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To meet worldwide increasing energy demands and minimize CO, emis-
sions, energy production from renewable sources such as wind and solar
should be utilized on a large scale. However, these sources are intermittently
harvested. Therefore, sufficient large-scale energy storage is required.

Sodium-based rechargeable batteries are attractive for large-scale energy
storage due to the high worldwide abundance, low cost and suitable redox
potential of sodium. Current high capacity Na-S batteries operate at 300°C
because of the poor interfacial contact with the ceramic solid-state-electrolyte
(SSE). Complex (boro)hydrides are proposed as SSEs but suffer from low
ionic conductivity at moderate temperatures. Therefore, there is a need for
improved electrolytes for applications in all-solid-state sodium-batteries.

In this work, melt infiltration of low melting point sodium salts in meso-
porous Al,O3; and SiO, scaffolds is performed to enhance the conductiv-
ity by interface engineering. Using this approach, oxide-nanocomposites of
NaBH,4, NaNH;, NaNO,, NaNO3, NaClO3 and NaAlICl, were prepared.

NaBH;@Al,03 and NaNH,@SiO, composites with 130% pore filling show
a thousandfold higher conductivity compared to crystalline bulk NaBH, and
NaNH;. The obtained conductivity at 297K was 2.7 x 10~ for NaBH,;@Al1,03
and 3.1x1077 Sem~! for NaNH,@SiO,. The composites showed an activa-
tion energy of 0.46 and 0.69 eV respectively, lower than the crystalline bulk.

The origin of the conductivity enhancement is investigated. NaBHy- and
NaNH;-oxide composites show a loss of long-range crystallinity induced
by confinement in the pores. A reaction between the support surface hy-
droxyl groups and these sodium salts is found. In NaBH;@Al,0O3, B-O bonds,
NayB1,Hj; species and mobile Na-ions are observed at the interface. The ob-
served enhanced conductivity is attributed to these interfacial effects.

This work has investigated the melt infiltration approach to design novel
sodium-based solid-state-electrolytes that show conductivity enhancement
by three orders of magnitude. These materials show potential for applica-
tions in next generation all-solid-state sodium batteries.
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Chapter 1

Introduction

This chapter will cover an introduction to the subject of this thesis. At first, an
overview of the current energy problem will be given together with some en-
ergy storage solutions. The working principle and chemistry of rechargeable
batteries will be illustrated with the example of the lithium-ion battery. The
challenges of this battery system are stated and motivation for sodium-ion
batteries is provided. An overview of the literature on electrolyte improve-
ments will be given. This chapter will end with the goals and approaches of
this thesis.

1.1 Energy and energy storage

Throughout recent years worldwide energy consumption keeps increasing
with a growing world population and their energy demands. For example in
2017 the global growth of primary energy consumption was 2.2% compared
to a 1.7% annual average over the last 10 years. In this same year, the carbon
emission from energy consumption increased by 1.6% globally.! This carbon
emission overall contributes to a higher greenhouse gas effect, which should
be minimized to meet the Paris agreement climate goal of keeping the global
average temperature increase to well below 2°C.”

To meet worldwide energy demands and minimize associated growth in
CO, emissions, renewable energy sources should be used on a larger scale.
The European Union has set its target for 2030 to obtain at least 27% of its
energy from renewable energy sources.’ The biggest challenge considering
renewable energy sources, such as wind energy and solar energy, is that
they are intermittently harvested. Power generation relies on for example the
wind to blow or the sun to shine. Furthermore, power generation may vary
largely geographically or seasonally. This separation between generation and
consumption of renewable power makes it an inefficient direct source of en-
ergy. To utilize renewable energy sources such as wind and solar to its full
extent, sufficient energy storage is required.

Efforts are made to overcome this intermittency with different types of
energy storage. For example, flywheels are used as a mechanical energy stor-
age device, where a large mass is spun, storing energy in the rotational inertia
i.e. kinetic energy of the wheel. In hydro-pumped energy storage, upon low
energy demands water is pumped up to an elevated water reservoir, from
which it flows back over a turbine when energy demand is high, making use
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of the gravitational potential energy of the elevated water. Thermal energy
storage uses heat capacity to reversibly store and release energy for exam-
ple in geological substrates or phase change materials. Molecular fuels can
be made with generated power, providing a wide range of chemical energy
storage, such as methane production from carbon dioxide, water splitting
into hydrogen and oxygen or hydrogen storage in (metal) hydride materials.

Rechargeable batteries have emerged as the most well-known example
of electrochemical energy storage. Unlike some of the previously described
storage mechanisms, rechargeable batteries can be used in a mobile device
as they do not rely on large stationary facilities. Therefore, its applications
are generally in light-weight mobile devices such as mobile phones and con-
sumer electronics. Moreover, rechargeable batteries are of great interest for
the upcoming e-mobility market and are implemented in electric vehicles
(EVs).

1.2 Introduction to batteries

The most well-known example of a rechargeable battery is the lithium-ion
battery (LIB), which is used in everyday mobile devices and EVs.* For a better
understanding of the rechargeable battery working principle, the chemistry
within a LIB will be illustrated. State of the art LIBs are based on the shuttling
of lithium ions back and forth between the positive electrode (cathode) and
the negative electrode (anode). For rechargeable batteries, this requires the
reversible extraction of lithium ions from the electrodes. As a cathode mate-
rial, generally, lithium transition-metal oxides, such as LiCoO;, are used.’ As
an anode material, often graphite is used for its conductive properties and
chemical stability. In a charged battery lithium ions are intercalated in the
anode material, and when discharged intercalated in the cathode material
(see Figure 1.1a). The anode and the cathode are fixed on a current collector
and separated to prevent a short circuit of the electrons.

When the battery is supplying power, in the discharge process, negatively
charged electrons and positively charged Li ions are released from the anode
and transported towards the cathode. The schematic representative reaction
of the anode can be described by CgLiy — Cg + xLi* + xe ™. At the cathode
the released Li ions are then intercalated and uptake of electrons occurs, de-
scribed by Lij-yCoO; + xLi* + xe~ —— LiCoO,. Here, the transition metal
is partially reduced to a lower valence state upon discharging to compensate
for the charge of the Li ion uptake (e.g. Co*" — Co®*).

The potential difference between the electrodes with intercalated Li ions
gives rise to the high potential of the Li-ion battery (see Figure 1.1b). Upon
charging an external potential is applied, reversing the reactions described
above and turning the external electrical power back into electrochemically
stored energy, ready for discharging upon later use. Enabling all these half-
reactions requires the transport of electrons and Li ions. Electrons are eas-
ily transported between the electrodes provided by an external electrically
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FIGURE 1.1: (A) Schematic representation of a LIB. (B) Voltage

profiles of metal oxide cathode and graphite anode materials at

different intercalation fractions. Reproduced from Ref.[4] and
Ref.[6] respectively.

conductive material. Ion transportation has to go through the so-called elec-
trolyte. Therefore, the electrolyte should exhibit sufficiently fast ion trans-
portation. Additionally, the electrolyte should not be electronically conduc-
tive, as short circuits between the electrodes will prevent the use of any elec-
trical power through an external circuit, illustrated by the light bulb in Fig-
ure 1.1a. In the case of commercially available LIBs, this electrolyte is usu-
ally an organic mixture with dissolved Li-salt, such as LiPFg in an ethylene
carbonate-dimethyl carbonate mixture.

1.3 Challenges in the Li-ion battery

For rechargeable battery applications on a large scale, there are several crite-
ria that have to be met. An ideal battery of choice would be a system with
reliable safety during operation and storage, low production costs, sustain-
able materials, ambient operating temperature, high energy density and high
power density. These criteria are not met for the currently available LIB, espe-
cially regarding safety, costs and energy density, and improvement of battery
design is required for large-scale applications.

One of the major problem with the LIB is the safety issues regarding
the organic liquid electrolyte and has been recently critically reviewed.” Al-
though these organic mixtures are generally of low cost and show high ionic
conductivity (~4.5x1073 Sem ™! at 40°C)® they are also of highly flammable
nature. Upon cycling in LIBs over time, dendrites of metallic lithium can ac-
cumulate on the anode. When extensive dendrite formation pierces the sep-
arator, causing a short circuit, heat generation and even fire or explosion of
the flammable electrolyte could occur, referred to as thermal runaway.” Ad-
ditional to dendrite formation, overheating, pressure buildup or cell rupture
could give similar catastrophic safety issues.

1.0
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Moreover, this organic liquid electrolyte is also not compatible with high en-
ergy dense electrodes. For example, the use of metallic lithium as an anode
material, with the highest theoretical energy density, is not possible due to
combustion upon contact with organic liquids. As a highly abundant cheap
cathode material with high theoretical energy density, sulfur has been pro-
posed. However, in an organic liquid electrolyte system the high solubil-
ity of lithium polysulfides results in a low Coulombic efficiency.’ This is the
major reason for the low energy density of the LIB (~200mAhg~!) which is
limited to intercalation compound electrodes, compared to for example the
theoretical density of a Li-S battery (1675mAhg~1).1

To tackle the issues associated with organic liquid electrolyte based sys-
tems, all-solid-state batteries (ASSB) are proposed as an alternative.” These
batteries are based on a solid-state-electrolyte (SSE) material. Most SSEs pro-
vide better safety for battery electrolytes as they are generally incombustible
and have larger chemical stability during battery operation. Most SSE ma-
terials have higher thermal stability compared to the liquid electrolytes, pro-
viding decreased chances of thermal runaways. Regarding energy density,
the largest advantage of SSE is their compatibility with solid highly energy
dense electrodes such as metallic anodes and sulfur cathodes. This increases
the capacity of the battery by an order of magnitude compared to conven-
tional battery design, such as the LIB.

Besides the chemical challenges with the LIB, there are additional eco-
nomic and political challenges with the lithium-based systems in general.
For example in the year 2017 lithium carbonate prices increased 37% and
more than doubled in the years 2015-2017.! The currently known lithium re-
sources are located for two-thirds in South-America.'"!! Some reports have
predicted that the growing production pace of lithium-based costumer de-
vices will deplete these currently known resources in approximately 60 years
from now.'? Therefore, there is a high demand for a safe, energy dense and
low-cost alternative battery chemistry for implementing in medium to high
capacity batteries.

1.4 Solid-state sodium batteries

To circumvent the use of lithium-based systems, sodium-based batteries such
as sodium-ion batteries (SIBs) have attracted interest due to some of its ben-
eficial properties regarding large-scale applications such as high abundance,
accessibility and suitable Na™ /Na redox potential close to Li*/Li.!113-1¢

With this alternative battery chemistry, the energy density of a SIB will
always be lower than a LIB due to the relatively larger and heavier cation
with slightly lower reduction potential. However, in the large-scale appli-
cation of grid energy storage, this is not considered a critical issue, and the
benefits of the low costs will be crucial. Rather than in mobile devices where
light-weight materials are required, large-scale energy storage can be done
in stationary facilities, where mass (and volume) are less of interest. A com-
parison of some important parameters for upscale energy storage is given for
sodium (Na) and lithium (Li) in Table 1.1.1117/18,
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Na Li
Cation radius (A) 0.97 0.68
Atomic weight (gmol 1) 23.0 6.9
Potential vs. Hy/H™ (V) -2.70 -3.04
Capacity metal (mAhg ') 1165 3829
Abundance in Earth’s crust (mgkg 1) | 23.6x103 20
Distribution Worldwide | 70% South America
Cost carbonate (€kg 1) 0.5 6.5

TABLE 1.1: Comparison of sodium and lithium chemical prop-
erties and parameters regarding up-scale energy storage.

Sodium-based rechargeable batteries with energy dense electrodes, such as
sodium-sulfur and sodium-nickel chloride batteries, are commercially avail-
able for over 50 years.!”?? Their first interest emerged quickly with the dis-
covery of fast ionic sodium conduction in the NayO-doped p”-alumina SSE
(11A1,03-Nay0).?! However, these sodium-based-batteries require high op-
erating temperatures of 300°C, where the electrodes are in the molten state,
for sufficient interfacial contact with this particular ceramic SSE. This extreme
operating temperature is not desired for use in electrochemical applications,
regarding safety and energy efficiency. Therefore the development of SSE
with good interfacial contact (that can well attach to or be well wetted by the
electrodes) as well as sufficient room temperature conductivity, is crucial for
realizing high-density sodium batteries operating at ambient temperatures.

To meet requirements for applications in ASSBs, the SSE should facili-
tate sufficient ion transportation while being electronically insulating. This
enables the SSE to be a separator, preventing dendrite formation as well as
allowing ion transportation between the electrodes. Achieving high ionic
mobility is generally more difficult in solid state ionics compared to liquid
organic electrolyte solutions. As a rule of thumb, the sodium-ion conductiv-
ity should be above 10~* Sem !, preferably at ambient temperatures.”” Low
ionic conductivity could be problematic for the rate of charge and discharge
i.e. the power density of rechargeable ASSBs. Stability over many cycles is
required for efficient use of the rechargeable battery.®

Solid-state sodium-conductors of different types have been reported. The
NASICON (Na Super Ionic CONductor) family with a chemical formula of
Naj,Z175i,P3_,O12 where 0 < x < 3, have been reported in over a thou-
sand articles and show ionic conductivities in the range of 107> Sem~! at
room ’cemperature.l‘l'23 However, batteries assembled with NASICON SSEs
generally operate at 300°C?*, due to the poor wetting of NASICON materials
with sodium anode at lower temperatures.”” Therefore, electrolyte improve-
ments are required for the realization of high capacity sodium-based batteries
at ambient temperatures.

Sodium-based complex hydrides have recently attracted a lot of inter-
est due to their highly conductive properties through structural modifica-
tions. For example, the sodium closo-borates Na;Bi,Hj,, NayBigHjp, and
NaCB11Hj; exhibit interesting ionic sodium conductivities in the order of
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0.1, 0.01, and >0.1 Sem 1! above their order-disorder phase transition which
occurs at 256, 87, and 107°C respectively.25‘27 However, below the phase tran-
sition, these materials still exhibit low room temperature ionic conductivity.

Recently more interest is shown towards the low-cost light-weight metal
hydride and borohydride compounds as candidates for SSE, because of their
practical advantages regarding processing costs and device integration.”%?’
The general problem with these SSEs is that they exhibit low room tem-
perature conductivity. For example NaBH; and NaNH, show conductivi-
ties of 1x1071% Sem ™! at room temperature.’’ Complex aluminum hydrides
such as NaAlH, and NazAlHg have been shown to exhibit room temperature
conductivities of 2.1x1071% and 6.4x1077 Sem ™! respectively.*! Overall the
room temperature conductivities of metal hydride SSEs are not satisfactory
for application in ASSBs and therefore should be improved.

1.5 Electrolyte improvements

In an effort to improve the room temperature conductivity of metal hydrides,
two approaches are generally applied; (1) anion substitution, where two low
conductive materials are effectively combined to obtain one more conduc-
tive material and (2) interface engineering, where in close contact with a
non-conductive support material, an enhancement of ionic conductivity is
observed due to interfacial interactions between the salt and the support.

The approach of anion substitution has been performed on several sodium
borohydride systems. For example, when mixing closo-borates with a 3:1
molar ratio of NayBi,H;j2:NayBigHj, ionic conductivity of 3 10~# at 30°C
was obtained, which is approximately 2-3 orders of magnitude higher than
that of either pure material.>”> The Na3;BH4B,Hy» hydroborate mixture has
been reported with a room-temperature conductivity of 5x1072 Scm~1.3?
The promising material Nay(BH4)(INH;) shows sodium ionic conductivity of
2x107% Sem ™! at 27°C and shows an exceptional electrochemical stability of
at least 6 V (vs. Na'/Na).?’ In these cases, the superior conductivity arises
from the formation of (highly) disordered structures in the complex mixtures
with facile sodium-ion diffusion pathways.

The other approach to obtain enhanced ionic conductivity is interface en-
gineering. An example of interface engineering on LiBH4 has been shown
by De Jongh et al.?* In their work nanoconfinement via melt infiltration of
LiBH, in 4.0 nm SiO, pores showed a thousandfold enhanced room temper-
ature conductivity of 1x107* Sem~! compared to the crystalline bulk start-
ing material. The pristine LiBH4 phase has shown to be a Li-ion conductor
with high ionic conductivity only after a phase transition at 112°C, while this
phase transition on no longer observed in the nanoconfined LiBH,.>*3°

Work by Choi et al. showed that a similar conductivity enhancement of
LiBHy is also observed via ball milling with 7-Al,O3, mesoporous and amor-
phous Si0,.>%” The enhancement is therefore ascribed to be an interfacial
effect, and not ascribed to for instance stabilization of the high-temperature
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phase. The interface engineering is supported by the detected B-O bond-
ings, which are ascribed to decrease the lithium-ion hopping activation en-
ergy or enhance the mobility of the ions.?” In literature, little to no reports on
nanoconfinement have been published on sodium-based systems. The only
found literature on a sodium salt nanoconfinement for conductivity enhance-
ment has been reported as a talk abstract for sodium closo-borates.*®

1.6 Goals and approach

This project focuses on the interfacial effect on sodium salts in oxide scaf-
folds. The goal of this work is to investigate the impact of interface engi-
neering on the ionic conductivity of solid-state sodium-conductors. This ap-
proach will contribute to finding and better understanding of potential solid-
state sodium-conductors for all-solid-state sodium-batteries.

As a technique for interface engineering, melt infiltration will be used as a
facile synthesis technique.®” After heating, molten sodium-salts will infiltrate
into the porous support due to capillary action, if the surface energy of the
molten salt is lower than the solid support, hence covering of the support
lowers the total energy of the system. This covering of the support is referred
to as wetting. Upon recrystallizing of the sodium salt below its melting point,
composites with sodium-salt confined in the pores are obtained. Sodium-
salts with low melting point will be used for practical reasons and requiring
less energy input and stability of the support.

The impact of the support on the interface engineering will be tested with
different supports. In this work supports with different pore size distribu-
tions (PSDs) will be used such as mesoporous y-Al,O3 and SiO;. As meso-
porous silica model system Mobil Composition of Matter no. 41 (MCM-41)*°
and Santa Barbara Amorphous no. 15 (SBA-15)*! are used. Preliminary re-
sults are obtained by tuning the support surface using aluminated SBA-15
(Al-SBA-15) in different Al/Si ratios.*>*>

A variety of different sodium-salts are melt infiltrated in this work to in-
vestigate the effect of the different anion groups. The main focus of this work
is on the light-weight metal hydride salts NaBH4 and NaNH,. To investigate
the difference of the surface interaction between hydride and oxide-based
materials, some efforts on sodium oxide salts such as NaNO,, NaNO3; and
NaClO3 were made. NaAlCly is investigated as it is used in molten elec-
trolyte salts at elevated temperatures.**

The supports and the composites are extensively studied. To investigate
the wetting and infiltration during the synthesis, nitrogen physisorption and
differential scanning calorimetry were performed. To determine the success
of the synthesis and check the chemical stability of the sodium salts after
melt infiltration X-ray diffraction and infrared spectroscopy are performed.
The effect of interface engineering on the ionic conductivity is measured with
electrochemical impedance spectroscopy. Nuclear magnetic resonance is per-
formed to elucidate the interfacial interactions in NaBH4;@Al,O3; composites.






Chapter 2

Experimental details and theory

This chapter will provide all the experimental details and relevant theory
behind the practical work performed in this thesis. All the chemicals used
in this work will be listed and the parameters for the synthesis are stated.
For all performed measurement techniques specifications of the apparatus
are listed, a typical measurement is explained and a concise theory behind
the technique is given.

2.1 Starting materials

The reported chemicals in this work are used as-received from the supplier
without further purification. All chemicals were stored under an inert at-
mosphere in an Argon glovebox (H,O and O; levels <0.1 ppm). This in-
cludes NaBHy (99.99%, trace metals basis, Sigma-Aldrich), NaNH; (98%,
Sigma-Aldrich), NaNO3 (> 99.0%, reagent grade, Sigma-Aldrich), NaNO,
(99.999%, trace metals basis, Sigma-Aldrich), NaClO3 (> 99.3%, ACS reagent,
Fisher-Scientific), NaAlCly (ABCR), LiBHs (> 95%, Acros Organics), Al,O3
(Puralox SCCa-5/200, Sasol), SiO, (AEROSIL®) 300 or 380, Evonik), Hexade-
cyltrimethylammonium bromide (CTAB, > 96.0%, Sigma-Aldrich), Tetra-
methylammonium hydroxide (TMAOH, 25 % in HyO, Sigma-Aldrich), Li
ribbon (99.9% trace metals basis, thickness 0.38mm, width 23mm, Sigma-
Aldrich), and Sodium (ACS reagent, dry, Sigma-Aldrich).

2.2 Synthesis

2.2.1 Supports

Mesoporous ordered SiO, (MCM-41) was synthesized based on the proce-
dure of Cheng et al.** For a single synthesis batch of MCM-41 were used:
28.82g TMAOH, 40.94g CTAB, 297.7ml deionized water and 25.00g SiO,, for
a molar ratio of 1.00 SiO, : 0.19 TMAOH : 0.27 CTAB : 40 H,O. The CTAB
was dissolved in the water and the TMAOH was added to the mixture while
stirring at 30°C until the solution became clear. The SiO, was added and left
stirring for 120 minutes. The mixture was aged without stirring for 24 hours
isothermally. The obtained gel mixture was reacted in a Teflon-line stainless
steel autoclave for 40 hours in a 140°C preheated oven. The product was fil-
tered and washed with approximately 3 liters of deionized water to remove
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any leftover surfactants. The wet product was dried in static air at 120°C
for 8 hours. The dried product was heated with 1.5°Cmin~! to 550°C and
calcined for 12 hours.

Another mesoporous SiO; scaffold (SBA-15) and aluminated SBA-15 were
synthesized based on the procedure of Lee et al. and Baca et al.***3 SBA-
15 was typically synthesized by dissolving 23.4g Pluronic P123 in deionized
water with 35% hydrochloric acid in a 1:26:6.25 mass ratio. The solutions
were reacted in a water bath set to 45 or 55°C under strong stirring for over 3
hours. Afterwards, a silica source of 50g of tetraethyl orthosilicate was added
to the solution at 500 rpm stirring and mixed for 5 minutes, before aging the
mixture without stirring for 24 hours at their respective temperatures. The
batches were further reacted for 24 hours in a 100°C oven. The block copoly-
mer template was removed by extraction of 37% HCI and ethanol (90%.,7,,1e)
for 1 hour before calcining at 550°C for 3 hours.

Aluminated SBA-15 supports were prepared with a Si/Al ratio of 20/1
and 10/1, further referred to as Al-SBA-15(20) and Al-SBA-15(10). This ra-
tio was achieved by adding proportionate amounts of aluminum isopropox-
ide dissolved in anhydrous isopropanol or cyclohexane to dried (2h, 450°C)
SBA-15 and left stirring overnight. The suspension was washed with its cor-
responding anhydrous solvent before calcining at 500°C for 4 hours.

Before storage and use, all supports were dried under nitrogen flow. The
powders were heated with 5°Cmin~! to 300°C and dried for at least 4 hours
before cooling down to room temperature. All supports were stored in an
Argon glovebox (H,O and O; levels <0.1 ppm).

2.2.2 Melt infiltration

To obtain interface engineered sodium salt-oxide composites melt infiltration
is used. For this approach of composite preparation, good wetting of the
molten salt on the pore walls is required for sufficient infiltration into the
pores. This wetting of the material is related directly to the surface energy
of the salts and supports. The surface energies of amorphous y-Al,O3 and
SiO, are reported 1.52 and 0.259 Jm 2 respectively.***” The large difference
in surface energy can be explained by the large density difference of surface
hydroxyl groups, which are approximately 10 and 2 OH per nm? for Al,O5
and Si0,.***° For most sodium salts, unfortunately, no surface energies are
found in the literature. For NaBH, the surface energy is reported between
0.24 and 1.89 Jm—2.%"

In all melt infiltration syntheses, desired amounts of as-received sodium
salts and dried supports were mixed and ground thoroughly with a pestle
and mortar. The amount of sodium salt added to the mixture was based on
the total pore volume measured by nitrogen physisorption. Melt infiltration
of sodium salts with melting temperatures below 300°C was performed in
autoclaves with pressure indicators, held airtight by a Teflon O-ring. This
includes NaNH;, NaNO,, NaNO3, NaClO3; and NaAlCly with melting tem-
peratures of 210, 271, 308, 248 and 185°C respectively.
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For NaNH;-oxide composite synthesis, 8 bar NH3 pressure was applied prior
to heating. The aim of the ammonia pressure is to suppress decomposition of
the salt, as NHj is the main decomposition product between 200 and 380°C.”"
The mixtures were heated to 225°C with 2.5°Cmin~! ramp and dwelled for
15 minutes before cooling down to room temperature.

In the case of the oxide salts (NalNO,, NaNO3; and NaClOj3) 5 bar of O,
pressure was applied prior to heating to 290, 325 and 265°C respectively. All
oxide samples were heated with a 2-2.5°Cmin~! ramp and dwelled at the
maximum temperature for 30 minutes before cooling down to room temper-
ature. NaAlCly melt infiltration was performed under 10 bar Ar pressure and
heated to 200°C with similar heating ramp and dwell time.

At temperatures above 300°C, the Teflon O-ring in previously described
autoclave melts and the autoclave would not remain airtight. NaBHy (T, =
500°C) melt infiltration was therefore performed in stainless steel reactors
(see Figure A.1). Hydrogen pressure to suppress the NaBH; decomposition
was generated in these closed reactors (~22ml) by ~0.1g of a LiBH4-5iO,
physical mixture, which has been shown to irreversible release hydrogen at
200°C.>2. As a SiO; source MCM-41 or SBA-15 were used in a 1:1 mass ra-
tio with the LiBH4. The ground NaBH4-oxide mixtures were placed in alu-
minum oxide cylindrical holders. The tightly closed stainless steel reactors
were heated with 1.5°Cmin ! to 525°C, held for 30 minutes and left to cool
down to room temperature. An overview of synthesized samples in this the-
sis is provided in Table A.1 and A.2

2.3 Characterisation and measurements

2.3.1 Nitrogen physisorption

Nitrogen physisorption measurements are performed on the Micromeritics
TriStar Surface Area and Porosity Analyzer. As samples were dried before
storage, as described in Section 2.2.1, no further drying was performed prior
to measurements. Sample preparation was performed in Argon glovebox
and transferred to the Analyzer shortly before the measurement in an airtight
glass physisorption tube. In a typical measurement between 0.02g and 0.2g
of sample was measured. Measurement temperatures were carried out at
77K cooled by liquid nitrogen.

In nitrogen physisorption, the sample containing tube is degassed to vac-
uum before the experiment. Step-by-step a small amount of nitrogen is intro-
duced into the tube and adsorbs onto the sample. By comparing the amount
of introduced nitrogen and the relative nitrogen pressure (p/po, where p and
po are the equilibrium and saturation pressure of nitrogen at 77K) the vol-
ume of adsorbed nitrogen can be calculated. Similar steps can be performed
in the desorption process, yielding a desorption isotherm curve. Although
these measurements are performed at below atmospheric pressures and low
temperature, the measured volumes will be converted to standard temper-
ature and pressure (STP, T=273.15K and p=1 bar). This STP is used in the
practical environment of the synthesis.
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Analysis of the adsorption and desorption curves is performed with the Brunauer,
Emmett and Teller™® (BET) theory for surface area calculations and Barrett,
Joyner and Halenda®* (BJH) theory for pore size distribution analysis. The
total pore volume, close to p/po = 1, will be used for the melt infiltration
pore volume calculations.

2.3.2 X-ray diffraction

Room temperature powder X-ray diffraction (XRD) measurements are car-
ried out on a Bruker-AXS D8 Advance powder X-ray diffractometer, in Bragg-
Brentano mode, equipped with automatic divergence slit and a PSD Véntec-1
detector. The radiation used is Cobalt K15 (A = 1.79026A) operated at 30 kV
and 45 mA. The diffractometer is equipped with a primary Soller slit (2.5°),
automatic divergence slit (0.6mm, 0.3°), anti-scatter slit (2.44mm), detection
slit (3.54mm), PSD angle 1° and operates at a 217.5 mm 6 — 0 range.

XRD sample preparation is performed an Argon glovebox. A smooth
layer of powder is placed on the sample holder and transferred to the diffrac-
tometer in a customized Bruker airtight specimen holder to keep the sample
under an inert atmosphere. Typical measurements were performed with 0.1°
(20) step sizes, with 1-3 seconds step time. XRD reference patterns were ob-
tained from the PDF-4+ 2018 database, International Centre for Diffraction
Data, version 4.1801. Measured samples were not reused for other character-
isation techniques.

In XRD the structure of a material is probed by the elastic scattering of
monochromatic X-rays. The X-rays penetrate into the sample and diffract of
the electron density (i.e. the atoms) in the sample. When the path length
difference between two lattices (repetitive row or plane of aligned atoms in a
crystalline material) matches exactly an integer, 1, amount of times the wave-
length of the incident beam, constructive interference is observed. This is de-
scribed by Bragg’s law: 2dsin = nA, where d is the lattice spacing, 0 is the
incident angle and A is the incident wavelength. The diffraction pattern mea-
sured in XRD arises from different incident angles that coherently interfere
with different lattice spacings from the crystal structure.

2.3.3 Infrared spectroscopy

Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) mea-
surements were performed on a Perkin Elmer IR, equipped with a liquid-
nitrogen cooled MCT detector. Infrared spectra were collected between 500
and 4500 cm ! with a 4 cm ! resolution and averaged over 16 scans. Prior to
all spectra, anhydrous KBr was measured as a background. Sample prepara-
tion was performed in an Argon glovebox. A 40ul aluminum hermetic TGA
sample holder pan from Perkin Elmer was filled with the sample powder
and placed in a home-build airtight sample holder before transporting to the
spectrometer.

In DRIFTS an infrared beam is focused on the sample material and re-
flectance is measured, as the light scatters off the particles. This reflective
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nature makes it a useful technique for non-transparent materials. When the
energy of the incoming beam matches the vibrational energy of a chemical
bond, absorption of the radiation occurs. After interaction with the sample,
the light that is scattered out of the material is focused by concave mirrors to
the detector. This detector records the difference between the incoming beam
and the altered observed IR beam and an absorption spectrum is generated.

Unless otherwise stated, obtained absorption spectra are converted to

Kubelka-Munk (KM) plots using the formula: 15‘ = (1;115 )2, where k,s and R

are absorption coefficient, scattering coefficient and reflectance respectively.”
The scattering coefficient is dominated by the particle size so considered
constant when varying the wavelength during measurements. Spectra with
higher resolution are obtained in this way, although it is based on some as-
sumptions regarding surface roughness, uniform distribution, and absorp-
tion coefficients. Therefore only qualitative analysis can be performed. For
turther reading on the KM formula derivation and validity of the assump-
tions, the reader is referred to Ref.[56].

2.3.4 Electron microscopy

Scanning electron microscopy (SEM) images were obtained on a Thermo
Fisher FEI XL30 SFEG instrument operating at an acceleration voltage of 5 kV
measuring secondary electrons on a Through-Lens-Detector. Samples were
sputter-coated with about 8 nm of Pt before loading into the SEM instrument.

In SEM, low-energy electrons are bombarded on the to be investigated
material in an applied vacuum. The electrons penetrate the sample and af-
ter a cascade of scattering events, some back-scattered electrons escape the
surface. The amount of back-scattered electrons is measured with a detec-
tor, and is dependent on, among other parameters, the sample density and
morphology. Typically, the electron beam is focused and scanned over the
surface using electromagnetic lenses to obtain information about the spatial
distribution of electron density over the surface of the sample.

2.3.5 Differential scanning calorimetry

Differential scanning calorimetry (DSC) measurements were performed on
an HP DSC 1, MultiSTAR from Mettler Toledo, equipped with an FRS5 sen-
sor. All measurements are performed under 5 bar hydrogen pressure with
a 10ml/min flow rate through the system. Prior to the measurements, the
system was calibrated with In and Zn under the same hydrogen flow.
Between 5-11mg of sample was placed in a 40p1 aluminum hermetic TGA
sample holder pan from Perkin Elmer with a punched hole in the lid to al-
low gas exchange and prevent expansion and deformation of the pan upon
heating. As a reference, an empty pan was used in all experiments. After
sample insertion, the system was flushed two times to vacuum and filled
with 3.7 bar Argon before flushing to 5.0 bar Hydrogen. The measurements
were performed between 30°C and 550°C with a ramp of 10°Cmin~! in the
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temperature region of interest. After a heating step, the system was equili-
brated for 2 minutes before cooling down, where a 5-minute isotherm after
each cycle was applied.

In DSC, the heat flow measured while varying the temperature. With
this technique endothermic and exothermic transition such as phase changes,
decomposition, desorption, adsorption, melting and crystallization can be
observed. Incorporation of compounds into small pores have been shown
to exhibit different behaviours such as melting point depression or loss of

crystallinity, that can be measured with this technique.®”.

2.3.6 Electrochemical impedance spectroscopy

Electrochemical Impedance Spectroscopy (EIS) measurements are performed
on pressed powder pellets using a Princeton Applied Research Parstat 2273
potentiostat in a custom made measurement cell in a Biichi B-585 glass oven.
The preparation and the measurements are performed in an Argon glovebox.

The measured pellets are prepared in as a symmetrical cell of electrolyte
powder pressed between two pieces of either lithium foil or sodium foil. The
latter has the obvious preference when working with sodium-based salts.
However, in part of this project commercially available lithium foil was used
(Sigma-Aldrich, 0.38mm thick) due to practical issues with obtaining repro-
ducible sodium foil electrodes. In the last part of this project more consis-
tently sodium foil could be produced, and measurements of interest were
reproduced.

Before use, the metal foils were carefully scraped to remove any traces
of metal oxide on the surface. Circles of 12mm diameter were cut out and
placed in the middle of two stainless steel pellets, 13mm in diameter. Inside
a die body, between 0.15g and 0.25g of composite or pure salt is pressed be-
tween two pellets, such that the sample is in good contact with the metal foil.
Using a 13mm die plunger and airtight holder, the pellets were pressed to 2.0
metric tonnes of pressure. From the applied pressure and known pellet area,
this pressure is calculated as 150.7x 10%ton/m? or 0.148 GPa. This prepara-
tion resulted in pellet thickness between 1.0 and 1.5mm after subtraction of
stainless steel die thickness (12.68mm) and metal foil thickness (0.6mm for
lithium and ~0.1mm for sodium pressed to 2 tonnes).

In a typical EIS measurement, a 20mV rms modulated alternating cur-
rent potential with frequencies from 1 MHz to 1 Hz (in 120 logarithmically
displaced steps) was applied to the compressed sample. The samples were
heated from room temperature with 5°Cmin~! to 80°C or 130°C in steps of
10°C and allowed to equilibrate for 45 min before the measurement. Upon
cooling the samples were measured in steps of 20°C, each measurement after
118 minutes of equilibration. At least two cycles were performed to investi-
gate any instabilities of the sample upon cycling.

Impedance refers to frequency-dependent resistance, where at different
applied frequencies of the alternating current potential, different resistance
responses will be observed. The potentiostat measures the current as well
as the phase shift, with respect to the potential, at each frequency. A large
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FIGURE 2.1: (A) Schematic representation of a pellet measured

with EIS and an RC circuit consisting of a parallel resistor and

capacitor. (B) Example of impedance with phase shift and am-

plitude decrease. (C) Complex impedance plot of LiBH, at
80°C.

resistance through an Ohmic material decreases the measured current with
Ohm’s law, I = V/R, where I,V and R, are current, potential and resis-
tance respectively. The phase shift is typically measured between 90° and 0°
from completely out of phase at high frequencies to a resonance of current
and potential at lower frequencies. Impedance, Z;, is then formulated by:
Zy = % = Zo(cosp + ising), where Z, is described by a real part
cosinus (resistance) and a imaginary (capacitance) part sinus wave (see Fig-
ure 2.1b). In a Nyquist plot (see Figure 2.1c) the real and imaginary parts are
plotted for each data point, and in the perfect case form a semi-circle. The
Z,0q1 intersection of this semicircle is the total resistance of the material.””

In most cases, a single component semi-circle was observed in the Nyquist
plots. The data were fitted using an RC circuit, consisting of a resistance and
a constant phase element (CPE) (see Figure 2.1a). The intersection of the fit-
ted semicircle with the real impedance (Z,,,;) axis was assumed to represent
the electrolyte resistance R only. Conductivity is calculated from this resis-
tance via o = h/ AR, where o, A, h are the conductivity, the area of the pellet,
and thickness of the compressed electrolyte respectively.

2.3.7 Nuclear magnetic resonance

Solid-state nuclear magnetic resonance (NMR) measurement are performed
on a Bruker 400MHz wide bore (10cm), ultra shielded 9.4 T magnet using
Console Avancelll hardware. Samples were measured in a 3.2mm magic an-
gle spinning (MAS) zirconia rotors with vespel caps with an HXY probe. The
23Na spectra were 'H decoupled with 70kHz radio-frequency. For 2*Na mea-
surements the reference was set to solid NaCl. For B the pure NaBH, peak
was set to -42.0ppm, according to literature, using EtOBF; as a reference.”
Sample preparation consisted of filling and closing of the rotor in an Argon-

tilled glovebox. The rotors were transferred in an inert atmosphere up to
just before the measurement. The samples were measured either spinning
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or without spinning (static) on the 'H, B, and ?*Na nuclei at room tem-
perature. Temperature-dependent measurements were performed on ?*Na
spectra between 263K and 353K.

High-resolution NMR measurements are performed on a Bruker 950MHz
small bore (5cm), ultra shielded 22.3 T magnet using Console Avancelll hard-
ware. Samples were measured in a 1.3mm MAS rotor with an HXY high spin-
ning probe. The spectra were measured at 60kHz MAS, resulting in sample
temperature of ~50°C. 'H measurements were performed with a 90° pulse
in Hahn echo mode. !B and ?*Na spectra were obtained with a 30° single
pulse. 1B spectra were 'H decoupled with 16kHz radio frequency.

The NMR technique can be performed only on nuclei with an intrinsic
magnetic moment and angular momentum i.e. an odd number of protons
and/or neutrons. A large magnetic field is applied to sufficiently align nu-
clei spins in the spin up or spin down state, instead of randomly oriented in
all direction. The slight difference in energy between these spin states can
be measured with radio-frequency spectroscopy. When the radio-frequency
photon matches this exact energy difference and is absorbed, resonance is ob-
served. This resonance is environment dependent and hence local chemical
information can be obtained from the technique.
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Chapter 3

Results and discussion

In this chapter, the relevant results obtained in this thesis will be discussed.
Firstly the structural characterisation of the supports and composites will be
discussed, using nitrogen physisorption, SEM, XRD and DRIFTS. The inves-
tigation of the conductivity of the materials will be interpreted in detail with
EIS. Lastly, an investigation into the origin of conductivity enhancement by
interface engineering will be given by NMR.

3.1 Structural characterisation

3.1.1 Oxide supports

To investigate the pore size distribution (PSD), BET surface area and pore
volumes of the dried oxide supports, nitrogen physisorption analysis was
performed. A comparison of the PSDs is given in Figure 3.1. Each symbol
represents a data point derived from BJH theory in the desorption branch.
The solid lines are Gaussian fits through the data. The pore size was de-
termined from the maximum of the Gaussian fits. The distribution of the
pore width is described from the full width at half maximum (FWHM) of the
Gaussian fit. BET theory was used to determine the surface area from the lin-
ear m behaviour (where Q is the amount of nitrogen absorbed) in the

p/po = 0.07 — 0.2 nm range of the adsorption branch. The total pore volume
of the support is taken from the pore volume of a single point at STP close to
p/po = 1. Overview of the physisorption analysis is given in Table 3.1.

From these results, it is seen that the synthesis of MCM-41 was success-
tul, as particles with small pores, narrow PSD, high surface area and high
pore volume are obtained. These results are in line with expectations from
literature.*® For the (aluminated) SBA-15 supports a slight pore size decrease
is observed with higher alumina loading, as was expected from the synthesis
when more material is grafted inside the pores of SBA-15.*> Al-SBA-15(10)
showed an increase in surface area and pore volume compared to pristine
SBA-15. This is unexpected as the PSD does not seem to have changed sig-
nificantly and hence is ascribed to a normalization error, where the mass of
the support was underestimated. Al,O3; showed the largest pores, widest
PSD and lowest total pore volume and BET surface area. These results con-
firm the mesoporosity of the oxide supports with high pore volumes, that
will be used for melt infiltration.
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Support Pore size (FWHM) | BET surface area | Pore volume (p/ po)
ALO; 8.7 nm (3.83) 172 m?g~! 0.46 cm3g 1 (0.999)
MCM-41 2.7 nm (0.23) 1260 m2g ! 1.28 cm3g =1 (0.994)
SBA-15 6.7 nm (1.27) 630 m?g~! 0.86 cm3g~1 (0.993)
AI-SBA-15(20) 6.6 nm (1.22) 633 m?g~! 0.70 cm3g~1 (0.998)
Al-SBA-15(10) 6.5 nm (1.12) 705 m?g~1 0.99 cm3g~1 (0.999)
NaBIé%%Ah% 8.6 nm 117m?g~! | 0.31 cm3g~ (0.997)

TABLE 3.1: Nitrogen physisorption analysis of supports used
in this work and a 30% pore filling NaBH;@Al,O3 composite.

MCM-41
SBA-15
Al-SBA-15(20)
Al-SBA-15(10)
y-ALO,

4 ¢ » o

Normalized pore volume (cm3g)

Pore diameter (nm)

FIGURE 3.1: BJH pore size distributions of the supports used in
this work.

To investigate the degree of infiltration of the electrolyte salts into the pores,
NaBHj-oxide composites were measured with nitrogen physisorption after
melt infiltration. For both NaBH;@Al,O3 and NaBH,;@MCM-41 the com-
posites showed a lack of porosity (surface area <10 m?g~! and pore volume
<0.066 cm3g~! normalized to the mass of the support). This loss of pore vol-
ume indicates either a complete pore filling or pore blocking of the entries
of the pores. The latter explanation could cause inhibition of all pore entries
and would not be desirable for the purpose of these melt infiltration, which
was interface engineering of the salt in close proximity to the support.

To get a better idea of the pore filling mechanism, a 30% pore filling
NaBH; @Al,O3 composite was measured with nitrogen physisorption. The
total pore volume per gram of support was determined as 0.36 cm>g~!. Note
that this is slightly more than reported in Table 3.1, because of the small
amount of NaBH, present in the composite. This pore volume after melt
infiltration is in the range of the theoretical pore volume of a 30% filled sup-
port. This indicates that the pores of the Al,O3 are infiltrated, and thereby
pore volume is lost, instead of blocking the entries of the pores.

To investigate the morphology of the Al,O3 and MCM-41 supports used
in this work, SEM images were taken. In Figure 3.2 are depicted, single par-
ticles of AlO3 and MCM-41 and further zoom on their surface. From Figure
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(D)
FIGURE 3.2: SEM images of (A,B) A,O3 and (C,D) MCM-41.

3.2a it is seen that the commercial -Al,O3 consists of spherical-like particle
grains 70-80 microns in diameter. A zoom in of the surface in Figure 3.2b
shows the roughness of the support that explains the high surface area of
these small particles. The disordered pores cannot be observed with the res-
olution of these images. In Figure 3.2c multiple grains of MCM-41 particles
are observed with a typical particle width of 5-10 micron (note the difference
in scale-bars between A and C). A zoom in of one MCM-41 grain in Fig-
ure 3.2d reveals the ordered one-dimensional channel pore structures. Some
residual blobs of, what is believed to be, condensed silica is seen on top of
the MCM-41 particle.
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3.1.2 NaBHj-oxide composites

NaBH,@MCM-41
7_,’17/\;“\;_ 7? * ‘\
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FIGURE 3.3: (A) XRD patterns of NaBH4@Al,O; and

NaBH;@MCM-41 composites and their physical mixtures. (B)

DRIFTS spectra of pure supports, NaBH4, NaBH;@Al,O3 and
NaBH,@MCM-41.

NaBHj-oxide composites were prepared with melt infiltration as described in
Section 2.2.2. The crystalline structure of the composites was investigated af-
ter synthesis with XRD. In Figure 3.3a the measured XRD patterns of NaBH,
composites with 130% pore filling in Al,O3 and MCM-41 are shown in solid
blue and red lines respectively. The dashed blue and red lines represent their
physical mixtures (PMs, i.e. the starting materials) of the composites, that
were used for the melt infiltration. The diffractograms were compared to a
reference pattern of NaBHy,, indicated by the black diamond symbols.

From these patterns can be seen that during synthesis no new crystalline
phases have emerged. This indicates the heating did not induce any de-
composition into new crystalline compounds. Only diffraction peaks from
NaBHj and the support were observed. From these patterns is concluded
that after the melt infiltration the NaBH,4 has a face-centered cubic crystal
structure with F,3,, symmetry which is in line with literature.”” %

Two broad diffraction peaks are observed for NaBH;@Al,O3 around 54°
and 80°, ascribed to Al O3 as they are also observed for the physical mixture.
MCM-41 shows no distinct diffraction peaks at these diffraction angles, as
its repeating unit cell is at much larger pore-pore distances and thus much
smaller diffraction angles 20 < 10°. A small unknown impurity is found at
31°, which originates from the starting material of NaBHy, as it is already
present in the physical mixture, or could be from a strong diffraction peak of
residual carbon contamination on the sample holder.

The NaBH4;@Al,O3 composite shows a decrease in diffraction intensity
compared to the physical mixture. This could be caused by a lack of crys-
talline ordering of the NaBHy in contact with, or in the pores of, Al,O3. An-
other explanation of the decrease in diffraction intensity could be due to the
formation of new non-crystalline material upon heating of NaBH,. However,
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this remains hard to ascribe by XRD, as no new diffraction pattern would be
observed for such a non-crystalline material.

For NaBH;@MCM-41 the diffraction intensity of the composite and phys-
ical mixture are almost identical and no lack of crystallinity is observed,
although this would be expected when infiltrated in these smaller pores.
Therefore it is suggested that the NaBH;@MCM-41 composite is not infil-
trated during the synthesis. With physisorption we observed no accessible
pore volume for this composite, therefore a complete pore blockage is sug-
gested. This is further substantiated by XRD measurements on NaBH,;@MCM-
41 of different pore fillings. In Figure A.2a it is depicted that also at pore fill-
ings below 100%, where with good infiltration only confined NaBH; would
be present, a bulk-like crystalline pattern is observed.

To study the molecular vibrations in the composites before and after syn-
thesis, DRIFTS analysis is performed on the composites and their starting
materials. The spectra of NaBH,, NaBH;@MCM-41 and NaBH;@Al,O3 com-
posites after melt infiltration are depicted in Figure 3.3b. Their corresponding
supports are shown in the less opaque lines. The intensities inside the box on
the bottom right have been divided by a factor of two for visualization. To
investigate the effect of the synthesis conditions, the NaBH4 has been treated
with the same synthesis conditions as the composites.

The oxide supports show surface hydroxyl peaks above 3500 cm~! and
framework-oxide bonds below 1500 cm~!. From the MCM-41 spectra, it is
concluded that this support was well dried, as no viscinally bound H,O were
found to be present besides the sharp isolated silanol peak at 3700 cm~1.%!
For hydrated Al,O3 no clear peak changes are observed upon drying and the
dryness of the support with similar drying steps is assumed.®”

Comparing the composite spectra with their corresponding supports, the
surface hydroxyl peaks have disappeared after melt infiltration. This is as-
cribed to a reaction between support and infiltrated salt where the labile -OH
groups form an interaction with the NaBHj. This is in line with the observa-
tion of interface engineering on LiBH4-Al,O3 composites, where a B-O bond
is found with near edge X-ray fine structure (NEXAFS) analysis.””

For NaBH,4 we expect vibrational peaks around 2396, 2282, 2216 and 1110
cm ! ascribed to v, vp+v4, 215 and v, B-H stretches.®%%3 This peak pattern is
visible in the pure spectra to the right of the dotted line at 2414, 2344, 2237
and 1141 cm~!. The heat treatment induces no new peaks in DRIFTS and
XRD (see Figure A.2b) and NaBHy is found not to react during this treatment.

A small contribution from two unknown peaks is observed above 3300
cm~ 1. Similar vibrations are found in the literature for pristine NaBHy4.%* The
region of these peaks indicate a possible O-H stretching of adsorbed water,
although no confirmation by H-O-H bending is found in the spectra.®”

Previous ascribed peaks originating from the NaBH, are visible in the
composite spectra. Additionally, a new peak appears for the composites
at 2473 cm~!, indicated by the dashed line. This peak at slightly higher
wavenumbers is ascribed to B-H stretching in NayB1,H1,.%° This indicates
the presence of small amounts of NayBi,Hj, due to partial decomposition
of NaBH,. This formation is further supported by calculations of Liu et al.
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FIGURE 3.4: DRIFTS spectra of pure Al,O3;, NaBH; and
NaBH4@Al,O3; composites with different pore fillings.

where is shown that Nay;Bip,Hj, is a more stable species upon decomposi-
tion of NaBH,.°® This new contribution could be a (partial) explanation of
the decreased diffraction intensity observed by XRD. Since the main diffrac-
tion peak of NayBjpHj; is not found (see Figure A.3), it is ascribed to be
amorphous.®

To further investigate the interfacial effect with DRIFTS, several low pore
filling NaBH4@Al,O3 composites were prepared. In Figure 3.4 the spectra
of previous mentioned 130% and pure spectra are displayed together with a
200%, 30%, 15% and 5% sample. All spectra show no visible contributions
from the alumina surface hydroxyl peaks, which further substantiates the
hypotheses that the NaBH,4 has an interaction with the support, already at
these low pore fillings, ascribed to well wetting of the alumina support by
the melt infiltrated NaBHj.

From these spectra, the contribution from the peak around 2473 cm™
becomes more pronounced in the lower pore filling composites, while the
bulk-like stretches become less pronounced. Below 30% pore filling a second
contribution from the NayBj,H;p B-H stretching at 2546 cm~! is observed.
This is in line with the two peaks observed for NayBip,H1p.%% At higher pore
filling, less pronounced signal is observed, hence it is believed that in the
bulk-like environment this decomposition does not occur. Therefore, this
formation of NapBi,Hj; is ascribed as an interfacial effect originating from
the salt-oxide interface in the composite.

For the low pore filling composites, a contribution arises below 1500 cm 1,
at higher wavenumbers than the alumina framework Al-O bond. This large
contribution matches the literature with borate-like B-O vibrations, which
further confirms the hypotheses of B-O formation between the alumina -OH
groups and the [BH,]~ anion.®”%® This contribution overshadows the B-H
stretches at 1110 cm ™! at 15% and 5% pore filling. At 5% pore filling an un-
known peak at 1755 cm ! emerged. This peak is not visible in the other com-
posites and could be due to an unassigned surface effect or a small amount

1
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FIGURE 3.5: DSC curves of (A) NaBH4-Al,O3 and (B) NaBHjy-

MCM-41 physical mixtures cycled three times between 380 and

550°C with a 10°Cmin~! heating and cooling ramp. Inset val-
ues represent the integral of the heat flow peaks in the curve.

of impurity, that was overshadowed in higher pore fillings.

Comparing the pure NaBH, absorption to the composites in Figure 3.3b
and 3.4, a slight peak broadening is observed in all composite spectra. This
is ascribed to a difference in crystallinity of the compound or symmetry of
its structure compared to the bulk-like NaBHy4, which could occur from close
proximity to, or in the pores of, the support.” This is in line with the ob-
served loss in long-range crystallinity from XRD for NaBH;@Al,O3, where
the largest peak broadening is observed. The 130% pore filled NaBH;@MCM-
41, with a higher support surface area, shows less peak broadening than
NaBH4@Al,O3, which further substantiates the hypothesis from XRD, that
the NaBHj is not well infiltrated in the pores of MCM-41.

To investigate the pore infiltration of NaBHj into the porous supports in
the synthesis, DSC measurements under hydrogen pressure were performed
with the NaBHy-oxide physical mixtures. In this way, the first DSC cycle
would simulate the melt infiltration step, whereas the later cycles represent
the behaviour of melt infiltrated composites. Figure 3.5 depicts the thermo-
gram for three consecutive cycles between 425 and 550°C.

From Figure 3.5a the melting of NaBH, in the first cycle has an onset
of 505.9°C, peak at 507.7°C and integrated area under the curve (melting en-
thalpy) of 354.7 Jg~! calculated to the mass of NaBHy. This is below literature
value of 447 Jg~! for the melting enthalpy of NaBH,, which indicates a par-
tial reaction below the melting point of NaBH,.”" Upon solidification during
cooling, the enthalpy decreases to 219.3 Jg~!, which is a 38% decrease. This
difference between melting and crystallization is attributed to further partial
reaction upon melting or incorporation into the pores where the nanocon-
fined NaBH, shows less exothermic recrystallization.

In the second and third cycle, similar behaviour is observed. The melting
point in the second cycle shows a slightly decreased onset and peak value



24 Chapter 3. Results and discussion

of 503.2°C and 505.4°C respectively. The melting and solidification enthalpy
decrease from 211.4 Jg~! to 171.7 Jg~!. Note that the melting enthalpy in the
second heating step has approximately the solidification enthalpy in the first
cycle. This indicates that non-nanoconfined NaBH,4 melts in the next cycle. A
turther decrease in enthalpy upon cycling is ascribed to further infiltration of
NaBHj material into the pores. The decomposition of the material is found
not to be an explanation for this decrease in peak area, as no total mass loss
is observed before and after the experiment. If decomposition occurred the
release of hydrogen from the NaBH4 would be noticed by a loss of mass.
Due to an unexpected jump in the baseline in the third heating cycle, no
quantitative analysis is performed on the melting and solidification enthalpy.

In Figure 3.5b the DSC curves from NaBH;-MCM-41 are shown. In the
first cycle, the melting enthalpy is (within rounding error) the same as for
pure NaBH, (see Figure A.4) in line with reported literature values.” The
composite melting peaks are slightly broadened compared to pure NaBHy,
due to the poor heat conductivity of the present oxide supports. Upon cool-
ing the enthalpy decreases with 86% (from 440.1 to 61.84 Jg~!) ascribed to a
large amount of nanoconfinement. In the second and third cycle, the recrys-
tallization enthalpy further decreases, due to more infiltration into the small
pores. In this sample, a clear peak shift is observed between the first cycle
and later cycles. This decrease in melting and crystallization temperature
is due to nanoconfinement effects.’” This is in contrast with observed results
from XRD and DRIFTS, where was assumed that this composite was not well
infiltrated during synthesis.

No mass loss is found after DSC, indicating no major decomposition com-
bined with the release of molecular hydrogen. The large difference between
NaBH;,;@Al,O3 and NaBH,@MCM-41 is ascribed to their difference in PSD:
the Al,O3 has larger, less ordered pores and smaller pore volume, and there-
fore shows fewer confinement effects upon infiltration in the pores.

3.1.3 NaNH;-oxide composites

NaNH,-oxide composites were prepared as described in Section 2.2.2. The
crystalline structure of the composites was investigated after synthesis with
XRD. In Figure 3.6a the measured XRD patterns of NaNH, composites with
130% pore filling in AlO3 and MCM-41 are shown in solid blue and red lines
respectively. The dashed blue and red lines represent the physical mixtures
of the composites.

From these patterns, it can be seen that the same crystalline phases from
the physical mixtures are present after synthesis. Therefore it can be con-
cluded that there is no decomposition of the material during the synthe-
sis. Diffraction peaks from the NaNH; reference pattern, indicated by the
black diamonds is observed in all spectra. Therefore, after melt infiltration,
NaNH; has a face-centered orthorhombic crystal structure with F;;; symme-
try, which is in line with literature reports.”'”? Similar to NaBH;@Al,O3, a
broad peak around 54° is observed, arising from the Al,O3 support. MCM-41
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DRIFTS spectra of pure supports, NaNH,, NaBH,@Al,O3 and
NaBH;@MCM-41.

shows no distinct diffraction peaks at these diffraction angles, as its repeat-
ing unit cell is at much larger pore-pore distances and thus much smaller
diffraction angles.

Although the measurement stepsize and time were the same for the phys-
icals mixtures and their composites, a noticeable decrease in XRD peak in-
tensity is observed. This could be due to incorporation in the pore of the
support that inhibits long-order crystallization. This phenomenon is more
pronounced in the NaNH,@MCM-41 composite, which has smaller pores,
higher surface area and higher pore volume. Formation of a non-crystalline
phase is another explanation for this, yet is not possible to assign with cer-
tainty from this XRD measurement. It has been proposed than NaNH; in
Argon atmosphere above 200°C decomposes to amorphous sodium amide
imide releasing ammonia, described by 3NaNH,; —— Naz(NH;)(NH) +
NH;3.”! This could explain the loss in diffraction intensity, indicating that the
8 bar of ammonia pressure used in the melt infiltration, was not sufficient for
complete suppression of decomposition in this material.

To study the molecular vibrations in the composites before and after syn-
thesis, DRIFTS analysis is performed on the composites and their starting
materials. The DRIFTS spectra of NaNH;, NaNH; heated under ammo-
nia, NaNH,@MCM-41 and NaNH;@AI,Os are depicted in Figure 3.6b. The
treated NaNH, is measured to check if this pressure and elevated temper-
atures induce any spectral changes. The supports of these corresponding
composites are shown in semi-transparent blue and red curves respectively.
The support intensities in the box on the bottom-right have been manually
divided by a factor of two for visualization purposes. Comparing the sup-
ports to their corresponding composites, the surface hydroxyl groups have
disappeared after the synthesis. This is ascribed to a reaction between the
infiltrated salt and the labile hydroxyl on the surface of the supports.

When comparing the untreated NaNH,; to the same compound heated
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for 2 hours at 150°C the disappearance of intensity around 1300 cm~! is ob-
served. Since this peak is not found in NaNH), literature, and from XRD no
new phases are found, it is ascribed to the thermal removal of some of the im-
purities from the material. Note that this impurity has disappeared already
at 150°C, which is below the used melt infiltration temperature of 225°C.

In the composites, the NaNH; peaks at 3260, 3210 and 1532 cm ! are
observed. These observed frequencies are ascribed to the v3, v; and v, vi-
brations respectively.”® In particular, in NaNH,@MCM-41 the peaks seem to
show some broadening. This broadening could be ascribed to both mobile
broadening or inhomogeneity close to the surface of the support. Small in-
tensity around 2060 and 1970 cm~! is observed for all NaNH, containing
materials, although it seems more pronounced in the composites. No litera-
ture is found that report any signal within this spectral region.

In an effort to investigate the pore infiltration of NaNH, in the porous
oxide supports, DSC measurements are performed on the NaNH;-MCM-41
and NaNH>-Al,O3 physical mixtures under 5 bar hydrogen pressures. Un-
fortunately, ammonia pressure was not possible to apply in the DSC set-up
and therefore decomposition of the NaNH; could not be prevented. For both
samples, significant mass loss was found afterward and no endothermic or
exothermic heat flow was observed after decomposition in later cycles (see
Figure A.5).

3.1.4 Non-hydride based composites

As shown before, melt infiltration has interesting results on the structural
characterisation of light-weight metal hydrides. Therefore this approach is
extended to the nanoconfinement of non-hydride based materials. Several
non-hydride based sodium-salts have been prepared by melt infiltration as
described in Section 2.2.2. This includes oxide based NaNO,, NaNOj3; and
NaClOj3 as well as NaAICly.

Firstly the structural characterisation of NaNO; and NaNO3 composites after
synthesis is discussed by XRD and DRIFTS. The XRD patterns of the starting
material salts together with their composites in Al;O3 and MCM-41 are de-
picted in Figure 3.7a for NaNO, on top and NaNOs on the bottom half of
the Figure. From these patterns, it is concluded that these materials form no
new phases upon melting as phase pure patterns in line with the reference
patterns (displayed by the symbols) are obtained. A difference in relative
intensities of the diffraction pattern is observed for the pure NaNO, and its
composites. This indicates a difference in the preferential orientation of the
crystals. The pattern of the composites gives the best match with reference
patterns for NaNO, (PDF 00-006-0392 (ICDD, 2018)).

The molecular vibrations of NaNO, and NaNO3 salts and corresponding
composites are investigated by DRIFTS and spectra are depicted in Figure
3.7b. Note that these spectra are measured in regular absorption units, in-
stead of K-M units, hence the broader peak contributions and background
signal (see Section 2.3.3). From the absence of the surface hydroxyl peaks in
the NaNO,@MCM-41, in the upper blue curve, it is concluded that this melt
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composites.

infiltration was successful and a reaction with the support surface groups is
observed. In NaNO,@Al,O3 the broad surface signal from the Al,O3 sup-
port seems to remain present between 3700 and 3400 cm !, indicating a lack
of infiltration in these pores, or no reaction with the surface hydroxyl groups.
The spectral features of NaNO, were visible in both composites.

In the NaNO3; composite spectra, the surface support hydroxyl surface
peaks remain present after the synthesis for both supports. Therefore there is
either no incorporation into the pores or no reaction with the hydroxyl peaks.
The spectral features of NaNOj are clearly visible in the composite spectra,
most prominent within the 3000 to 1500 cm~! region.

For both NaNO, and NaNOs the interfacial effect of these composites do
not look very promising. Combined with the fact that NaNO, has a poor
ionic conductivity of itself, makes these composites not very promising for
SSE applications.”* The ionic conductivity measurements of these composites
will be discussed in section 3.2.6.

The characterisation of NaClO3 and NaAICl,; composites after synthesis is
performed with XRD. The XRD patterns of NaAlICl; and NaClOs; are shown
together with their corresponding composites in Figure 3.8. In the pure salts,
the patterns were an accurate match with reference patterns, indicated by the
black diamond and circle symbols for NaClO3 and NaAICly respectively.

From the XRD patterns of the composites, in all cases, decomposition into
NaClis observed. In the presence of the Al,O3 support, the salts decomposed
completely into NaCl, as indicated by the reference pattern with the black
club symbols and dashed lines. For the MCM-41 supported composites, a
partial decomposition is observed, with the presence of the three NaCl peaks,
as well as peaks from the starting materials sodium salt. Although decompo-
sition of the pure salts was reported at higher temperatures, the presence of
the support surface probably accelerated the decomposition to the thermo-
dynamically more favorable NaCl.**”°> The synthesis of these composites is
therefore concluded not to be successful.
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3.2 Conductivity measurements

3.2.1 NaBHj-oxide composites

Conductivity measurements of NaBH, and NaBHy-oxide composites were
performed with EIS, in a symmetrical cell using sodium electrodes. In Figure
3.9 the conductivity of untreated NaBH4, NaBH;@Al,O3 and NaBH,;@MCM-
41 with a pore filling of 130% and are shown. Each symbol represents a single
measurement at that temperature during heating (solid symbols) or cooling
(open symbols). Shown data points are obtained from the second heating-
cooling cycle between room temperature and 80°C.

The temperature dependence of the conductivity indicates Arrhenius type
behaviour in the applied temperature range. This Arrhenius behaviour is de-
scribed by

o = Ae*Eact/kBT

where 0, Eyt, kg and T are conductivity, activation energy, Boltzmann con-
stant and temperature respectively. The activation energy determines the
slope of the temperature-dependent conductivity plots and is calculated from
a linear fit of the logarithmic-reciprocal ¢ — T plot. The standard error of the
calculated value in its last digit is noted in the brackets in the figure. Note
that this is the error of the temperature-dependent fit, and the inaccuracies in
the obtained conductivity values itself are not taken into account.

By the observation of the reversible behaviour of the conductivity upon
heating and cooling (the solid symbols overlay the open symbols), it is con-
cluded that changes such as decomposition or phase change are negligibly
small and the material is stable in the applied temperature window.
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FIGURE 3.9: Temperature-dependent conductivity of NaBHy,

NaBH;4@Al,O3 and NaBH;@MCM-41 obtained by EIS during

heating (solid symbols) and cooling (open symbols). The acti-
vation energies are calculated from the slope of the plot.

In all cases the composites show higher conductivity than the pristine NaBHy,
despite less amount of NaBH4 material is present per pellet thickness, due
to the presence of the support. For comparison, the NaBH, mass fraction
in Al,O3- and MCM-41-supported composites with a pore filling of 130% is
0.39 and 0.64 respectively. In addition to the enhanced conductivity, lower
activation energy is obtained within this temperature range for both com-
posites. The activation energies for the composites show comparable values,
indicating a similar sodium hopping mechanism.

The NaBH;@Al,0O3 composite shows outstandingly higher conductivity
compared to NaBH;@MCM-41. This increase is ascribed to a strong interfa-
cial effect that enhances the ionic conductivity of this particular salt-support
combination. The relative conductivity of the composites compared to the
pure NaBH, at 40°C is a factor 1000 for NaBH4;@Al,O3, while only a fac-
tor 20 for NaBH;@MCM-41. This difference is particularly interesting since
the MCM-41 support has much higher BET surface area, that may attribute to
the interfacial effect (see Table 3.1). However, as seen from XRD and DRIFTS,
this composites seems not to have infiltrated the pores. Therefore, interfacial
effects would only be observed on the outside surface of the oxide particle,
and not inside the pores. Further investigation of the interfacial effect in
NaBH;@Al,O3 will be described in Section 3.3.

The EIS measurements do not differentiate between electronic and ionic
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The activation energies are calculated from the slope of the plot.

(B) The complex impedance plots obtained at 80°C. Triangles

and circles represent measurement performed with sodium and
lithium electrodes respectively.

conductivity, and hence it is referred to in this work as conductivity. How-
ever, it is expected that the contribution of electronic conductivity is negligi-
ble due to the insulating nature of the y-Al,O3, SiO, and NaBHy, for which
a band gap of over 6, 6.8 and 9.2 eV has been reported.”*”®

3.2.2 Sodium vs. lithium electrodes

In this work, lithium foil has been used as a facile electrode material in the
preparation of pellets for EIS measurements before sodium foil was avail-
able. Therefore, a comparison of sodium and lithium electrodes is made
for NaBH4 and NaBHy-oxide composites. In Figure 3.10a the temperature-
dependent conductivity of NaBH,, NaBH,@Al,O3 and NaBH;@MCM-41 are
shown, obtained with symmetric cells with sodium or lithium electrodes (tri-
angles and circles respectively).

The difference in conductivity of the sample composite with different
electrodes is always within a factor of two. This factor is assumed to be well
in the same order of magnitude and could be attributed to an error in the
pellet thickness assumed, as electrode thickness could be inconsistent. More-
over, the activation energies with both electrodes show similar values for the
composites. Therefore it is concluded that the NaBH4 does not react upon
contact with the metallic lithium in these measurement conditions, and no
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other conductive species is formed. A noticeable difference is observed be-
tween the electrodes when comparing the NaBH, plots in the black lines.
This is explained by the fact that in the case of the lithium electrode pellet,
the NaBH4 had obtained the same heat treatment as the composites. This
heat treatment, in theory, is a simple melting and recrystallization. A par-
tial decomposition upon heating is excluded as an explanation, since NaBH4
in absence of the oxide supports shows no decomposition, as confirmed by
XRD and DRIFTS (see section 3.1.2).

However, better fitting of the complex impedance plots was possible for
the heat treated NaBH, with lithium electrodes, over the untreated NaBH;,
with sodium electrodes. This could originate from a better contact with the
electrode as the recrystallized NaBHy was thoroughly ground afterwards,
while the untreated NaBH,; may have been ground to a less extent. A worse
contact could also come from the thinner prepared sodium electrodes, com-
pared to the commercially available lithium electrodes.

In Figure 3.10b the complex impedance plots for NaBH4, NaBH,@Al,O3
and NaBH;@MCM-41 at 80°C are shown for sodium and lithium electrodes,
represented by solid triangles and open circles respectively. The semicircle
behaviour is clearly seen in the composites. The intercept of the semicircles fit
with the Z,,;-axis confirm the factor two difference between the electrodes.
The pure NaBH, shows a lot more noise in the complex impedance plot, mak-
ing it more difficult to accurately fit a semicircle at lower temperatures. Still,
the Z,.4-intercept can be obtained for the lithium electrode around 0.5x10°
and the sodium electrode at 1.5x10%Q). indicated by the dotted line. The ob-
tained sample resistance at each temperature is taken at the Z,,,; intersection
on the right side of the semicircle (dotted line).

It is expected that lithium foil is a blocking electrode material for sodium-
ion measurements. Therefore, blocking electrode behaviour such as electrode
polarization, seen by a spike in Z;yginary in the low-frequency domain is
expected. However, no spike is observed in the low-frequency domain of
the complex impedance plots. Such electrode polarization was observed in
this project the case of copper electrodes and has been reported for blocking
electrodes such as molybdenum and gold in the literature.?>?%%3! The ab-
sence of this spike in the low-frequency domain might suggest intercalation
of sodium ions in the lithium foil, upon the alternating current potential in
the EIS measurement. A formation of NagsLig5BH, at the interface is sug-
gested. This alloy was calculated to have an alloying energy of 0.02 eV.”
Therefore, this alloy might form with the 20mV rms modulated alternating
current potential applied in EIS measurements.

3.2.3 Influence of the pore filling

To investigate the pellet preparation technique and in search of an optimal
pore filling, different pore filling samples of NaBH;@Al,O3; composites were
prepared and measured with EIS. In Figure 3.11a the calculated compress-
ibility of the sample is plotted for different pore filling composites. This
compressibility is described as the fraction of the measured pellet volume
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FIGURE 3.11: (A) Compressibility and (B) conductivity at 40°C
of different pore fill loading of NaBH,@Al,O3 composites.

(with known pellet diameter and thickness, after subtraction of the lithium
foil) compared to the theoretical volume. This calculation gives an indication
of the void fraction in the pressed pellets. For the void fraction, the known
starting material ratio is used in combination with assumed bulk densities of
NaBH, and Al,O3 (1.074 and 3.980gcm_3 respectively). In all cases, lithium
foil electrodes are used for their consistent thickness and prepared as de-
scribed in Section 2.3.6.

The results in Figure 3.11a show a correlation of decreasing void fraction
with increasing pore filling. When the starting material contained more than
100% pore filling, a filled fraction above 74%, which is the theoretical densest
packing of perfect round spheres, was always found. When pressing pure
Al,O3 or NaBHy a filled fraction of 21.3% and 98.3% is found respectively,
which indicates a large amount of empty space in the porous alumina sup-
ports as well as the successful compressibility of the pure NaBH, with this
pellet preparation.

These samples were also measured with EIS and their conductivity at
40°C is plotted in Figure 3.11b. The dotted horizontal line indicates the con-
ductivity of the pure NaBHy. From this figure, an increasing conductivity is
observed from low pore filling to 100% pore filling. Above the 100% pore
filling the conductivity is similar within the same order of magnitude. It is
ascribed that above 100% the filling is sufficient for an optimal conductive
pathway in the compressed pellet. The dashed lines are to guide the eye for
the conductivity dependence on the pore filling. Note that the highest mea-
sured conductivity was at 130% pore filling and therefore this ratio is used in
most composites preparations.

3.24 Aluminated SBA-15 composites

The large difference in the structure of the supports between NaBH;@AI,O3
and NaBH;@MCM-41 (Section 3.1.1) makes it difficult to compare the real
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FIGURE 3.12: (A) XRD patterns and (B) of (aluminated) SBA-15
composites and their starting materials.

impact on the measured conductivity (Section 3.2.1). To get a better com-
parison of the interfacial effect between silica and alumina, a model sys-
tem of (aluminated) SBA-15 samples was used. Three supports with similar
PSDs, but different Si/ Al ratios were used for the melt infiltration of NaBHy.
The hypotheses of previously described conductivity results would suggest
a stronger enhancement for SBA-15 with more alumina i.e. a lower Si/Al ra-
tio. Two samples with Si/ Al ratios of 20 and 10 were prepared, consequently
named AI-SBA-15(20) and Al-SBA-15(10). The alumina amount is still rela-
tively low, with the advantage that it has little to no effect on the PSDs and
the support can be used in a comparative manner.

After melt infiltration of NaBH, into these supports, a brown powder
was obtained for the NaBH,@AI-SBA-15(20) and NaBH4@SBA-15 compos-
ites, while both starting materials were white, indicating a reaction of these
samples during synthesis. The NaBH;@AI-SBA-15(10) composite, where ex-
act same synthesis procedure was applied, did show to be a white powder
after synthesis. After remeasuring the (aluminated) support with nitrogen
physisorption, it was found that the support pore volume was overestimated,
and an incorrect pore volume was used in these composites. This resulted in
a large excess of pore filling, where for the brown powders over 250% of the
pore volume was added. The NaBH;@AI-SBA-15(10) composite had a less
severe overestimation of the pore volume, which resulted in approximately
150% pore filling. Although the powders underwent a clear colour change,
ascribed to an unwanted reaction, from XRD no new phases are found (see
Figure 3.12a).

In Figure 3.12b the DRIFTS spectra of NaBH, is shown together with
the (aluminated) SBA-15 composites and their corresponding supports. In
all composite spectra, the surface isolated silanol peak shows no intensity
around 3700 cm ! after synthesis. This is ascribed to the interaction of the
support with the NaBHy. The vibrations of pure NaBH,4 between 2400 cm ™!
and 2200 cm~! as well as at 1100 cm ™! are visible in all composites.

A peak arises around 2500 cm™~! for the composites, as was similarly
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Activation energies are calculated from the slope of the plot.

observed for the NaBH;@Al,O3 and NaBH;@MCM-41 composites (Section
3.1.2). This peak is most prominent for the NaBH;@Al-SBA-15(10) compos-
ite, with higher intensity than was observed for NaBH,@Al,Os. This peak is
ascribed to stretching B-H vibrations in NayBi,Hj,. This is further demon-
strated by the broader peak around 1100 cm~!, which is also found in the
[B1oH1»]?~ anion vibrations.®

The peak of the borohydride vibrations shows the largest broadening for
NaBH;@AI-SBA-15(10). This indicates the largest difference in crystallinity
of the compound or symmetry of its structure compared to bulk-like NaBHy,
in presence of the Al-SBA-15(10) support.®’

The results of this synthesis were not as desired, but the samples are still
measured in a symmetrical cell with lithium electrodes for their conductiv-
ity and compared with the Al;O3 and MCM-41 supports. In Figure 3.13 the
temperature-dependent conductivity of the (aluminated) SBA-15 are shown
together with pure NaBH;, NaBHs@MCM-41 and NaBH,@Al,O3 compos-
ites with 130% and 280% pore filling respectively. These composites are
added to the plot for comparison of similar pore filling samples with the
aluminated SBA-15 samples. The activation energy is depicted at the room
temperature measurement symbol for every sample.

From the figure, it is seen that all the composites show enhanced con-
ductivity and lower activation energy compared to the pure NaBH;. When
comparing the composites with a high excess of pore filling (>250%, blue
and red curves), the SBA-15 (without alumina) shows higher conductivity
than Al-SBA-15(20). This is at odds with the hypotheses, although the alu-
minated SBA-15 does show lower activation energy and may be within the
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error of the measurement. Both of these composites, however, show an order
of magnitude lower conductivity than the 280% pore filling NaBH;@Al,0O3
composite.

Al-SBA-15(10) shows the highest conductivity of the (aluminated) SBA-
15 samples, ascribed to the highest alumina loading. Although the amount
of alumina is still quite low compared to the silica, it shows enhanced con-
ductivity in the room temperature to 80°C temperature region compared to
the 130% NaBH4@MCM-41 composite. The activation energy of the MCM-41
support composite is still the lowest observed. This result remains difficult
to compare as the pore sizes and surface areas are quite different.

3.2.5 NaNH;-oxide composites

Besides the borohydride systems, the lightweight metal hydride NaNH; is
investigated as a potential SSE candidate. In the literature, studies on the
conductivity of NaNH), itself are somewhat overshadowed, as most research
shows interest in the complex mixture of Nay(BH,)(NH,).? A possible rea-
son for the lack of attention towards NaNH; could be the high activation
energy and low conductivity at ambient temperatures, for example, an or-
der of magnitude below NaBHy. Here, the interface engineering approach is
applied to NaNH, to obtain enhanced room temperature conductivity.

In Figure 3.14 the temperature-dependent conductivity of 130% pore filling
NaNH,@MCM-41 is shown in the black curve, measured in a symmetrical
cell with lithium foil electrodes. From the non-reversible behaviour within
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the cycle regarding conductivity and temperature dependent slope, it is con-
cluded that the sample has a change in composition or phase when heated.

To investigate any change of the material a pellet of pure NaNH, pressed
between lithium foil electrodes was prepared and cycled between room tem-
perature and 130°C four times. Upon cycling, the conductivity increased
each cycle. The complex impedance plots at 120°C (the first cooling step) of
the first and fourth cycle shows this increase in conductivity by the decrease
in resistance.

After the measurement, small bubbles of a metallic colour were observed
on the pellet (see Figure A.6a). When analyzing the composition with DSC,
it was confirmed to be metallic sodium (see Figure A.6b). The melting of this
sodium explains the change of slope in the Arrhenius plot for NaNH,@MCM-
41 above 90°C (T, = 98.8°C), as it changes the electronic conductivity. The
formation of metallic sodium is suggested to be because of a reaction be-
tween the lithium foil and the NaNH; salt upon cycling, as follows: NaNH> +
Li® — LiNH; + Na".

Thermodynamics confirm the possibility of this reaction, as the standard
Gibbs free energy of formation for LiNH, (AG% =-140.6 kjmol 1) is lower and

thus more stable species than NalNH; (AGJQ = -64.0 kjmol~1).8182 Therefore

after such decomposition of NaNH,, the LiNH; species is actually measured
by EIS. Note in all cases a second semicircle is present in the low-frequency
domain, indicating the presence of at least two conducting materials in the
pellet. This could be ascribed to LiNH, with unreacted NaNHDy, still present
in the sample. Another explanation of this second compound and overall
high conductivity is the formation of LiNH (AG]Q =-169.9 kJmol~1).8! How-
ever, this highly conductive compound is reported to be synthesized at a
much higher temperature than applied here.®’

From this observation, NaNH, is concluded not to be compatible with
lithium foil electrodes. The lithium foil showed no problems in the case of EIS
measurements with NaBH, (see Section 3.2.2). The standard Gibbs free en-
ergy of formation NaBHj, is comparable to LiBH4 ((AGJQ =-123.7 kmol ! ver-

sus -125.0 kfmol !). LiBHy is slightly more stable (at 298K) but its lower en-
tropy versus NaBHj (75.8 versus 101.2 JK 1mol ! respectively) makes NaBHj,
the more stable compound slightly above room temperature (see Figure A.7).5?

Because of the instability of NaNH in contact with lithium, conductivity
measurements with sodium electrodes were required for the NaNH; sam-
ples. Temperature-dependent conductivity of NaNH,, NaNH; heated under
ammonia, NaNH;@Al,O3 and NaNH,@MCM-41 are shown in Figure 3.15.
The treated NaNH, was measured as a reference to check if melting under
ammonia pressure caused any deviation in the conductive behaviour of the
salt. The data of the pure NaNH; illustrates its high activation energy and
low conductivity, causing the problem that below 60°C no semicircle could
be fitted through the data in the complex impedance plots.

A large enhancement of conductivity and decrease of activation energy
is observed for the heat treated NaNH;, and similarly for NaNH,@AI,Os.
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As the enhancement already arises from the synthesis conditions, the inter-
facial effect is determined to be rather small or negligible for this composite.
The enhancement could be due to insufficient ammonia pressure during the
synthesis. A suggested decomposition product of NaNH, is Naz(NH,)(NH),
which is assumed to be an amorphous solid as literature and this work shows
no XRD peaks from such a phase.”! This could be a possible explanation for
the enhanced conductivity as similar findings are reported for the decompo-
sition of LiNH, to Li;NH.*’

The NaNH,@MCM-41 composite shows the highest conductivity and low-
est activation energy. There is a remarkably inverse behaviour compared to
interface engineering on NaBH,4 where the Al,O3; support showed the most
enhancement. This could be explained by the lack of crystallinity in the
NaNH,@MCM-41 composite that was found with XRD. This non-crystalline
material could be described by a disordered NaNH, phase or Naz(NH;)(NH)
phase as such as described before. In either case it is shown that the presence
of the MCM-41 support strongly improves the properties of this material as
a candidate for SSE. Similar to NaBHy, it is expected that the contribution
of electronic conductivity is negligible due to the insulating nature of the
oxide support and NaNH,, for which a band gap of over 3.5 eV has been
reported.®*
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3.2.6 Non-hydride based composites

From previous results, it is found that hydride based materials such as NaBH},
and NaNH; show interesting results when melt infiltrated in oxide support.
To investigate the effect of the interaction with the support on the conductiv-
ity the anion was varied to non-hydride based sodium salts. In this work
NaNO,, NaNOj3, NaClO3 and NaAICly; composites were prepared as de-
scribed in Section 3.1.4. It was found that during the synthesis NaClO3 and
NaAICly decompose into NaCl, which has very poor ionic conductivity and
will therefore not be measured on their conductive properties.

The temperature-dependent conductivity of NaNO,- and NaNOjz-oxide
composites are shown in Figure 3.16. The reversible behaviour upon heat-
ing and cooling suggests the samples are stable in this temperature range.
NaNOj3; showed no detectable conductivity, as in the complex impedance
only instrumental noise was observed. This is attributed to poor interfacial
contact of this non-infiltrated composite, in line with the structural charac-
terisation in in 3.1.4. The measured conductivity of these materials is low
compared to hydride based materials and the high activation energy con-
firms the pessimistic hypothesis that was obtained from the structural char-
acterisation. Although for NaNO,-oxide composites different enhancement
is found between the supports, no applications at ambient temperatures can
be realized with these compounds.
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3.2.7 Summary

In this section, the results of the EIS measurements on SSE candidates are
discussed. NaBH4-oxide composites were measured successfully with both
sodium and lithium foil electrodes. It is proposed that in the latter an al-
loy of for example Nags5Lig5BH, is formed. Both electrode materials show
similar conductivity and activation energy values, which were always better
performing for the composites compared to the pure NaBH4. NaBH;@Al,O3
is investigated on an optimum pore filling fraction. This was found the be
130%, with the highest obtained room temperature conductivity in combina-
tion with the lowest activation energy 2.7x107% Sem~! and 0.46 eV respec-
tively. NaBH,;@MCM-41 shows similar activation energies but generally 1-2
orders of magnitude lower conductivity.

NaNH; was found unstable upon contact with lithium foil electrodes, in-
dicated by a formation of LiNH; and metallic sodium. With a symmetrical
cell with sodium foil electrodes, an enhancement in the composites is found
by higher conductivity and lower activation energy compared to untreated
NaNH,. NaNH,@MCM-41 with 130% pore filling measurements showed a
room temperature conductivity of 3.1x1077 Sem ! with an activation energy
of 0.69 eV. NaNH,@Al,O3; showed almost identical conductive behaviour as
heat treated NaNH, thus no interfacial effect is observed.

NaNO,- and NaNOgz-oxide composites showed a low conductivity and
high activation energy in the range of ~107!? Sem~! and ~1 eV.

Both NaBH;4@Al,O3 and NaNH,@MCM-41 with 130% pore filling exceed
the previously reported metal hydride SSEs NasAlHg.?! NaBH,;@Al,Os even
exceeds the promising Na,BH;NH, SSE candidate.’’ An overview of the rel-
evant results obtained with EIS in this thesis is provided in Table A.3.
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FIGURE 3.17: (A) Temperature dependent conductivity of
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plex impedance plots of EIS measurements obtained at 80°C.
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3.3 Nature of the NaBH,-Al,O; interface
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FIGURE 3.18: (A) Static 2Na NMR spectra obtained for pure
NaBH4 and low pore filling NaBH,@Al,O3 composites at 313K.
(B) Temperature dependence on the Na peak width (FWHM).

To investigate the origin of the conductivity enhancement in NaBH;@Al,O3
composites, solid-state NMR measurements were performed. For investiga-
tion of the NaBH,4-Al,O3 interface, samples with low pore filling are pre-
pared, as in high pore fillings bulk-like peaks would dominate the spec-
trum. As reported in the literature on NMR measurements with nanocon-
fined LiBH4;@MCM-41, a narrow and a broad component are found in the
7Li and !B spectra.’*** There, the narrow component is ascribed to a highly
mobile species. The static 23Na in NaBH;@A1,04 composites were measured
to see if such a narrow peak in the composites is found.

Figure 3.18a shows the static 2>Na spectra averaged over 3456, 2048, and
16000 scans for pure NaBHy, 30%, and 5% /15% NaBH,@Al,Os3 respectively,
obtained at 313K. The spectra are normalized to the maximum intensity. The
hypothesis of enhanced conductivity with interface engineering is attributed
to highly mobile ionic species in close proximity to the oxide support.®* How-
ever, the lowest pore fillings show broader peak widths, differing from the
7Li hypotheses of narrow features for mobile ions.>**°

The temperature dependence of the peak width is investigated between
273 and 353K. In Figure 3.18b the peak widths obtained at different tem-
peratures are plotted (the dashed lines are a trend to guide the eye). The
pure NaBH,; shows no change within this temperature regime, indicating
its mobility range is outside of the line shape analysis range of this mea-
surement. For the composites, temperature dependence is found resulting in
more narrow peaks upon higher temperatures, in line with results from “Li
NMR.**# This narrowing could indicate higher mobility although a change
in quadrupole coupling constant or combination of both effects cannot be
excluded from these measurements.
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Insets display the exponential fit to the obtained peak heights
at different waiting times.

Upon further inspection of the 15% composite it was found that it consisted
of a broad and a narrow component, similar to LiBH;@MCM-41.>*% These
peaks where not resolvable in the static measurements (Figure 3.18). To dif-
ferentiate between these two peaks, relaxation time measurements are per-
formed on 15% and 5% composites using the inversion recovery method.®”
In this method the nuclei spins are inverted by a 180° pulse, followed by a
variable waiting period, after which a 90° pulse measures a regular NMR
spectrum. The variation in waiting time ,¢, will result in a fully inverted
spectrum at f = 0, zero intensity at f = T; x [n(2) and a regular spectrum at
t >> T;, where T; is the spin-lattice relaxation time of the nuclei.

The spectra obtained with the inverse recovery method for the 15% com-
posite are shown in Figure 3.19a, where at t = 0s a complete inversion is ob-
served for both the narrow and broad feature. Already att = 0.05s the pos-
itive intensity of the broad feature is visible in the spectra, while the sharp
feature remains near completely inverted. A positive intensity is observed
for the sharp feature after longer waiting times. This indicates the faster
spin-lattice relaxation time of the broad component, compared to the narrow
feature in this sample. The peak height of the sharp feature (along the dotted
line) at different waiting times is plotted in the inset on the top-left of the fig-
ure. The red line in the inset shows the exponential fit of the measured data
points (black symbols) at different waiting times. From this fit in the form of
y = yo + Aexp (—t/T) the spin-lattice relaxation time, Tj is calculated. For
the sharp feature, this was found to be 0.56 seconds. In the intensities of the
sharp feature, there is interference of the positive broad contribution, and the
precise T; should be slightly higher.

In the spectra of the 5% composite, no sharp feature is present and only
the broad feature, ascribed to be in close proximity to the alumina interface, is
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FIGURE 3.20: High-resolution (A) 1B and (B) 'H NMR spectra
of NaBH4@Al,O3 composites obtained at 60kHz MAS.

present. To obtain the spin-lattice relaxation time of the broad feature, the in-
version recovery method is applied to the 5% composite. This is performed at
283K, 303K and 323K, where the spectra for 303K are shown in Figure 3.19b.
From this method, spin-lattice spin-lattice relaxation times are found to be
T1 = 20.59ms,9.90ms and 5.13ms at 273K, 313K and 353K respectively. These
are much shorter spin-lattice spin-lattice relaxation times than the sharp fea-
ture, roughly determined in the 15% sample. Although clear temperature
dependence is observed, more measured temperatures, broader temperature
range or magnetic field strengths should be used for an Arrhenius type acti-
vation energy determination, with solid-state NMR.

To further investigate the interfacial effects in NaBH;@Al,O3 compos-
ites, high-resolution solid-state NMR measurements are performed on pure
NaBHy, 150%, 30% and 15% NaBH4@Al,O3; composites and an empty ro-
tor. All spectra are obtained at 60kHz MAS. The NaBH, containing spectra
are normalized to the single present peak in pristine NaBHy (-0.2ppm for 'H
and -42.0ppm for !!B). Rotor spectra are normalized by the same factor as the
15% sample for comparison of any rotor and/or probe background signals.

In Figure 3.20a the !B spectra are depicted. For pure NaBH, a single peak
is observed at -42.0ppm, which is also visible in all composite spectra. This
peak is ascribed to bulk-like [BHy4] ™ species. Slightly upfield, at lower chem-
ical shift, a second peak arises for lower pore fillings at -44.8ppm. Because of
the similar chemical shift, this is ascribed to a slightly more shielded [BH4|™
species. In the case of LiBHy, similar results are found, where nanoclusters
of (LiBHy)yn, with N = 3 — 5 showed slightly more shielding of the boron,
compared to the bulk.®” Here, the peak at -44.8ppm is therefore ascribed to
nanoclusters of NaBHjy in the pores.

Three minor contributions are found at chemical shifts of 24.4, 17.4 and
1.3ppm. Following the work of Ziichner et al. on sodium aluminoborate
glasses, these peaks can be ascribed to species similar to three-coordinate
BO,,,07 species, trigonal BO3 /; units and tetragonal BO, , sites respectively.”’
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These findings indicate a chemical environment where boron is coordinated
to more than one oxygen. The dried Al,O3 is the only oxygen-containing
species in this composites starting material, and therefore this indicates chem-
ical bond formation between the support alumina and the borohydride an-
ion. Such support-salt effects have been reported for LiF/ Al,O3 composites.®®

Lastly, a sharp arising feature is found at -15.6ppm in the !B spectrum.
This feature is found outside of the region of [BH4|~ or borohydride-alumina
species at the interface. As indicated by DRIFTS, traces of NayBj,H;; are
found after melt infiltration. Previous work has shown traces of Na,B1,Hj,
by !'B NMR after melt infiltration around 13ppm.”! Measurement with a
higher resolution determined the g signal in NayB1,Hj; to be at ~-15.5ppm,
matching the findings of this work.”? Note that this Na,B;,Hj» was not ob-
served with XRD, at either low or high pore filling (see Figure A.3), and is
therefore ascribed as an amorphous species within the composite

Although from Figure 3.20a the Na;Bj,Hj, signal appears more promi-
nent at lower pore filling samples, the non-normalized intensities are sim-
ilar in all composite spectra (Figure A.8). Therefore, a similar amount of
NayBjyHj; is formed at different pore fillings, and bulk-like features decrease
in intensity. It is suggested this NayB;,H;j, formation occurs at the interface
of the alumina, as every composite contains a similar amount of alumina sur-
face area. The relative amount of NayBi,Hj, in NaBH;@Al,O3 composites
that are measured with EIS (>100% pore filling) is small compared to NaBHj.
However, the high ionic conductivity of NayB1,H1, and NazBH,B1,H;, could
give rise to the overall enhanced conductivity of the composite.?>

Furthermore, it was found that [Blelz]Z_ has a fast spin-lattice relax-
ation time in the millisecond time regime compared to slower second time
regime of the [BHy] ™~ and the borate species (see Figure A.9a). This fast re-
laxation time is in line with the literature on NayB;,Hjp.”? High-resolution
2’Na NMR spectra show a shoulder arising in the composites slightly up-
field compared to pristine NaBHj, (see Figure A.9b). This contribution is not
accurately determined and could arise from for example Nay;Bi,H;, species
or sodium in close proximity the alumina surface.

In Figure 3.20b the high-resolution 'H spectra are depicted. For pure
NaBHj a single peak is observed at -0.2 ppm, which is also visible in all com-
posite spectra. The composites show a peak with higher relative intensity
at lower pore fillings, around 1.5ppm. In this region, a peak is found for
CaBi,H7p.? Although varying the cation could induce a difference in chem-
ical shift, the 'B spectra of CaBj,Hj, and NayBipHj, are very similar and
therefore the 1.5ppm peak could represent the signal from the [BjyHip|?*™
anion.”” A broad feature around 5ppm seems to be present in the compos-
ites, in addition to the signal from the rotor. This peak is not accurately de-
termined, but its chemical shift hints towards O-H species, that could arise
from the alumina surface.”

This NMR analysis indicates the interfacial effects in NaBH;@Al,O3 com-
posites. B-O bonds, Na;B1,H1; species and (NaBHy)y clusters are suggested
to form at the interface, resulting in a mobile, Na-ion that is believed to be
the cause of the overall conductivity enhancement.
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Chapter 4

Summary and conclusions

In this thesis, several sodium-based complex salts were investigated as po-
tential solid-state sodium-ion-conductors. Interface-engineered nanocom-
posites of low melting temperature sodium-salts and mesoporous Al,O3 and
SiO; (MCM-41) scaffolds were prepared via melt infiltration. The conductiv-
ity of these materials was tested and the interfacial effects were investigated.

From the structural characterisation by XRD was found that confinement
in the porous supports induces a loss of long-range crystallinity in NaBHj,-
and NaNH;-oxide composites. Vibrational spectroscopy has shown a reac-
tion between the sodium salts and support surface hydroxyl groups dur-
ing melt infiltration. Further investigation on the NaBHj-oxide interface has
shown an indication of the formation of Nay;B1,Hj, species and B-O bonds,
corresponding to interfacial effects in these composites.

More insight into interfacial effects in NaBH4;@Al,O3 composites was ob-
tained with solid-state NMR. This has shown a shorter 2*Na spin-lattice re-
laxation time in close proximity to the support interface compared to bulk-
like features, possibly due to a higher mobility of Na-ions in the compos-
ite. High-resolution solid-state ''B NMR has confirmed the formation of B-O
bonds and Na;Bi,Hj, species at the interface, substantiating the observed
interfacial effects between NaBH, and Al,Os.

Conductivity measurements of the composites with EIS have shown an
enhancement compared to the pristine starting materials. The obtained con-
ductivity at 297K was 2.7x107¢ and 3.1x10~7 Sem~! for NaBH,@A1,03 and
NaNH,@MCM-41 with 130% pore filling, respectively. This is over a thou-
sandfold enhancement compared to pure NaBH; and NaNH,. From the
temperature-dependent Arrhenius behavior, activation energies for sodium
hopping of these composites were found to be 0.46 and 0.69 eV respectively,
compared to 0.64 and 1.36 eV for the pure NaBH; and NaNH,. The conduc-
tive performance of these composites exceed previously reported metal hy-
dride solid-state sodium-conductors such as NazAlHg and Na, BH4;NH,.?>!

From this work, the approach of melt-infiltration is shown as a facile
and effective synthesis technique for promising novel interface-engineered
solid-state sodium-ion conductors for potential applications in all-solid-state
sodium-batteries.
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Chapter 5

Outlook

As a follow up of the work performed in this thesis some future experiments
are proposed. A few examples of additional measurements and ideas are
proposed below.

During the melt infiltration of NaNH; in this work, some uncertainties
about its structure after synthesis have arisen. Since NaNH,@MCM-41 shows
excellent conductivity, and almost no diffraction intensity, more detailed in-
vestigation into the structure of this material would be interesting. In-situ
XRD could provide more insight into the loss of crystallinity upon heating. If
this loss of crystallinity is initiated by partial decomposition, thermal gravi-
metric analysis (TGA) could provide useful information. If upon heating any
release of ammonia is observed, that could indicate the formation of for ex-
ample the proposed Naz(NH;)(NH) compound.’! Similarly, DSC measure-
ments under ammonia pressure could be performed to investigate such loss
of crystallinity or decomposition from the melting enthalpies.

This work showed preliminary results on the temperature dependence of
23Na relaxation rates in NaBH;@Al,Oj5 in close proximity to the alumina sup-
port. To couple these relaxation rates to an activation energy for sodium-ion
hopping, relaxation times over broader temperature range, with more data
points, or with more than one field strength should be performed. Further-
more, this NMR investigation approach for relaxation time measurements as
well as investigation of interfacial effects can be extended to the conductive
NaNH,@MCM-41 system.

All conductivity measurements in this thesis were performed with alter-
nating current potentials. Direct current measurements could be performed
in a symmetrical cell, comparing between non-blocking (sodium) and block-
ing (e.g. molybdenum, gold) electrodes. From this, transport number mea-
surements can be obtained and the distinction between electronic and ionic
conductivity can be made, which is required to prove the true ionic conduc-
tive behavior of these materials.

A model system of similar pore sizes with different surface groups could
give more insight into the origin of the effect on the conductivity enhance-
ment by interfacial engineering. Therefore, a retry of the aluminated SBA-15
model system, as described in section 3.2.4, could be very useful for a funda-
mental understanding of the properties of the support.

Boron-oxygen species were found by NMR for NaBH;@Al,O3 and by
NEXAFS analysis in the LiBH4-Al,O3 system.37 Therefore, similar synchrotron
X-ray techniques such as NEXAFS or resonant inelastic X-ray scattering (RIXS)
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could provide insight into the creation of bond at the oxide-metal hydride in-
terface for NaBH;@Al,0O3 and NaNH,@MCM-41.

Partial anion substitution is a broadly applied approach for enhancement
of ionic conductivities. In future work, melt infiltration could be used in a
combined approach with partial anion substitution, as an investigation of
both of these ionic conductivity enhancement techniques. The complex mix-
ture Na,BH4NH; shows already high ionic conductivity at ambient temper-
ature, which may be further enhanced by melt infiltration in this combined
approach.

The most conductive materials found in this work, NaBH;@Al,O3 and
NaNH,@MCM-41, could be assembled in an all-solid-state battery such as
a Na-S battery. The assembled battery can be tested to evaluate the electro-
chemical stability in the presence of anode and cathode materials.
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ID Sample description | Support (g) | Salt (g) | comments
MCM | SiO, 0.837151 cm°g !
MCM 06 | SiO, 1.110039 cm3g 1
MCM 10 | SiO, 1.284407 cm3g 1
0x070 | AlL,O3 0.485791 cm3g 1
OxNew | Al,Os 0.457012 cm3g~!
OBC001 | NaBH;@A1,0O3 1.0 1.1 Solution impregnation
OBC002 | NaBH,@Al1,03 0.8 1.2
OBC003 | NaBH,@MCM-41 | 04 0.65
OBC004 | NaBH,@Al,0O3 1.0040 0.6808
OBC005 | NaBH,@MCM-41 | 0.5060 0.6439
OBC006 | NaNH,@MCM-41 | 0.4006 0.6061
OBC007 | NaBH,4 - - heated to 525°C
OBC008 | NaBH,@Al1,03 1.0058 0.6766
OBC009 | NaBH,@MCM-41 | 0.5030 0.5833
OBC010 | NaNH,@Al,03 0.3995 0.3543
OBC011 | NaNH; - - heated to 225°C
OBC012 | NaNH,@Al,03 0.2917 0.2564
OBC013 | NaNH,@MCM-41 | 0.1963 0.3884 |1
OBC014 | NaNO,@Al,O3 0.5131 0.7134
OBC015 | NaNO,@MCM-41 | 0.3032 0.9623
OBCO016 | NaClO;@Al,O3 0.7000 1.1044
OBC017 | NaClOs@MCM-41 | 0.3089 1.1439
OBC018 | NaNO3;@Al,O3 1.0931 1.5088
OBC019 | NaNOs;@MCM-41 | 0.2995 1.3029
OBC020 | NaClO3@Al,O5 0.7007 1.1064 | 5 bar O,
OBC021 | NaClO;@MCM-41 | 0.3936 1.4414 | 5bar O,
OBC022 | NaNO3;@Al,O3 0.9948 1.4115 | stainless steel reactor
OBC023 | NaNO3;@MCM-41 | 0.4944 1.6300 | stainless steel reactor
OBC024 | NaNH; - - 24h@RT, 8 bar NHj3
OBC025 | NaNH; - - 4h@150°C, 8 bar NHj3

TABLE A.1: Overview (1/2) of samples prepared in this thesis
project. ! New batch of SiO, (MCM 06) for this and all following

samples.
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ID Sample description Support (g) | Salt (g) | comments
OBC026 | NaBH;@Al,O5 90% 1.4042 0.6544 |2

OBC027 | NaBH;@Al1,03 110% 1.3055 0.7439

OBC028 | NaBH;@Al1,03 150% 1.15 0.8982

OBC029 | NaBH;@MCM-4190% | 0.5025 0.5387

OBC030 | NaBH,;@MCM-41 110% | 0.4477 0.5880

OBC031 | NaBH;@MCM-41 150% | 0.3909 0.6703

OBC032 | NalNH; - - 2h@150°C, 1 bar Ar
OBCO033 | NaNH, - 2h@150°C, 8 bar NHj3
OBC034 | NaNH; - - 2h@150°C, 10 bar H,
OBC035 | NaBH;@Al1,03 50% 1.0044 0.2618

OBC036 | NaBH,@MCM-4150% | 0.3463 0.2069

OBC037 | NaBH;@Al1,03 170% 1.0024 0.8834

OBCO038 | NaBH;@MCM-41 170% | 0.3015 0.7083

OBC039 | NaBH;@Al1,03 30% 1.0163 0.1588

OBC040 | NaBH;@Al,03 15% 1.5071 0.1169 |3

OBC041 | NaBH,@Al1,03 120% 0.4911 0.2941

OBC042 | NaBH;@Al1,03 125% 0.5050 0.3062

OBC043 | NaBH;@A1,03 130% 0.5003 0.3169

OBC044 | NaBH;@Al1,03 135% 0.5027 0.3311

OBC045 | NaBH;@Al1,03 145% 0.502 0.3560

OBC046 | NaBH,@Al1,03 70% 0.7009 0.2404

OBC047 | NaBH,@Al1,03 200% 0.4999 0.4888

OBC048 | NaBHy4 - - heated to 525°C
OBC049 | NaBH,@SBA-15 0.1426 0.3783 | Brown powder
OBC050 | NaBH;@AI-SBA-15(20) | 0.1162 0.2586 | Brown powder
OBCO051 | NaBH4@AI-SBA-15(10) | 0.1505 0.2096

OBC052 | NaBH;@MCM-41 130% | 0.1973 0.3543 | 4

OBC053 | NaBH;@A1,03 5% 1.4995 0.0367

OBC054 | NaBH,@Al1,03 10% 1.4985 0.0746

OBC055 | NaBH;@Al1,03 130% 1.0010 0.6353

OBC056 | NaBH,;@MCM-41 130% | 0.4965 0.8939

OBCO057 | NaNH,@AI,O3 130% 0.7993 0.6615

OBC058 | NaNH,@MCM-41 130% | 0.3995 0.9190

OBC059 | NaAICl@Al,O3 0.5017 0.5845

OBC060 | NaAICl;@MCM-41 0.2473 0.8380

TABLE A.2: Overview (2/2) of samples prepared in this thesis
project. New batch of 2 NaBH, and NaNHj,  Al,O3 (OxNew)

and 4 SiO, (MCM 10) for this and all following samples.
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Offset diffraction intensity

FIGURE A.1: Photographic image of stainless steel reactors
used for air-tight melt-infiltration of NaBH4 under Hy pressure.
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FIGURE A.2: (A) XRD pattern of NaBH,;@MCM-41 with differ-

ent pore fillings. Little to no loss of long-order crystallinity is

observed. (B) XRD pattern of NaBH, untreated and exposed to
the composite treatment (~5 bar hydrogen to 525°C).
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FIGURE A.3: XRD pattern of NaBH4@AlbO; 15% and
NaBH;@Al,O3 150%. No crystallinity is observed in the 15%
samples, where for 150% only NaBH,4 diffraction peaks are
found. In both samples, no crystalline Na;B1,Hj; is observed.
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FIGURE A.4: DSC curves of pure NaBHy4 cycled between 30
and 550°C with a 10°Cmin~! ramp in the depicted temperature
region. Insets indicate the area of the peaks (enthalpy).
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FIGURE A.5: DSC curves of (A) NaNH;,-Al,O3 and (B) NaNNH;-
MCM-41 physical mixtures with a 10°Cmin~! ramp show
exothermic decomposition upon heating.
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FIGURE A.6: (A) Photographic image of metallic bubbles after

EIS measurement of NaNH, with Li foil electrodes. (B) DSC

curve of the metallic bubbles indicating the formation of metal-
lic sodium (T,,=98.8°C).
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FIGURE A.7: Equilibrium composition of Na, Li, NaBH4 and
LiBH4 with 2:1 NaBH4:Li starting material. Calculations per-
formed with HSC Chemistry ®) 9.0, Outotec, Pori 2018.
E NaBH E
-1 act 4 -1 act
Sample ort (Scm™") V) | @ALO; ort (Scm™") (eV)
NaBH,@Al,0O; 2.73x107% | 0.46 50% | 2.94x107%* | 0.59
NaBH,@MCM-41 3.69x1078 | 0.49 70% | 4.71x1077* | 0.47
NaBH, 1.30x107%* | 0.64 90% | 1.56x10~7* | 0.52
NaNH,@MCM-41 3.07x10~7 | 0.69 90% | 2.77x10~7* | 0.55
NaNH,@Al,O; 821x1077* | 0.82 90% | 2.11x10~7* | 0.54
NaNH; heat treated 5.85x107%* | 0.80 110% | 4.23x10~7* | 0.56
NaNH, 1.92x10711 | 136 | 110% | 3.67x10~7* | 0.54
NaBH,@SBA 418x1078 | 0.55 | 120% | 1.33x107%* | 0.49
NaBH4@SBA(20) 246x1078 | 0.50 || 125% | 5.11x10~7* | 0.54
NaBH4@SBA(10) 953x1078 | 054 || 130% | 1.42x10°% | 0.46
NaBHj, heat treated 264x1072 | 0.72 || 135% | 3.53x10~7* | 0.49
NaNO,@Al,O; 353x1072 | 0.90 || 150% | 7.19x10~7* | 0.46
NaNO,@MCM-41 6.70x10~1* | 112 || 150% | 7.58x10~7* | 0.51
NaNO;@Al,O5 8.81x10710% | 0.92 || 170% | 6.25x10~7* | 0.47
90% NaBH,@MCM-41 |2.62x1078% | 052 || 200% | 8.23x10~7* | 0.45
130% NaBH;@MCM-41 | 9.53x10~8 | 045 || 200% | 7.19x10~7* | 0.46
150% NaBH;@MCM-41 | 2.89x1078% | 0.50 || 280% | 2.08x10~7 | 0.50

TABLE A.3: Overview of room temperature conductivity mea-
surements and calculated activation energies obtained by EIS
for relevant samples in this thesis. Values with an asterisk are

calculated at 25°C from the Arrhenius fit.

80



58 Appendix A. Supporting information

11B
——15%
———30%
——50% |
——150%
—— NaBH,

— Rotor

0 | -1|0 | -2|0 | -310 | -zio | -5|0
Chemical shift (ppm)

FIGURE A.8: High-resolution non-normalized !B NMR spec-

tra of NaBH4@Al,O3 composites obtained at 60kHz MAS show-

ing the intensity of NayBioHj, at -15.6ppm is similar for differ-
ent composites.
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FIGURE A.9: (A) Inverse recovery method for HB in

NaBH4@Al,O3 5% shows fast relaxation of NayBioHip, at

-15.6ppm. (B) High-resolution NMR Na spectra of
NaBH4@Al,O3; composites obtained at 60kHz MAS.
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