the tetrahydrate.

The borate anion in the two-third NaBO,.2/3H,0, the one-third NaBO,.1/3H,0 and
the anhydrous NaBO, phases consists of 6-membered ring formed by oxygen corner sharing
between three boron entities, called triborate anion.

The anhydrous sodium metaborate has the structure formula NasB3;O¢ and contains
(B3Og)* anion built of three (BO3)*™ moieties which consist of a boron atom B three-fold
coordinated to three oxygen O atoms [199]. The borate (B3Og)>~ anion occurs in the potassium
salt KBO, but not in the lithium salt LiBO, [200]. The same borate anion with extra-cyclic
oxygen being hydroxylated is found in the orthorhombic form of the metaboric acid
B303(OH)3 [201].



6.1 State of the art

Table 6.1: Crystallographic data of NaBO,.yH,O compounds as reported in the literature in

addition to the molecular structure of the borate anion (B: blue, O: green, H: gray).

NaBOz.yHZO

Crystallographic data

Borate anion

Ref.

y =4
NaB(OH)4.2H20

P-1 (triclinic)
a=6.126 A
b=8.18 A
c=6.068 A

o=67.92° A
B=110.58°
y=101.85°

y =2
NaB(OH),

P2;/a (monoclinic)
a=5.886 A
b=10.566 A
c=6.146 A
B=111.60°

o

B(OH),

[197]

[198]

y =2/3
Nag[Bgo4(OH)4]

Clcl

a=12.8274 A
b=7.7276 A
c=6.969 A
p=98.161°

4

[B304(OH)4]*

[202]

y =1/3
Na3[B3O3(OH),]

Pnma
a=8.923 A
b=7.152 A
c=9.548 A

<

[B3Os(OH).*

[203]

y=0
NazB304

R-3c
a=11.925 A
c=6.439 A

<4

(BsOe)*

[199]

The triborate anion may also contain tetrahedral boron moieties. For example, the one-
third phase with the structural formula Nas[B;O3(OH),] contains the triborate anion
[B3Os(OH),]* which is formed of two (BO3)* moieties and one [BO,(OH),]* corresponding
to a boron atom coordinated to two oxygen atoms and two —OH groups [203]. The two-third
phase Nas[B304(OH)4] contains [B304(OH),]* anion formed of two tetrahedral boron
[BO2(OH),]* entities and one boron triangular group (BOs)*™ [202].
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Other hydration degrees of NaBO,.yH,O including the monohydrate NaBO,.H,O
[204] and the hemihydrate NaBO,.(1/2)H,O [204, 205] have been claimed. Even though,
XRD patterns of these compounds were given [204], no single phase crystallographic
structures were determined. Corazza et al. [203] suggested that the hemihydrate form
proposed as 1Na;0:1B,03:1H,0 corresponds in the reality to a molar constitution of 3:3:2
with the structure formula Nas[B3;Os(OH).] which represents the one-third phase. Recently,
Andrieux et al. [206] revised the NaBO,-H,0O phase diagram and suggested the non-existence

of the hemihydrate (1:1:1) and the monohydrate (1:1:2) as stable compounds.

The thermal dehydration of NaBO,.yH,O has been the subject of many previous
papers using thermogravimetric analyses [61, 85, 207], in-situ X-ray diffraction [85, 206] and
in-situ Raman spectroscopy [85]. Kanturk et al. [207] reported five mass loss steps for
NaBO,.4H,0. The two first were assigned to the release of crystal molecular water yielding
NaB(OH), below 100°C and the last three steps to the removal of ~OH groups yielding the
anhydrous phase near 300°C. Beaird et al. [85] suggested that the thermal decomposition of
NaB(OH), initiates near 100°C and yields NaBO;,.1/3H,O around 150°C and then the
anhydrous NaBO; at much higher temperatures (T > 250°C). Andrieux et al. [206] performed
in-situ X-ray diffraction studies on NaBO,.4H,0. The authors observed a swelling of the
sample near 100°C preventing the identification of the formed compound. The decomposition
of the y = 2/3 phase yields the y = 1/3 phase followed by the y = 0 phase. The y = 2/3 phase
can be synthetically obtained by subjecting the tetrahydrate to an isotherm at 84°C for 12 h
followed by a slow heating (1°C/min) to 110°C where another isotherm has to be applied for
12 h [202]. A longer isotherm at 110°C (3 days) results in the formation of the y = 1/3 phase
[206].

6.1.2 Role of NaBO,.yH,O in H, release from NaBH, and NH;BHj;

Metaborate compounds constitute the by-products of the hydrolysis reactions of

NaBH, and NH3BHj3; according to reactions (6.2) and (6.3), respectively.

NaBH, + (2+(1)H20 => NaBO,.aH,O + 4H, (62)

NH3BH3 + (2+8)H,0 => NH..BO,.BH,0 + 3H, (6.3)



6.1 State of the art

a and P are the excess hydration factor and represent the unutilized H,O in the H; release
reaction. This notion was introduced by Marrero-Alfonso et al. [61] in their investigations of
the hydrolysis of solid NaBH,.

In an ideal way, the quantity of water just required to evolve Hy) is only considered,
i.e. o = 0 and B = 0. This implies that the hydrogen storage capacity of NaBH4-H,O and
NH3BH3-H,O systems would be 10.8 and 9.1 wt% hydrogen, respectively. The hydrogen

storage capacity is calculated according to [206]:

mH2) (6.4)

m(reactants)

In practical systems, the low solubility of metaborate by-products reduces the storage
capacities. For example, in the case of NaBO, by-product where only 28 g could be dissolved
in 100 g H,0 at 25°C [54], the reaction (6.2) would give only 2.9 wt% hydrogen to keep the
system in solution! Consequently, as water enters in the reagents, the amount of hydrogen
provided by the reactions (6.2) and (6.3) decreases when a and P increase (Figure 6.2).
Therefore, minimizing o and f is the key to improve the hydrogen storage capacity of NaBH-

H,0 and NH3BH3-H,0 systems, respectively [61, 85, 206].
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6. Thermal dehydration of Sodium Metaborate Tetrahydrate NaBO2.4H20
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Figure 6.2: Role of the excess hydration factors a and p in the hydrogen storage capacity of
NaBH4-H,0 (black) and NH;BHs-H,O (gray) systems according to reactions (6.2) and (6.3),
respectively (a and p equal to 0, 2 and 4)

The main constituent of the hydrolysate of NH3BH; in presence of a catalyst is the
boric acid H3BO3 [208]. Boric acid is a weak Lewis acid and is present in water at pH lower
than 9. At higher pH the ionized form B(OH)," is dominant (6.5) [209].

B(OH)s(aq) + 2H20() <=>H30" ag) + B(OH)4 (ag), PKa=9.2 (6.5)

Marrero-Alfonso et al. [61] obtained NaB(OH), from the hydrolysis of solid NaBH,4
with water steam at 110°C regardless of the hydride/water ratio. Therefore, the hydration
degree of the metaborate by-product is not a direct function of H,O/NaBH, ratio or more
precisely of the excess hydration factor a of the reaction (6.2). Even if there is enough water
to build the tetrahydrate (o = 4), the isolated by-product is the dihydrate and un-reacted water
remains unbound. Basing on the refining binary phase diagram NaBO,-H,O at ambient
pressure of Andrieux et al. [206], the hydrolysis product of NaBH, about 103°C might be the
y = 2/3 phase. Andrieux et al. referred the discrepancy between their results and those of
Marrero-Alfonso et al. to the experimental conditions of Marrero-Alfonso et al. as the
hydrolysis in a closed reactor which may modify the thermodynamic equilibrium.
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Alternatively, the y = 2/3 phase could be formed in-situ at 110°C but is further rehydrated to
NaB(OH), upon cooling down. Furthermore, the attempts of Andrieux et al. to crystallize the
y = 2/3 solid in equilibrium with its saturated borate solution failed, even though according to
the NaBO,-H,0 phase diagram, the binary phase domain liquid + NaBO,.(2/3)H,0 could be

achieved between 103 and 131.6°C. A metastable gel was instead obtained.

From this literature survey, the mechanism of dehydration of sodium metaborate
tetrahydrate and dihydrate still needs further clarifications. Particularly interesting is the
temperature range between 100 and 150°C where the decomposition of NaB(OH), and the
condensation to the triborate anion take place. The objective of this chapter is to contribute to
a better understanding of the dehydration mechanism. This knowledge is paramount in the
field of hydrolysis of NaBH, and NH3BH; for H, release. Therefore, the thermal
decomposition of the tetrahydrate was refined using thermogravimetric, in-situ X-ray
diffraction and TIR experiments performed from room temperature to 400°C. TG/DTA
analyses were carried out using different heating rates, 5, 2 and 1°C/min. The role of the
flowing gas on the thermal dehydration was also investigated. The different dehydration

products were isolated and characterized using XRD, IR and Raman.

6.2 Results and discussion

6.2.1 Characterization of the commercial NaBO,.4H,0 sample

The commercial sample of sodium metaborate tetrahydrate NaBO,.4H,0 was checked
using IR spectroscopy and X-ray diffraction (using 0.03°26/s) (Figure 6.3). For the
preparation of the IR pellet, the tools were dried at 120°C and then cooled down to room
temperature to prevent any dehydration of the tetrahydrate sample. Obtained IR frequencies
(Figure 6.3a) are in good agreement with those reported earlier for NaB(OH),.2H,0 [89,
210]. A description of the IR modes is presented in section 6.2.5. The XRD patterns of the

commercial sample confirm the tetrahydrate in addition to traces of NaB(OH),.

To determine the proportion of the dihydrate in the commercial sample, three different
samples were heated under He to 400°C for a total dehydration. The mass of each sample was
taken before and after the thermal treatment. All thermally treated samples suggested mass
losses of 50-51 % slightly lower than the theoretical loss of 52.23 % corresponding to 4 mol
H,O (y = 4). The obtained mass losses are equivalent to y of 3.83-3.91 which correspond to
mixtures of 95.7-97.6 % tetrahydrate and 4.3-2.4 % dihydrate.
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Figure 6.3: Characterization of the commercial sample of NaBO,.4H,0. (a) IR spectrum and (b)
X-ray patterns for two measurements. For comparison reflexes of NaBO,.4H,0 (black bars) and
NaBO,.2H,0 (gray bars) references are shown.

6.2.2 TG/DTA analyses

Commercial samples of NaBO,.4H,0 were subjected to different TG/DTA analyses
from room temperature to 400°C. Different heating rates and flowing gases were considered.
He//novac//5 and He/lvac//5 denote the samples heated under He at 5°C/min without and
with pre-evacuation before the heating run, respectively. The thermal treatment under He was
also conducted on pre-evacuated samples at 2 and 1°C/min. These experiments are denoted
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He/lvac//2 and He/lvac/ll, respectively. To check the role of the flowing gas, the thermal
decomposition of the tetrahydrate was carried out under synthetic air on pre-evacuated
samples of NaBO,.4H,O at 5°C/min (denoted air//vac//5) and at 1°C/min (denoted

air//vac//1). Information about the thermal treatments is given in Table 6.2.

Table 6.2: Information about the thermal treatments of the commercial NaBO,.4H,0O sample.
MLotcurv iS the total loss indicated on the TG curve and y; is the equivalent mol of water.
ML otcarc IS the total loss obtained by subtracting the mass of the crucible and the sample after
the thermal treatment from that before the thermal treatment.

Experiment Thermal treatment ML ot ML ot Principal mass loss steps
parameters curv(%0) calc
Yi (%)
= =)" 0,
He 47592 % y; =>y=2: 23.19% (1.77mol)
He//novac//5 | Without pre-evacuation 3.64 51 y=2=>y=1/3: 19.89% (1.52mol)
5°C/min y=1/3=>y=0: 4.5% (0.34mol)
.= =) 0,
He 3752 % yi =>y=2: 12.15% (0.93mol)

He/lvac//5 With pre-evacuation 2.87 50.91 | y=2=>y=1/3: 20.62% (1.58mol)

5°C/min y=1/3=>y=0: 4.81% (0.36mol)
. = =)" 0,
He 31.408 % yi => y=2: 5.84% (0.45mol)
He/lvacl/l2 With pre-evacuation 241 51 y=2=>y=1/3: 21.199% (1.62mol)
2°Cmin y=1/3=>y=0: 4.303% (0.33mol)
. = =/" 0,
He 31677 % yi =>y=2: 6.063% (0.46mol)
He/lvac//1 With pre-evacuation 242 50.81 | y=2=>y=1/3: 21.003% (1.61mol)
1°C/min y=1/3=>y=0: 4.674% (0.36mol)
. = =-)" 0,
- 4104 % yi => y=2: 15.837% (1.21mol)
air//vac/l5 With pre-evacuation 3.14 y=2=>y=1/3: 20.675% (1.58mol)
G y=1/3=>y=0: 4.68 % (0.36mol)
.= =) 0,
e 30,039 % yi => y=2: 5.711% (0.44mol)

air//vac//1 With pre-evacuation 2.3 y=2=>y=1/3: 20.119% (1.54mol)
1°C/min y=1/3=>y=0: 4.207% (0.32mol)

Effect of pre-evacuation/non-pre-evacuation

TG/DTA results of He//vac//5 and He//novac//5 experiments are shown in Figure 6.4.
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Figure 6.4: TG (solid blue lines), dTG (dashed red lines) and DTA (green solid lines) results for
(a) He/lvacl/l5 and (b) He//novac//5. The phases of the plateaus of the TG curves and the
endotherms (E1-E5) are indicated.

The total mass losses on the TG curve are 37.52 % and 47.592 % for the pre-evacuated

and the non-pre-evacuated samples, respectively. The mass loss evidenced by the TG curve is
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denoted MLcurv. The total mass losses were also calculated by subtracting the mass of the
crucible and the sample after TG from that before the thermal treatment. Total mass losses
obtained in this way are denoted MLio.caic and are found to be 50.91 % for He//vac//5 and
51 % for He//nonvac//5.

The difference of MLit.curv Detween the two experiments indicates that the samples
have different fraction of water at the beginning of data acquisition. Assuming that the
theoretical mass loss of 4 mol H,O corresponds to a total mass loss of 52.23 %, the obtained
values for MLo.curv SUggest that the hydration degrees of the samples at the beginning of data
acquisition (denoted y;) are approximately 3.64 for He//novac//5 and 2.87 for He/l/vac//5. The
difference is approximately 10 % (equivalent to 0.77 mol H,O) and is not related to the
composition of the start commercial material used since MLiot-caic Values are similar for both
experiments. It is rather due to the history of the sample before the TG run. Since the only
difference between the two experiments is the pre-evacuation of the sample in the TG
apparatus before the thermal treatment for He//vac//5, it can be said that a significant amount
of water is lost during pre-evacuation without being recorded and seen on the TG curves.
There is a difference between the values of MLigt-curv and MLyotcaic for the non-pre-evacuated
sample, too. This is about 3 % (0.23 mol H,0) and indicates that a slight amount of water is
lost under inert atmosphere without being recorded and seen on the TG curve. This could
occur during the stabilization time of 10 min which is necessary for the equipment before
starting to heat. Therefore, it can be said that the tetrahydrate commercial sample loses about

10 % H,0 during pre-evacuation in addition to 3 % during the stabilization time under He.

The unseen losses (about 13 % for the pre-evacuated sample and 3 % for the non-pre-
evacuated sample) are part of crystal molecular water since structural water of sodium

metaborates is stronger bonded to the system in the form of —OH groups (6.6).

-0.23 H,0 (3 %)*

Commercial sample NaBO,.yiH,O (6.6)
NaBO,.yH,O  -0.76 H,0 (10 %)** '
y =3.83-3.91

* loss during the stabilization time
**|oss during the pre-evacuation of the sample before the TG run

Mass losses initiate near 50°C and are completed about 300°C. The TG curves shows
four plateaus centered at 85, 125, 210 and 310°C, respectively, indicating the formation of
four different decomposition phases.
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The DTA curves show five principal endothermic peaks denoted E1, E2, E3, E4 and
ES centered at about 60, 70-80, 105-110, 150 and 280°C, respectively. All endothermic
effects were accompanied by more or less dehydration as can be concluded from a

comparison of DTA and dTG curves.

The first plateau at 80-90°C corresponds to E1 and E2 and is accompanied with a mass
loss of 12.15 % (equivalent to 0.93 mol H,0) for He//vac//5, and 23.19 % (1.77 mol H,0O) for
He//novac//5. These values suggest the formation of the y = 2 phase according to:

For He/lvac//5:

-0.93H,0
NaBO,.2.9H,0 NaBO,.2H,0
35-75°C
For He//novac//5:
-1.77 H,0
NaBO,.3.67H,0 NaBO,.2H,0
35-90°C

In a more general way:

NaBO,.yiH,0 NaBO,.2H,0 “NaB(OH),” (6.7)
El, E2

Between 100 and 300°C, mass losses of 25.4 and 24.58 % were observed for the pre-
evacuated and the non-pre-evacuated samples, respectively, nearly close to the theoretical
value of 26.1 % corresponding to the release of 2 mol H,O and the formation of the
anhydrous NaBO,. Thus, the plateau on the TG curve above 300°C is for the y = 0 phase and
the three endotherms E1, E2 and E3 are related to the release of structural water (-OH groups)
(6.8).

-2H,0 (26.11 %)
NaBO,.2H,0 “NaB(OH),” > NaBO, “NagB;0g”
E3, E4, E5

(6.8)

The given value is the theoretical loss
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The fact that the mass loss corresponding to the dehydration reaction (6.8) is the same
for both experiments, He//vac//5 and He//novac//5, and nearly close to the theoretical loss of
2 mol H,O confirms that the unseen losses discussed above (reaction 6.6) are part of the

crystal molecular water.

The reactions described in (6.7) and (6.8) support previous works suggesting that
crystal molecular water is released below 100°C yielding NaB(OH),4 which further dehydrates
at higher temperatures in a stepwise fashion yielding the anhydrous metaborate at 300°C [206,
2071].

Between 90 and 200°C, mass losses of 20.62 % (1.58 mol H,0) and 19.89 % (1.52
mol H,0) are observed for He//vac//5 and He//novac//5, respectively, which are close to the
theoretical loss of 1.67 mol H,O corresponding to the dehydration of the y = 2 to the y = 1/3
phases. The last dehydration step between 200 and 300°C is accompanied by mass losses of
4.81 % (0.36 mol H,0) for the pre-evacuated sample and 4.5 % (0.34 mol H,0) for the non-
pre-evacuated sample, which are near of the theoretical loss of 0.34 mol H,O corresponding
to the dehydration of the y = 1/3 to the anhydrous y = 0 phases. Therefore, the TG-plateaus at
210 and 300°C can be assigned to the y = 1/3 and the y = 0 phases, respectively, and the
endotherms E3 and E4 to the dehydration of the y = 2 to the y = 1/3 phases and E5 to the
dehydration of the y = 1/3 to the y = 0 phases (reaction 6.9).

-1.67 mol H,O -0.34 H,0
(21.8%) (4.35%)
NaBO,.2H,0 —m8™—> NaBOZ.1/3Hzo —> NaBO,
6.9
“NaB(OH)4” E3, E4 “Nag[B3O5(OH)2]” E5 Na38306 ( )

The given values are for the theoretical losses.

The plateau on the TG curve at 125°C indicates that the dehydration of the y = 2 to the
y = 1/3 occurs through the formation of an intermediary phase. The only reported stable phase
that may occur between the y = 2 and the y = 1/3 phases is the y = 2/3 phase [202].
Nonetheless, the obtained mass losses between 90 and 123°C, 5.6 % (0.43 mol H,0) for the
pre-evacuated and 7.87 % (0.6 mol H,0) for the non-pre-evacuated samples, are too far from
the theoretical loss of 1.34 mol H,O corresponding to the dehydration of the y = 2 to the
y = 2/3 phases. Beaird et al. [85] were not able to see the y = 2/3 phase during the thermal
dehydration of NaB(OH), even at slow heating rate (1°C/min). Therefore, the plateau at
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115-130°C corresponding to E3 on the DTA curve indicates a new phase denoted as y = n.
This dehydrates further to the y = 1/3 phase (E4) (reaction 6.10).

NaBO,.2H,O —— intermediary stage —> NaBO,.1/;H,0 (6.10)
“NaB(OH),”> E3 (y=n) E4  “Nag[BsOs(OH),]”

Further inspections of Figure 6.4 suggest that E1 and E2 are sufficiently separated in
He//novac//5 where y; is higher. E1 is much more endothermic than E2, while E1 is correlated
to a small shoulder on the dTG curve indicating a weak dehydration. This can be interpreted
by structural endothermic changes (represented by E1) followed by the removal of the crystal
molecular water (E2). Likewise, the high endothermicity of E3 accompanying the formation
of the y = n phase could not be referred to only the mass loss evidenced by TG and dTG

curves.

Role of the heating rate

TG/DTA of pre-evacuated samples of NaBO,.4H,0 performed under He using heating
rates of 2 and 1°C/min (He//vac//2 and Hel/lvac//1, respectively) are shown in Figure 6.5 in

comparison with He//vac//5.

The calculated values for the total mass losses ML ot.caic at 2 and 1°C/min were 51 and
50.81 %, respectively, close to those obtained at 5°C/min for He//vac//5 and He//novac//5.
These are different from the total mass losses indicated on the TG curves MLigt.curv Which are
equal to 31.408 % at 2°C/min and 31.677 % at 1°C/min corresponding to y; of 2.41 and 2.42,

respectively, and are lower than that obtained at 5°C/min (y; = 2.87).
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Figure 6.5: TG/DTA results of He//vac//2 and He//vac//1 in comparison with He//vac//5

The samples lose between 30 and 50°C about 5.84 % (0.45 mol H,0) for He//vac//2
and 6.063 % (0.46 mol H,0) for He//vac//1. These values can be referred to the formation of
the y = 2 phase (reaction 6.7). At 5°C/min, this dehydration was accompanied with a higher
mass loss (12.15 %). The dehydration of structural water between 100 and 300°C yields mass
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losses of 25.337 % and 25.491 % for He//vac//2 and He/lvac//1, respectively, close to that
obtained at 5°C/min (25.42 %) and assigned to the formation of the anhydrous phase (reaction
6.8). Since all samples He//vac//5, Hellvac//2 and He/lvac//1 were evacuated the same,
obtained results suggest that the unseen loss of the crystal molecular water due to the
dehydration of the tetrahydrate during the stabilization time at room temperature under inert
gas becomes more significant at slow heating rates yielding lower values for y;. As a result,
the endotherms E1 and E2 merge into a single broad endotherm at 2 and 1°C/min.

At 2°C/min, the TG curve shows a mass loss of 4.303 % (0.33 mol H,0) between 240
and 300°C nearly close to the theoretical value characteristic of the dehydration of the y = 1/3
to the y = 0 phases (E5, reaction 6.9). At 1°C/min this dehydration can be assigned to the
mass loss of 4.674 % (0.36 mol H,O) observed between 191 and 270°C.

The individual steps of the dehydration of the y = 2 to the y = 1/3 phases are affected
by the heating rate used. As the heating rate decreases from 5 to 2°C/min, the intermediary
phase (y = n) between the y = 2 and the y = 1/3 phases is accompanied by more dehydration
and it overlaps with the y = 1/3 phase. At 1°C/min, the y = n and y = 1/3 phases could not be

separated anymore.

It is well known that DTA curves are influenced by the heating rates. At higher
heating rates, the peaks grow in intensity and move to higher temperatures. Furthermore, the
DTA peaks are broadened as a function of temperature. In the present case, DTA peaks are
reduced and slightly shifted to lower temperatures with decreasing the heating rate from 5 to
2°C/min. At 1°C/min, E5 appears as a very weak peak at 215°C and E4 is not detectable

anymore.

At 2 and 1°C/min E3 is resolved in two endotherms peaked at 96°C and a sharper one
at 91°C, respectively. The TG curve at 1°C/min shows an abrupt decrease at 90-95°C
accompanied with a mass loss of 14.3 % (1.09 mol H,0) followed by a subsequent mass loss
of 6.82 % (0.53 mol H,0) long-tailed in the temperature range between 105 to 210°C. The
sharp endotherm at 91°C indicate a structural endothermic phenomenon accompanying the

dehydration of the y = 2 to the y = n phases.

As a consequence, the dehydration of the dihydrate to the one-third is affected by the
heating rate used. It proceeds through the formation of a new intermediary stage (y = n) which

could be better isolated at high heating rates. The formation of the y = n phase may involve a
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structural endothermic effect due to the sharp endotherm resolved at slow heating rates. The
hydration degree of the intermediary stage y = n is not stable and depends on the heating rate
used. At slow heating rates it is less hydrated and overlap with the y = 1/3 phase.

Role of the flowing gas

To check the effect of the flowing gas on the thermal dehydration mechanism,
TG/DTA measurements were carried out under synthetic air on pre-evacuated commercial
tetrahydrate samples to 400°C using two different heating rates 5°C/min (air//vac//5) and
1°C/min (air//vac//1). Results are shown in Figure 6.6. For comparison, the measurements
performed under He on pre-evacuated samples at 5 and 1°C/min are also shown.

TG curves show mass losses MLigt-cury Of 41.04 and 30.039 % for air//vac//5 and
air//vac//1, respectively. Similarly to the investigations under He, the unseen loss of crystal
water in the pre-evacuated samples during the stabilization time increases at 1°C/min
compared to 5°C/min.

At 5°C/min under synthetic air, the y = 2 phase is correlated on the TG curve to a
small variation of the slope near 100°C. Indeed, the mass loss between 100 and 300°C is
25.27 %, equivalent approximately to 2 mol H,O confirming the dehydration of the y = 2 to
the y = 0 phases according to the reaction (6.8). On the DTA curve, E2 is peaked at 95°C, at
higher temperatures compared to the measurement under He. Otherwise, no substantial
difference concerning the dehydration of structural water between the two flowing gases
could be observed. The sample loses between 260 and 300°C about 4.68 % which can be
referred to the dehydration of the y = 1/3 to the y = 0 phases (E5, 6.9). Interestingly, the
dehydration of the y = 2 to the y = n phases between 100 and 120°C is accompanied with a
mass loss of 5.13 % nearly close to that obtained under He (5.6 %). The corresponding
endotherm E3 is highly endothermic and could not be described by only the dehydration
indicated on the dTG curve confirming that an additional endothermic structural process takes
place along with the dehydration of the y = 2 to the y = n phase.
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Figure 6.6: TG, dTG and DTA results of (a) air//vac//5 (red lines) in comparison with He//vac//5
(black) and (b) air//vac//1 (green) in comparison with He//vac//1 (black)

At 1°C/min, the sample under air loses between 50 and 300°C 24.34 % assigned to the
reaction (6.8) describing the dehydration of the y = 2 to the y = 0 phases. Between 230 and
300°C, the loss is 4.207 % and corresponds to the dehydration of the y = 1/3 to they = 0
phases (E5, reaction 3.9). Similarly to He//vac//1, the y = n overlap with the y = 1/3 phases

under synthetic air and E3 shows an additional sharp endotherm at 91°C.
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6.2.3 In-situ X-ray diffraction

Basing on TG/DTA results, the different dehydrated phases y = 2, n, 1/3 and 0 could
be better separated at relatively fast heating rates regardless of the considered atmosphere.
Therefore, in-situ X-ray investigations of the thermal dehydration of the commercial
tetrahydrate sample were carried out at 10°C/min under N, flowing. Patterns were collected at
key temperatures determined from TG/DTA analyses. During the acquisition time of 5 min,
the temperature of the sample was maintained constant. The measurements were firstly
performed from room temperature to 400°C. Data were taken in steps of A20 = 0.02°260 and a
time/step of 0.12 s (Figure 6.7).

A slight heating to 50°C results in the disappearance of the peaks of the tetrahydrate
and the appearance of the main reflections of the dihydrate which persist up to 100°C. In this
temperature range TG/DTA analyses show two endotherms E1 and E2 (reaction 6.7). The
observation of only the dihydrate pattern suggests that the end-products of E1 and E2 are
crystallographically identical to NaB(OH),4. Furthermore, E1 is highly endothermic and is
accompanied with only a weak dehydration, whereas the majority of crystalline H,O
molecules are released upon E2. Therefore it can be said that the phase resulting from E1 is
constituted of NaB(OH), in addition to some external water and could be denoted as
NaB(OH)4+y 'H,O with 2 <y’ < 4,

At 110°C, the XRD peaks of NaB(OH), are attenuated and the pattern indicates the
formation of an X-ray amorphous phase. Around 180°C very weak peaks are observed at
29.73, 34.21, 37.46 and 41.38°26 but could not be identified because of the low intensity.
Near 200°C, weak peaks related to anhydrous NaBO, appear at 28.91,
32.63, 34.29 and 40.52°20 which gradually increase in intensity with increasing the

temperature.
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Figure 6.7: In-situ X-ray patterns of the thermal dehydration of NaBO,.4H,O using 0.12 s per
step from room temperature to 400°C

The structural changes between 90 and 200°C were investigated using a higher

time/step of 0.7 s. Results between 90 and 200°C are shown in Figure 6.8.

The pattern at 110°C exhibits a broad bump between 27 and 38°26 in addition to the
presence of some very weak peaks between 40 and 50°20. The patterns between 150 and
200°C can be principally indexed to the y = 1/3 phase with low crystallinity. Some other
unidentified peaks were also observed. The y = 2/3 phase can be excluded since its main
reflexes at 33.153 and 17.885°20 [202] are not present.

The in-situ X-ray results indicate that the intermediary phase y = n between the y = 2
and the y = 1/3 phases corresponding to E3 on the DTA curves is amorphous. It dehydrates
upon further heating to the y = 1/3 phase (E4) which in turn dehydrates further to they = 0
phase (E5).
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Figure 6.8: In-situ X-ray patterns obtained from the thermal dehydration of NaBO,.4H,O using
0.7 s per step between 90 and 200°C. The main reflexes of NaB(OH),4, NaBO,.(1/3)H,0 (I > 30%,
black bars) and NaBO,.(2/3)H,0 (I = 50%, pink bars) are overlaid for comparison.

Beaird et al. [85] identified the one-third and the anhydrous phases from the thermal
dehydration of NaBO,.2H,0. However, they did not observe a non-crystalline phase (y = n)
between the y = 2 and the y = 1/3 phases. This can be explained by the slow heating rate of

1°C/min and the long acquisition time of 4 h used in their study.

6.24 TIR

TIR investigations of the thermal dehydration mechanism can be divided into two
parts. The first is for the dehydration of crystal molecular water below 100°C using a
tetrahydrate/KBr pellet. The second investigates the condensation reaction of NaB(OH), to
Na3B30g using NaB(OH)4/KBr. Therefore, the commercial tetryhadrate sample was heated at
70°C for 20 h to eliminate molecular water of hydration. The obtained sample consisting of

NaB(OH), was then pressed in two KBr pellets. One was linearly heated to 400°C at

159
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10°C/min, and for the other pellet the heating run was altered by an isotherm at 160°C for

43 h.

TIR spectra of NaBO,.4H,0 from room temperature to 85 °C are shown in Figure 6.9.
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Figure 6.9: TIR of NaBO,.4H,0 from room temperature to 90°C

The spectra taken at 27, 35 and 45°C show the typical peaks of NaBO,.4H,0 phase
[210] with the lattice vibrations principally at 429, 492, 525, 549, 647, 684, 766, 947, 1130,
1265 and 1288 cm™. The H,0 bending vibration is split into two main peaks with maxima at
1673 and 1711 cm™. The OH-related band is broad and includes at least seven OH peaks in
the range between 2765 and 3740 cm™. Block and Perloff [197] reported two distinct
crystallographic water molecules (Figure 6.1) and proposed a hydrogen bonding network

constituted of eight crystallographic distinct hydrogen bonds.

The spectra taken at 55, 70 and 85°C show the typical peaks of NaB(OH), crystal [88]
in agreement with the X-ray patterns taken between 50 and 90°C which are indexed to
NaB(OH), (Figure 6.7). The IR lattice vibrations of NaB(OH), are peaked at 528, 684, 743,
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933, 1084, 1181 and 1298 cm™. The OH absorption bands are also changed showing three
peaks at 2382, 3385, 3438 and 3640 cm™. The peak at 1658 cm™ indicates that H,O molecules
go into the KBr pellet. This peak decreases in intensity during heating from 55 to 85°C.

The TIR spectrum at 55°C confirms the presence of a phase isomorphous to
NaB(OH), which contains in addition unbound water molecules (NaB(OH),+y’H,0). This
phase is formed in the first stages of the thermal dehydration (E1). Water of hydration are
further released without crystallographic changes in the structure (E2) yielding NaB(OH),.
The transition of the tetrahydrate to the NaB(OH),+y’H,O phase is accompanied with
profound changes in the H,O and OH-related bands.

The dehydration of structural during linearly heating NaB(OH)4/KBr pellet to 400°C is
demonstrated in Figure 6.10.

Above 100°C, NaB(OH), peaks are attenuated. At 115°C, the IR spectrum shows
broad IR bands at 820-1090 cm™ and 1200-1415 cm™ indicating the formation of an
amorphous phase in agreement with the in-situ X-ray results for the y = n phase. These peaks
are assigned to vibrations involving boron tetra-coordinated (tetrahedral) and tri-coordinated

(planar) to oxygen atoms, B4-O and B3-O groups, respectively [211].

The amorphous phase remains up to 200°C. Upon further heating, the IR bands of BO,
between 900 and 1000 cm™ decrease and those of BOs groups at about 1200-1500 cm™
increase. At about 330°C the IR absorption bands of OH groups between 3000 and 3700 cm™
disappear. The IR spectrum shows principally absorption peaks at 705, 723, 1230, 1260 and
1440 cm™ assigned to the anhydrous crystalline NazBsOg [91].
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Figure 6.10: TIR of NaB(OH), linearly heated from room temperature to 420°C

The formation of the one-third phase, as expected from TG/DTA and in-situ X-ray
analyses, was not observed in this TIR run. Therefore, TIR investigations from room
temperature to 400°C were also conducted by applying a long isotherm at 160°C. Results are

shown in Figure 6.11.
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Figure 6.11: TIR of NaB(OH), to 400°C using isothermals conditions at 160°C

The decomposition of the y = 2 to the y = n phases occurs about 115°C as deduced

from the disappearance of the IR bands of NaB(OH), and the appearance of principally two
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broad IR bands centered at 950 and 1380 cm™, respectively. The TIR spectrum at 160°C
shows broad IR bands similar to those at 115°C. After the long isotherm at 160°C, the broad
bands are sharpened into a fine structure. Interestingly, the peak at 617 cm™ can be attributed
to the symmetric pulse vibration v, of a triborate ion containing tetrahedral and planar boron
units [89, 212]. Thus, the corresponding TIR spectrum can be assigned to the y = 1/3 phase
which remains stable after 16 h at 160°C.

TG/DTA analysis at 5°C/min suggested the y = 1/3 phase over a wide temperature
range from 180 to 260°C. The fact that a long isotherm was needed in the TIR experiment to
obtain the IR spectrum of the y = 1/3 phase could be referred to the matrix effect retarding the
cyclization and the crystallization of the structure in a polyborate ring rather than affecting the
dehydration. Indeed, the integral intensity of the OH stretching band calculated between 2867
and 3805 cm™ shows a decrease of 46 % between the IR spectrum at room temperature and
that obtained at 160°C after 27 h. This decrease matches in the TIR with linear heating
(Figure 6.10) the variation of the integral intensity of OH band between the IR spectra at
room temperature and that taken at 205°C. However, the TIR spectrum taken at 205°C in the
linear heating shows relatively broad IR bands and a very weak peak at 620 cm™

corresponding to the triborate ring pulse vibration.

The one-third phase remains stable up to 270°C. At higher temperatures, the IR bands

of Na3B3Og increase in intensity.
6.2.5 Characterization of the dehydration products

The different metaborate phases could be isolated and characterized in runs of
NaBO,.4H,0 samples heated under N, to 70°C, 70°C for 20 h, 120°C, 120°C for 30 min,
120°C for 2 h and 400°C for 5 h. End-products were collected and characterized using powder
X-ray diffraction, IR and Raman spectroscopy.

The first experiment (denoted exp.a) was carried out to 70°C for 20 h. Heating the
commercial sample to 120°C at 5°C/min (exp.b) yielded a gel-like phase. This experiment
was repeated in the same manner (exp.b’). The gels were immediately isolated and subjected
to XRD and IR measurements. The IR spectra were taken by simply mixing 1-2 drops of the
gel in approximately 200 mg KBr. In another experiments, the gel was maintained at 120°C
for 20 min (exp.c) and 2 h (exp.d), respectively. Exp.e is for the isotherm performed at 400°C
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for 5 h. It is worth noting that the cyclic phases (y = 1/3 and y = 0) were not stable for long

term at ambient conditions. Characterizations were made directly after the thermal treatments.

X-ray patterns of the end-products of exp.a-e are depicted in Figure 6.12. The
obtained pattern for the isotherm at 70°C (exp.a) can be assigned to the dihydrate phase. The
long heating time of 20 h was applied to get all H,O molecules out of the sample since
according to in-situ X-ray diffraction results the first two steps of the thermal dehydration of
NaBO,.4H,0 corresponding to E1 and E2, respectively (reaction 6.7), have similar X-ray

patterns.

The gel-like phase isolated at 120°C (exp.b and exp.b’) is amorphous. The prolonged
heating of the gel at 120°C (for 20 min in exp.c and for 2 h in exp.d) yields the y = 1/3 phase.
The thermal treatment at 400°C for 5 h (exp.e) produces the anhydrous y = 0 phase. The
obtained results are in good agreement with in-situ X-ray results and confirm that between the
y =2 and y = 1/3 phases an amorphous phase occurs. The different thermal treatments and the

corresponding phases are summarized in Table 6.3.

Table 6.3: Thermal treatments of NaBO,.4H,0 and end-products

Exp. Thermal treatment End-product
a 70°C, 20 h NaB(OH),
b 120°C Gel, non-crystalline
b’ Repetition of exp. (b) Gel, non-crystalline
c 120°C, 20 min Nas[B30s(OH),]
d 120°C, 2 h Nas[B30s(OH),]
e 400°C,5h NasB30¢
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Figure 6.12: X-ray patterns of the end-products of exp.a-e. When necessary, a comparison with a
reference pattern is given (vertical bars).

IR spectra of exp.a-e are shown in Figure 6.13. Raman spectra are shown for the

dihydrate (exp.a), the one-third (exp.d) and the anhydrous (exp.e) phases in Figure 6.14.



6.2 Results and discussion

y=0
exp.e
T T T T T T T
Vp
y=1/3
— exp.d
S
)
() exp.c
o
= T T T T T T T
2
o
)
2 y=n
exp.b’
exp.b
T T T T T T T
y=2
exp.a
| B R RELELELL EELANLELL RN BN B
500 1000 1500 2000 2500 3000 3500 4000

Wavenumber (cm'l)

Figure 6.13: IR spectra of the end-products of exp.a-e
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Figure 6.14: Raman spectra of the dihydrate (exp.a), the one-third (exp.d) and the anhydrous
(exp.e) phases. The peak positions of the primary peak of each phase are indicated.

The obtained IR spectra for the y = 2 (exp.a), the gel y = n (exp.b and exp.b’), the
y = 1/3 (exp.c and exp.d) and the y = 0 (exp.e) phases are similar to those obtained using TIR

experiment.

An aqueous solution of B(OH),~ exhibits the asymmetric v3 (IR) and the symmetric v,
(Raman) stretching modes at 958 cm™ and 744 cm™, respectively [213]. The IR spectra of
NaBO,.4H,0 and NaBO,.2H,0O were described by Kessler [210] and Kessler and Lehmann
[88], respectively. One would assume that IR and Raman peaks at similar frequencies could
be assigned and described the same. Accordingly, the IR and Raman peaks in the spectral
range 900-950 and 740-770 cm™ are for the asymmetric (v3) and symmetric stretching (v1) of
the B,-O bond, respectively. The peaks between 1090 and 1290 cm™ are assigned to the
deformation or in-plane bending mode of BOH groups. The bands appearing between 600 and
700 cm™ are referred to y(B-OH) mode, the deformation vibration perpendicular to the plane
of B-OH grouping. The IR bands between 500 and 600 cm™ are assigned to the bending v4
mode of B,-O. Jun et al. [89] assigned the Raman peak of the tetrahydrate at 579 cm™ to
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v(B-OH) rather than v4 mode. IR and Raman modes of NaBO,.4H,0 and NaBO,.2H,0 are

summarized in Table 6.4.

Table 6.4: Experimental IR frequencies and Raman shifts of NaB(OH),.2H,0 and NaB(OH), in
comparison with literature

NaB(OH),;.2H,0,y =4 NaB(OH),;, y =2 Assignment
IR IR Raman
Exp. Ref. [210] Exp. Ref. Exp. Ref.
[88] [85]
2800-3600 3200-3600 3640 3640
3442 3390 Stretching of OH
3377 3350
3258 3260
1670 1680 Bending of HOH
1297 1290
1288 1286
1265 1266
1188 1185 Deformation or in-plane bending
1162 1166 of B-O-H
1130 1129
1085 1090
1070 1072
953 1006-916 954 952 Asymmetrical stretching of B,-O
912 934 930 (va)
766 768 Symmetrical stretching of B,-O
742 740 740 740 (V1)
684 685
678 vyB-OH
647 646
565 565 564 579
549 549
535 Bending of B;-O (v4)
524 525 528 527 524 527
508 506 510 510
492 491
466
411 410

B4-O denotes the bond of B tetrahedrally coordinated to O

The IR region of O-H stretching in NaB(OH), reveals a strong broad band with three
peaks at 3443, 3376 and 3258 cm™, respectively, and a single sharp band at 3640 cm™. This is
consistent with the crystal structure of NaB(OH)4 where three of the —OH groups (including
H(1), H(2) and H(3)) participate to hydrogen bonding network but not H(4) [198].

The IR spectra of exp.b and exp.b’ are similar and consist principally of broad B-O
bands centered at 936, 1250 and 1360 cm™ that can be assigned to the stretching of B4-O, the
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bending of B-OH and the stretching of B3-O, respectively [89, 211]. This indicates that the
y = n phase includes short ranges of tetrahedral BO, and planar BO3; boron moieties with the
content of fourfold BO, is greater than that of BOs.

Under ambient conditions, the gel dries progressively and forms a white powder
identified as NaB(OH), (results not shown) due to the uptake of sufficient water from the

atmosphere.

A prolonged heating of the gel at 120°C or a slight increase in the temperature leads to
the y = 1/3 phase. Beaird et al. [85] reported the Raman spectrum of the y = 1/3 phase. To our
knowledge, no IR spectrum has been reported to date. A primary peak of the one-third phase
is the symmetric pulse v, of the triborate anion containing BO3z and BO,4 groups which appears
at 617 and 638 cm™ in the IR and Raman spectra, respectively [89, 212]. The peak assignment
is made based on the IR and Raman spectra reported for other borate compounds containing
triborate rings of planar and tetrahedral boron moieties as K3[B3O4(OH)4]-2H,0 and the
hexaborate compounds [89, 212]. The obtained IR frequencies and Raman shifts with a
plausible description are presented in Table 6.5.

The experimental IR frequencies and Raman shifts obtained for NazB3;O¢ (exp.e) are in
good agreement with those reported previously in the literature (Table 6.6). The free ion
(B3O6)* has Dz, symmetry. The corresponding irreducible representation of the internal
vibrational modes can be written as: T'yi, = 3A;” (R) + 2A,’° (inactive) + 5E’ (R, IR) + 2A,”
(IR) + 2E” (R). The species A;’, Ay’ and E’ represent the in-plane vibrations and the species
A;” and E” the out-of-plane vibrations [214]. The occurrence of boron atom in natural
isotopical abundance causes a lowering of the D3, symmetry to C,,. For example, the IR
doublet observed near 700 cm™ is replaced by a single band for isotopically pure °B or 'B
[91]. Raman bands were assigned according to Chryssikos et al. [214]. Beaird et al. [85]
reported a Raman peak at 1078 cm™ which was observed neither in our work nor in the work
of Chryssikos et al.. Only the species A,” and E’ are infrared active. The IR doublet at about
700 cm™ could be attributed to the ring out-of-plane bending mode of the metaborate ring [91,
215, 216]. The other IR bands at higher frequencies are for the asymmetrical stretching B-O
modes of E’ [217]. According to Hisatsune and Suarez [91], the single peak at 950 cm™ is not
influenced by isotopical changes and could be assigned to the stretching of the extra B-O~

bond and the two IR doublets at 1400 and 1222 cm™ are related to the ring stretching modes.
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Table 6.5: IR frequencies and Raman shifts of NasB3;Os(OH), in comparison with Raman results
of the literature

y = 1/3, NazB305(OH), Assignment
IR Raman
Exp. Exp. Ref.
[85]

3050-3700 Stretching of OH
1518 Asymmetrical stretching of B;-O™
1465 1462
1415 Asymmetrical stretching of B3;-O
1334
1287 In-plane bending of B,-O-H
1174

1078 1079
1037 Asymmetrical stretching of B,-O
990
931 Symmetrical stretching of Bs-O
914 911 908
855 851 847 Symmetrical stretching of B,-O

754 757 Out-of-plane bending of Bs-O
706

638 636 Symmetric pulse vibration of the
617 ring
535 542 543

477 476 Bending of B,;-O
421 422 420

352 359

B4-O denotes the bond of B tetrahedrally coordinated to O
B5-O denotes the bond of B tri-coordinated to O
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Table 6.6: IR frequencies and Raman shifts of Na;B3;Og, in comparison with literature

y=0, NazB304 Assignment
IR Raman
Exp. Ref. [91] Exp. Ref. [85] Ref.
[214]
1575 1571 1575 Stretching of B-O™
1552 1547 1554 (A%
1458 1466 E’: ring stretching
1428 1436
1261 1264 E’: ring stretching
1230 1241
955 950 E’: stretching of
B-O~
770 755 770 Ring breathing
(A)
722 724 A,”: ring out-of-
705 708 plane bending
680 683 682 Out-of-plane
bending of the ring
(E”)
626 628 627 Ring breathing A;’
475 476 475 In-plane bending of
399 402 309 B;-O (E’)

Na3B3Os/KBr pellet heated above 500°C under vacuum reveals a decomposition of

(B3Og)* ring to linear BO,™ anions (Figure 6.15). The IR spectrum shows two pairs of very

sharp peaks about 600 and 2000 cm™ assigned to the bending v, and the stretching vs modes,

respectively. The high frequency peak of each pair is due to '°B isotope [36, 91, 93]. Under

high resolution, each peak of the doublet near 2000 cm™ shows a lower frequency weak

component which disappears for the spectra cooled to liquid nitrogen. These are at 1950 and

2019 cm™ and could be explained as hot bands of the high frequency fundamental [91].
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Figure 6.15: TIR spectra of the decomposition of the metaborate ring (B;Og)* to the linear BO,
molecule

6.3 Summary: dehydration path of NaBO,.4H,0O

The thermal dehydration path of NaBO,.4H,0 to NaBO,, as reported in the literature

and as obtained in this work, is schematized in Figure 6.16.

Kanturk et al. [207] reported the dehydration of NaBO,.4H,O to NaB(OH), for
temperatures below 100°C and the further dehydration of the latter to NasB3Og near 300°C.
Andrieux et al. [202] obtained NaBO,.2/3H,0 in the isothermal treatment of NaBO.4H,0 at
110°C for 12 h. The y = 2/3 decomposes to the y = 1/ 3 which dehydrates in turn to they =0
phases [206]. Beaird et al. [85] observed the dehydration of the y = 2 to the y = 1/3 followed

by the formation of the y = 0 phases.
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Figure 6.16: The thermal dehydration path of NaBO,.4H,0 according to this work (red path) in
comparison with those reported previously in the literature (gray paths). The dehydration
temperatures are given according to TG He//vac//5. For each metaborate phase, the hydration
degree y and the content of water (Wt% (I;)|20) are given. @ ref. [202], ® ref. [85], © ref. [207],

ref. [206].

The present work presents a more complete picture of the thermal dehydration of the
y = 4 to the y = 0 phases and reports the formation of a new gel type phase for the first time.
The dehydration process of NaBO,.4H,0 occurs in five main steps; all correspond principally
to endothermic effects on the DTA curves. The first two endotherms (E1 and E2) occur below
100°C and correspond to the release of crystal molecular water and the formation of
NaB(OH)s (y = 2). The last three endotherms above 100°C (E1, E2 and E3) are for the
removal of structural water present in the sample in the form of —OH groups via series of
dehydration-condensation reactions yielding anhydrous sodium metaborate Na3B3;Og (y = 0)
near 300°C. At 5°C/min under He, the five endothermic peaks E1, E2, E3, E4 and E5 occur at
about 61, 70, 110, 150 and 280°C, respectively.

E1l and E2 result in similar X-ray patterns isomorphous to NaB(OH),. E1 is highly
endothermic and is accompanied with a slight dehydration. The major amount of molecular
water is released upon E2. The phases of E1 and E2 could be better differentiated using TIR.
TIR spectra taken between 27 and 45°C show typical IR peaks of NaB(OH),4.2H,0. The H,O
bending vibration is split in two main peaks with maxima at 1673 and 1711 cm™ and the
OH-related band is broad and includes at least seven OH peaks in the range between 2765 and
3740 cm™. The structure of NaB(OH)4.2H,0 has been determined by Block and Perloff [197]
basing on direct methods using three-dimensional Cu Ka single crystal. The authors could not

determine precisely the position of H atoms and proposed the hydrogen bonding network
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considering the shortest oxygen to oxygen distances. Two crystallographic distinct H,O
molecules and more than eight crystallographic distinct hydrogen bonding of the type OH-OH
(between B(OH), anions) and OH-H,0 (between B(OH), and H,O) were reported. Naisin a
distorted six-coordination. Each Na is coordinated to two —OH of two different B(OH),”
groups and four water molecules. The coordination environment of B(OH),” anion in
NaB(OH)4.2H,O is shown in Figure 6.17a. The hydrogen bonding network in
NaB(OH)4.2H,0 is traced between the oxygen atoms. At 55°C, profound changes occur
particularly in the OH- and H,O-related IR bands. The TIR spectrum at 55°C has the IR
features of NaB(OH),. The OH absorption exhibits a strong broad band with three peaks at
3443, 3376 and 3258 cm™, respectively, and a single sharp peak at 3640 cm™, consistent with
the crystal structure of NaB(OH), as described by Csetenyi et al. [198]. The B(OH),™ anions
are interconnected in three dimensions via hydrogen bonding involving H(1), H(2) and H(3)
but not H(4). Na is in a distorted six-coordinated environment. Each Na is in contact with four
distinct B(OH),~ anions (Figure 6.17b). In addition, the TIR spectrum shows H,O bending
absorption at 1658 cm™. This indicates the formation of a phase containing the dihydrate in
addition to “external” molecular water and could be denoted as NaB(OH),+y’H,O with
2 <y’ < 4. Further heating to 85°C results only in a decrease of the intensity of the H,O
bending mode. It can be therefore concluded that during E1, NaB(OH),.2H,O undergoes
structural re-arrangement to NaB(OH)s+y’H,O. The hydrogen bonding network between
B(OH),™ and the crystal molecular water of NaB(OH),.2H0 is disrupted and B(OH)4~ anions
are placed in a similar way to that of the dihydrate NaB(OH),. Water of hydration (y'H,0)
remains “unbound” to NaB(OH), and is further released upon E2.

The thermal decomposition of NaB(OH), yields an X-ray amorphous phase (y = n)
near 100°C (E3) which dehydrates further to the y = 1/3 (E4) followed by the dehydration to
the y = 0 (E5) phases at about 300°C. The y = n phase could be better separated from the
y = 1/3 phase at high heating rates (5°C/min). The hydration degree n is lower at 2 and
1°C/min compared to 5°C/min. This phase was isolated at 120°C under N, using a heating
rate of 5°C/min and consists of a gel exhibiting broad IR bands peaked at 936 and 1360 cm™.
These can be assigned to the stretching vibrations of BO, and BOs3 groups, respectively; with
the content of fourfold BO,4 units could be estimated to be twice as large as BO3 polyhedra
according to the IR absorption intensity. The ageing of the gel at ambient conditions yields a
white powder identified as NaB(OH), due to the uptake of sufficient water from the

atmosphere.
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Figure 6.17: Coordination of B(OH),™ anion in (a) NaB(OH),.2H,0 and (b) NaB(OH), crystals
including sodium atoms and hydrogen bonds. The hydrogen bonding network in
NaB(OH),.2H,0 is traced between oxygen atoms. (Na: yellow, B: blue; O and H of B(OH)4:
green and gray, respectively; H,O molecules: dark red)

The gel is produced from the decomposition and dehydration of NaB(OH), rather than
its melting. At slow heating rates (2 and 1°C/min), the endotherm E3 corresponding to the

formation of the gel from NaB(OH), is resolved into two endotherms peaked at 96°C and a
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sharper one at 91°C, respectively (Figure 6.5). Both are accompanied with dehydration as

indicated on the dTG curves.

In a first approach, the gel formation could be referred to an amorphization which
could explain the high endothermicity of E3 on the DTA curves (Figure 6.4 and Figure 6.6).
The gel crystallizes further to the y = 1/3 and then the y = 0 phases along with the dehydration
process. By this way, the heat absorbed for the dehydration offsets the heat desorbed for the
crystallization, i.e. the exothermic peaks of the crystallization overlap with the endothermic
peaks of the dehydration on the DTA curves. It has been reported that the thermal dehydration
of many borates (LiBO,.8H,0O [195], LiBsOg.5H,O [195] and K;B;07.4H,O [196]) is
accompanied with amorphization yielding amorphous anhydrous products which crystallize
after completing the thermal dehydration process. For LiB,0O3(OH).H,O, in-situ X-ray
patterns during the thermal dehydration reveals an intermediary amorphous phase which
crystallizes along with the dehydration to the anhydrous crystalline Li,BsO;. The
corresponding DSC curve shows only endotherms related to the dehydration process [218,
219].

A different approach to explain the removal of —OH groups from NaB(OH), is that the
gel formation could be due to the condensation of water vapor evolved by the thermal
dehydration and the dissolution of the solid reactant into the condensed water at the surface.
This is based on the work of Koga et al. [196] who observed aggregated fine powders during
the thermal dehydration of K,B;07.4H,0 using SEM photographs at different stages of the
dehydration. The TG curve of K;B407.4H,0 taken between 30 and 520°C under N, flowing
shows a rapid mass decrease followed by a decelerating gradual mass loss in a wide
temperature range. A similar trend was observed in this thesis for NaBO,.4H,0 between 80
and 250°C at 1°C/min under He (Figure 6.5). The rapid loss could be referred to the gel
formation and the decelerating mass loss to the dehydration of the gel powders. The present
approach implies that the dehydration of the y = 2 to the y = 1/3 phases includes dissolution

and evaporation which are both in this case endothermic processes.

The anhydrous solid residues of the TG analyses performed on pre-evacuated and non-
pre-evacuated samples of NaBO,.4H,O heated to 400°C at 5°C/min (He//vac//5 and
He//novac//5 experiments) and at 1°C/min (He//vac//1) discussed in section 6.2.2 were
collected and pressed in KBr pellets. All pellets were prepared in the same manner. Results

are shown in Figure 6.18. The IR spectrum corresponding to TG analysis at 1°C/min for a
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non-pre-evacuated NaBO,.4H,O sample is also shown. This experiment is denoted

He//novac//1 (TG results are not shown).
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Figure 6.18: IR spectra of the anhydrous samples after TG analyses of pre-evacuated and non-
pre-evacuated NaBO,.4H,0 samples under He at 5 and 1°C/min (TG experiments are
Hel/lvac//5, Hel/lnovac//5, He/lvac//1 and He//novac//1).

The IR spectra corresponding to the TG analyses at 5°C/min reveal strong and sharp
peaks. Whereas at 1°C/min, the IR spectra exhibit a weak broadening at 900-1000 cm™ and
broader IR bands for NazBgOg in addition to OH stretching band, indicating a rapid re-
hydration and decomposition of the anhydrous samples. This could be interpreted by a large
number of defects resulting from the slow dehydration of NaB(OH), at slow heating rates.
The TG curve at 1°C/min indicates that the dehydration of the gel powders is decelerating and
takes place over a wide temperature range. At 5°C/min, the gel dehydrates rapidly and could
be better separated from the y = 1/3 phase. The rapid dehydration of the gel minimizes the
defects and leads to y = 1/3 and y = 0 phases with better crystallinity.



6.3 Summary: dehydration path of NaBO2.4H20 179

The gel phase is obtained during the hydrolysis reaction of NaBH, with neutral H,Oy,
at 80°C (chapter 3, section 3.2.1). Marrero-Alfonso et al. [60] obtained 95 % hydrogen from
the reaction of NaBHy) with H.O(g at 115°C without any need of catalyst, and 54% H; for
the hydrolysis at 140°C. In this study, it is shown that the metaborate build a gel-like phase at
110-120°C which could enhance the permeability of the reactant batch to H,O() molecules
and favor its diffusion in the NaBH,4 bulk leading to high H; yield. Whereas at 140°C, the gel
dehydrates to Na3z[B3Os(OH),] crystal which hampers the diffusion of H,O in the bulk

material resulting in low H; yields.

Further works on the mechanism of formation of the gel and its further crystallization

to the one-third phase using surface exploring techniques as SEM are highly recommendable.
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H, release of solid state NaBH, and role of metaborate by-products

NaBHj, slightly subjected to ambient conditions forms NaBH4.2H,O. Crystalline water

is released between 40 and 60°C without reaction with NaBH,.

Under He, NaBH, is stable to 400°C. In presence of traces of H,O or O,, NaBH,
reacted to NazB3Og (or NaBO,) between 300 and 400°C, releasing H, according to reactions

(7.1) and (7.2), respectively.

NaBH4(S) + 2H20(g) => NaBOz(s) + 4H2(g) (7.1)

NaBH4(S) + Oz(g) => N&BOQ(S) + 2H2(g) (7.2)

The reaction with Oy initiates at about 230°C for a dried NaBH, sample by pre-
evacuating previous to the temperature treatment and proceeds in three main exothermic steps
peaked on the dTG curve at 240, 272 and 306°C, respectively. For a non-pre-evacuated
sample, the reaction is retarded by 10°C and is explained by a relatively higher effective water
partial pressure in the sample. Therefore, it can be assumed that the reaction of NaBH, with
O, produces in a first stage H,O according to reaction (7.3). This reaction may form NaBO,
or other intermediate. Water produced reacts further with NaBH, or the intermediate releasing
H, (7.4).

NaBH4(5) + 202(9) <=> NaBOQ(S) + 2H20(g) (7.3)

NaBH4(S) + 2H20(g) => NaBOz(S) + 4H2(g) (74)

In this way, the reaction (7.2) describes only the net effect. The reaction-step for water
production (7.3) is an equilibrium, which can be displaced with a variation of the effective

water partial pressure in the sample.

The reaction of NaBH4 with H,O( to NasB3Og is observed for temperatures above
300°C. At lower temperatures no decomposition of NaBH,4 with water vapor loaded in the

atmosphere could be observed. In this temperature range TIR conducted under vacuum on
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NaBH, using NaNOs indicates some H, release, which becomes more pronounced above
300°C along with the oxidation reaction of NaBH, to Na3B3O¢. The formation of NazB3;0¢
includes probably a transient species due to some indications of a weak but significant peak in
the TIR spectra taken between 200 and 300°C at 1575 cm™ assigned to a vibration involving

boron B sp® hybridized and oxygen atoms.

The role of H,O in the hydrogen release of NaBHj, still needs further clarifications.
This concerns the retardation effect on the reaction of NaBH, with O, and the H; release

observed between 200 and 300°C under vacuum without decomposition of NaBH,.

The thermal stability of sodium metaborate compounds NaBO,.yH,O was investigated
in details to give more insights into the decomposition of NaBH4 with H,O/O,. The thermal
dehydration of NaB(OH),.2H,0 (or NaBO,.4H,0, y = 4) can be described in five main steps

as follows:

e Disruption of the dihydrogen bonding network between crystalline H,O molecules and
B(OH),4 anions of the tetrahydrate and rearrangement of B(OH),™ anions in a similar
way to that of the dihydrate (y = 2). The resulting phase corresponds to NaB(OH), in
addition to “external” water of hydration and is denoted NaB(OH),+y 'H,0 (2 <y’ < 4)

e Release of molecular water (y 'H,O) and formation of NaB(OH)4 (y = 2)

e Dehydration of NaB(OH), to an amorphous gel-like phase formed of tetrahedral BO,4
and planar BO3 groups

e Dehydration-crystallization of the gel to Na3[B3Os(OH)]. (y = 1/3)

e Dehydration of the one-third phase to NazB3Og (y = 0)

All these steps correspond to endothermic effects peaked on the DTA curve taken at 5°C
under He at 61, 86, 109, 154 and 283°C, respectively.

The reaction of NaBH, with neutral H,O at room temperature leads to NaB(OH), and
un-reacted NaBH,. Additional water of hydration remains unbound to the dihydrate
by-product (NaB(OH)s+y 'H20). At 80°C, the reaction yields after a prolonged heating time
(more than 24 h) the gel phase. At temperatures above 300°C, NaBH, reacts with H,O/O, to
NazB30g. Figure 7.1 summarizes the thermal H, release path using NaBH,4 between 20 and

400°C in comparison with the dehydration path of sodium metaborate compounds.
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Figure 7.1: The thermal path for H, release using NaBH, between 20 and 400°C (green arrows)
in comparison with the dehydration path for NaBO,.4H,0O (blue arrows), as obtained in this
thesis. The net reaction of NaBH, with O, is considered. Further experiments are needed to

verify whether the transient species at 1575 cm™ may occur from the reaction of NaBH, with O,

between 200 and 300°C.

No decomposition of NaBH,; to the one-third phase between 200 and 300°C could be
observed. Instead, a weak peak at 1575 cm™ is observed as transient state to NasBsOg. This
may indicate a new reaction path for H, release using NaBH, between 200 and 300°C which
is different from the decomposition path to NazB3;O¢ observed at temperatures above 300°C
according to reactions (7.1) and (7.2). This may pose new insights in the research field of
hydrogen storage using NaBH,4. One approach, hydrogen release between 200 and 300°C may
involve a poorly catalytic effect of NaBH, for the thermal production of hydrogen from water.
The released O, adsorbs on NaBH, and reacts further to NasB3;Og (reactions 7.1 and 7.2).

Other scenarios could not be excluded.

Further work including systematic variations of the partial pressures of H,O and O, on
NaBH, films heated between 20 and 400°C with characterization of the metaborate

by-product and analysis of the evolved gas phase are highly recommendable.

H, release from NH3;BH; and NH3;BH5-G composites

NH3;BH3-G behaves similarly to NH3BH3; upon heating. Foaming and undesirable
B, N-containing gases observed during the dehydrogenation of NH3;BHj3 salt can be avoided
for NH3;BH3-G. Both melt at about 115-118°C as indicated on the DTA curves. The
dehydrogenation can be described by series of polymerizations and condensations reactions of
B, N-chains yielding in a first step PAB (-H2N-BH,-), at about 140°C characterized by single
bonds between B and N atoms, and in a second step PIB (-HN=BH-), at about 170°C
characterized by the m-character between the BN bonds. The formation of PAB goes through
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the diammoniate of diborane DADB [(NH3).BH;]BH, intermediate. This was indirectly
proven in the TIR experiments using KBr matrix which favors the anionic exchange between
DADB and KBr stabilizing thus the BH;™ anions in the matrix. Short oligomeric species as
linear dimmer of aminoborane LDAB NH3BH,NH,BH3; could be found in the early stages of

the condensation-dehydrogenation reactions.

Further optimization procedures of NH3BH3-G composite including the variation of
the molar Si/Al ratio, the mass ratio NH3BHs/sample, the drying procedure...are desirable for

an optimization of H, release.

Solid solution of BH,~

The IR frequencies observed after room temperature pressing of NaBH, in halide
matrices are affected by more or less strong ion exchange effects between the halide and the
borohydride. For NaBH, in NaBr, Nal, KBr and Kl pellets, respectively, the IR frequencies
refer to BH,™ highly diluted in AX. For NaBH, in NaCl and KCI pellets the solution of BH,~
in AX occurs after thermal treatment to 450°C. This is accompanied by shifting of the BH;~
related peaks to higher frequencies. The high dilution of BH,4~ anion in the halide refers to an
isolation of BH,™ in AX (i-BH4"). The impact of the halide ionic surrounding on BH,™ anion is
discussed in terms of the IR frequencies of i-BH,; . Systematic variations are observed
between v3(i-BH4") and different structural parameters of AX including the cell parameter, the
cation to anion ratio, enthalpie, ionic character of the halide and Pauling electronegativity of
the cations and anions. The correlations are applicable to homologous series of AX possessing
the same cationic A element (A-series: Na-, K-, Rb-series) or the same anionic X element (X-
series: Cl-, Br and I-series). It is observed that small cations and anions produces deeper
changes in v3(i-BH4"). Furthermore, v3(i-BH4") is strongly affected by the nature of the anion
X rather than the cation A. The correlations are extended to include the thermal stability of the
borohydride. Within X-group, an increase of v3(i-BH;") is accompanied by a decrease of the
thermal stability of the borohydride. Whereas, within A-group, an increase of vs(i-BHy4) is
expected to be accompanied by an increase of the thermal stability. For X-group, an increase
of the Pauling electronegativity of the cation reduces the electronic density on BH,
destabilizing thus the borohydride, whereas for A-group, an increase of the Pauling
electronegativity of the anions would increase the electronic density on BH;~ due to the

increased repulsive interactions yielding to a stabilization of the borohydride.
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7. Conclusion and Outlook

A more regular linear relation is found between v3(i-BH;") and the contribution of the
short range interactions energies of AX. This indicates that the frequency variations are

strongly influenced by the repulsive forces between BH,™ and the nearest neighbors.

The effect of cation electronegativity on the thermal stability of the borohydride is
well discussed in the literature (for e.g. ref. [168]). Further experiments are needed to

demonstrate the effect of anion electronegativity on the thermal stability of the borohydride.
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