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Abstract  

The demand for batteries is significantly increasing due to the energy transition. All-

solid-state batteries (ASSBs) are seen as a highly promising alternative to traditional 

batteries. ASSBs can use lithium metal (3862 mAh g-1) as the anode, compared to the 

commonly used liquid Li-ion batteries that use graphite (372 mAh g-1) as the anode, 

resulting in a much higher energy density. Additionally, ASSBs utilize solid-state 

electrolytes (SSEs), which eliminates the flammable liquid electrolytes and provides a 

safer battery. The main challenges for ASSBs are the low ion conductivity of SSEs at room 

temperature (values above 10-3 S cm-1 at room temperature (RT) are required) and their 

lack of flexibility, which can result in loss of contact with the anode after multiple 

charge/discharge cycles. One of the different classes of material used as SSEs are complex 

hydrides, with LiBH4 being the most common used material. However, LiBH4 has a low 

Li-ion conductivity of 10-8 S cm-1 at 30°C promising reports have been stated in literature 

to enhance this. In this study, a mixtures of LiBH4 - Oxide (MgO or ZrO2) were prepared 

through a mechanochemical synthesis method. This mixture was then pressed into an 

SSE through cold pressing. The results showed that a pore filling fraction of 80 to 100% 

increases the Li-ion conductivity by five orders of magnitude, which falls within the range 

to study ASSB cycling when applying a low currents. Furthermore, the assembly pressure 

during cold pressing also influenced the Li-ion conductivity with a positive trend by 

increasing pressure. The SSEs with Li-ion conductivity suitable for ASSB cycling were 

then studied using a so-called stack pressure cell. This stack pressure is an external 

pressure that forces the SSE and lithium anode to remain in contact avoiding the 

introduction of voids and dendrites. The results showed also that the stack pressure can 

be too high causing a mechanical induced short-circuit. Additionally, promising results 

were observed in maintaining contact during cycling of a symmetrical cell under constant 

current resulting in longer cycling life. 

Layman Abstract  

As is known, there is a transition towards renewable energy sources due to the 

greenhouse effect. These energy sources often have peak moments when energy is 

generated, causing the energy to be stored for later use. One way of storing energy is by 

using batteries. The expectation is that the demand for batteries will increase in the 

coming years, and the current method of battery production will not be able to meet this 

demand. A way to meet this demand is to design batteries that can store more energy. 

Batteries where the electrolyte (the component between the positive and negative sides) 

is made of a solid material instead of a liquid provide the opportunity for more energy 

storage. Furthermore, the batteries are also safer because the flammable liquid is 

removed. However, there are also problems with this type of solid electrolyte. The first 

problem is that they are less conductive. A promising solution for the conductivity is to 

mix certain solid materials to improve it. The second problem is that the electrolyte's 

contact with the positive and negative sides of the battery is not as good. An emerging 

idea is to exert external pressure on the battery to force the contact. These two problems 

are discussed in this thesis and show promising results. 
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List of abbreviations  

 

ASR – Area-specific resistance  

ASSB – All-solid-state Batteries  

CPE - Constant phase element 

EIS- Electrochemical Impedance spectroscopy   

FLW - Finite length Warburg  

FSW - Finite space Warburg  

Rc – Contact resistance (Interfacial resistance) 

Rint – interfacial resistance (Contact resistance) 

RT – Room temperature  

SSE – Solid-state electrolyte  

XRD – X-ray diffraction  
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1. Introduction 

Globally, the demand for energy is continues growing, at the same time greenhouse gas 

emissions must be reduced. One way to partly solve this is to replace fossil fuels with 

renewable energy sources. However, this poses the problem that renewable energy has 

an intermittent production of energy, so it needs to be stored. Mechanical (compressed-

air), chemical (hydrogen storage), and electrochemical (batteries) energy storage are 

different ways of storing renewable energy.1 

Electrochemical systems have received a lot of attention in recent years as promising 

systems capable of storing energy efficiently. In the year 2018, the demand for batteries 

increased by 30% to 184 GWh compared to 2010. The World Economic Forum expects the 

demand for batteries to grow by a factor of 19 to 3562 GWh between the year 2018 and 

2030. Besides the huge costs involved in this transition, geopolitical and capacity issues 

also play a role in the energy crisis. With the growing demand for batteries, more raw 

materials such as cobalt, lithium, nickel, and manganese also need to be obtained. 70% 

of today's mined cobalt originates from the Democratic Republic of the Congo. 2 With 

the expected growth and capacity of mines in the Democratic Republic of the Congo, 

there will already be a shortage of cobalt by the year 2025.3 

To make global energy capacity less dependent on limited raw materials and respond to 

rapid growth, improving energy capacity in batteries is a way forward. Lithium-ion 

batteries have been the first step in the search of improving the energy storage. Although 

lead-acid batteries with an energy density between 20 and 40 Whkg-1 still dominate the 

market, LIBs can have an energy density up to 250 Whkg-1.4  

1.1 Li-ion batteries 

The reaction in a lithium-ion battery 

is based on the transfer of Li+ between 

the cathode and anode. A typical 

cathode is a layered transition metal 

oxide, and the anode consists of 

graphite. The electrodes are separated 

with an electrolyte that inhibits the 

transfer of electrons and allows the 

transfer of ions such as Li+. An 

insulator separator prevents the 

system from an electrical short-

circuit, a schematic illustration of a 

lithium-ion battery is displayed in 

figure 1.5                                             

                                                                    Figure 1. Schematic illustration of a Li-ion battery  
                                                                            (graphite| electrolyte | LiCoO2).Taken from Goodenough 

et al. (2013)5. 
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Besides the limitation of cobalt, lithium, or other raw materials may occur, there also is a 

safety aspect with the batteries. Today's electrolytes typically consist of flammable 

organic solvents containing dissolved lithium salts.6 This can cause problems in 

applications where batteries need to be fast charged. Research to optimise safety is 

therefore a hot topic, by making the electrolyte more thermally stable and less prone to 

decomposition, the risk of flammability can be resolved. A possible solution to this issue 

is the use of Solid-State Electrolytes (SSE). SSE may overcome the safety issue, due to the 

intrinsic not flammable nature of the solids used.  

In addition, the use of a SSE makes it possible to replace the graphite anode with metallic 

lithium. Graphite possesses a lower theoretical specific capacity (372 mAh g-1) with 

respect to lithium metal (3862 mAh g-1).7 This results in a substantial increase in the 

energy density, which can drastically reduce the mass and volume of a battery and still 

deliver the same amount of energy as depicted in figure 2.8  

 

Figure 2. (Top) A typical Li-ion cell and (bottom) a concept of a lithium metal cell, containing a 
Solid separator and a lithium metal electrode. The layer thickness of the graphite electrode and 
Lithium metal electrode are illustrated in scale possessing the same energy capacity. Here the 
reduction in volume and mass associated with replacing the graphite electrode with lithium metal is 
evident. Taken form Albertus et al. (2017)8. 

When lithium metal is used as an anode, two main barriers occur. One barrier is the low 

coulombic efficiency, which can be compensated by adding excess lithium. The second 

problem is the nonuniform plating and stripping of the lithium at the anode. This causes 

porosity in the lithium anode and growth of lithium dendrites (needle-like structures). 



 

3 
 

 

These dendrites can penetration the electrolyte and separator, causing a short-circuit. 

This short-circuit would then cause a rapid failure of the battery, resulting in a possible 

safety hazard when using a flammable organic electrolyte.6,7 

The use of a SSE seems to be the ideals candidate to increase safety and energy capacity 

simultaneously. Stable cycling of lithium metal does have requirements such as high 

coulombic efficiency, a low and stable resistance, and the capability to supress lithium 

dendrites formation within the system.8 

1.2 Solid-state electrolytes 

SSEs consist of six main groups, all with different properties as shown in Figure 3.9 As 

described earlier, there are certain requirements when working with lithium metal as an 

electrode. The main required properties are: 9,10  

• Low ionic area-specific 

resistance  

• High electronic area-specific 

resistance 

• Wide electrochemical stability 

window 

• Good chemical compatibility 

• High thermal stability 

• Stable mechanical properties 

• High ionic selectivity 

• Low electronic conductivity to 

prevent battery self-discharge 

(lower than 10-7 S cm-1 ),  

• High ionic conductivity (10-3 S 

cm-1 at RT).  

• Low processing costs  

• Easy device integration 

• Environmental friendly 

 

Figure 3. Performance of different solid electrolyte materials. ASR, area-specific resistance. Taken 
from Manthiram et al. (2017)9.   



 

2 
 

Among these six groups, the Oxides, Sulfides, and polymers are receiving a lot of 

attention to be used as SSEs in All-solid-state battery (ASSB).10 

Oxides have high chemical and electrochemical stability, high mechanical strength, and 

high electrochemical oxidation voltage as advantages. However, they possess the 

properties of non-flexible and being expensive in large-scale production. In addition, the 

overall ionic conductivity is between 10-5 and 10-3 S cm-1 which still needs to be enhanced. 

  

Sulfides have high ionic conductivity, good mechanical strength and mechanical 

flexibility, and low grain-boundary resistance. Yet they have low oxidation stability, are 

sensitive to moisture, and have poor compatibility with cathode materials.  

Polymers are stabile with lithium metal, flexible, can easily produce a large-area 

membrane, and have a low share modulus. But have a low oxidation voltage and are not 

thermally stabile at higher temperature, and its ionic conductivity is low at room 

temperature (RT).9,10  

This thesis will investigate complex hydrides as they have promising properties to serve 

as electrolytes in next-generation batteries. Besides the fact that complex hydrides have 

the advantage of low grain boundary resistance, stability with lithium metal, and good 

mechanical strength and mechanical flexibility. Whereas the disadvantages are 

sensitivity to moisture and poor compatibility with cathode materials.9 Recent studies 

have shown that ionic conductivity can be significantly enhanced, when a 

mechanochemical treatment is applied or an additive is mixed with the complex 

hydride.11 A common complex hydride used as SSE is Lithium borohydride (LiBH4). LiBH4 

has the potential to be a candidate in ASSB as it is a lightweight compound and thus 

positively affects the energy density of the whole system. 11,12  

1.3 Lithium borohydride (LiBH4) 

LiBH4, as described earlier, is a lightweight material (0.666 g/cm3 at 25 °C) and is in the 

solid phase as a white powder. At low temperature, it has an orthorhombic symmetry 

(Pnma). Tetrahedral BH4
- anion are aligned along two orthogonal directions. As the 

temperature increases, the structure undergoes a first-order transition into a hexagonal 

structure (P63mc), this polymorphic transition occurs above 110 ± 2°C. Figure 4a 

illustrates these different crystal structures of LiBH4.The melting point of LiBH4 is at 278 

± 5°C.13,14 

In the study by Matsuo et al. (2007)15, a relationship was observed between the ionic 

conductivity and the phase transition that takes place. Figure 4b shows this significant 

increase in ionic conductivity during the phase change. Where the orthorhombic 

structure has a Li-ion conductivity of only 10-8 S cm-1 at 30°C, the hexagonal structure 

achieves a Li-ion conductivity above 10-3 S cm-1 at 120°C. 
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Figure 4. (a) Crystal structures of LiBH4 in (Left) orthorhombic and (right) hexagonal symmetry. 
The Blue spheres represent Li+ and grey tetrahedrons BH4

-. (B) Temperature dependence of the Li-
ion conductivity of LiBH4. Where red correspond to the heating ramp and blue tot de cooling ramp. 
Taken from Matsuo et al. (2007)15. 

The enhanced Li-ion conductivity in the hexagonal structure is due to the stacking of Li 

atoms on B atoms and vice versa. This creates a metastable interstitial site centred among 

the three Li atoms and three BH4 groups in the a-b plane and  a connection path between 

two Li+ sites in the a-c direction. This allows Li atoms to diffuse through the connection 

paths in three directions.16 Another positive effect that increases conductivity is the 

higher frequency of rotational jumps of the BH4
- anions in the hexagonal structure. The 

rotational freedom of BH4
- is enhancing the Li-ion conductivity.17 

  

However, the phase transition of LiBH4 to the hexagonal structure occurs at elevated 

temperatures and at RT it has the orthorhombic structure with low ionic conductivity 

and does not meet the requirements of an ASSB. As previously discussed, there are 

studies that demonstrate increasing ionic conductivity at RT. Substitution of BH4
- anions 

with complex anions or halides can either promote the formation of new compounds or 

stabilising the hexagonal structure.18,19 de Kort et al. (2022)20, explored the impact of  

LiBF4 addition on the ionic transport in LiBH4. After the synthesis, the LiBH4-LiBF4 

sample contained amorphous lithium closo-borate and LiF, increasing the ionic 

conductivity over two orders of magnitude. 

Blanchard et al (2015)21, the addition of mesoporous SiO2 (MCM-41) with LiBH4 was 

studied and high ionic conductivities up to 0.1 S cm-1 at RT were reached. To explain the 

increased conductivity, the presence of two LiBH4 fractions in the pores were used as a 

model. The first fraction was located in the centre of the pores, and when heated like bulk 

LiBH4, a phase transition takes place (bulk fraction). The second fraction was associated 

with the significant increase of conductivity at RT. This fraction of LiBH4  showed no 

phase transition, which was claimed to be caused by the interface between the LiBH4 and 

SiO2 pore walls and a high conductive pathway was maintained.21 In other studies, ball-

milling (mechanochemical treatment) LiBH4 was performed and had a positive effect on 
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the conductivity but shows a decrease upon temperature cycling, as illustrated in figure 

5a. Mixing oxides to this process increases the conductivity even more.11,22–24 Besides 

mixing Oxides with LiBH4 not only influences the conductivity, it also provides better 

thermal stability upon heating cycles.11   

Figure 5. (a) Li-ion conductivity of LiBH4 as-received (black squares), and ball-milled LiBH4 first 
cycle (red circles), and second cycle (green triangles). Closed symbols and lines correspond to 
heating, while open symbols and dashed lines correspond the cooling. (b) Li-ion conductivity of 
LiBH4-SiO2 at 40 °C as function of the pore filling. Dashed lines are a guide for the eyes. Taken from 

Gulino et al. (2020)11.  

Gulino et al. (2020)11, reported the effect of different nanosized oxides, SiO2, CaO, MgO, 

γ-Al2O3, TiO2, and ZrO2, to LiBH4 by ball-milling at RT. In all cases the conductivity was 

enhanced where ZrO2 and MgO increased even with 4 orders in magnitude at 40°C. All 

these nanosized oxides had a 25 v/v% oxide ratio to LiBH4, except SiO2. For SiO2 different 

v/v% were investigated for SiO2, and a correlation was found between the conductivity 

and fraction of pores filled of the oxide. The pore filling was calculated dividing the LiBH4 

occupied volume per gram of SiO2 by the pore volume. By plotting the conductivity as a 

function of pore filling, it was observed that a pore filling of ~80% possesses the highest 

conductivity, as shown in figure 5b. 

Gulino et al (2021)24, investigated, fast ionic conductors in the solid state, based on the 

LiBH4-MgO system. Here the pore filling approach was confirmed and shows that a 

similar trend occurs when working with MgO, reaching the highest conductivity (2.86 × 

10−4 S cm-1 at 20°C) with a pore filling of 100%. The contribution of the LiBH4 bulk fraction 

on the conductivity at higher temperatures is present. The sample with a pore filling of 

323% possesses LiBH4 bulk fraction, when the temperature increases, an enhanced 

contribution to the conductivity was observed. This is due the phase transition to the 

hexagonal structure that possesses a higher conductive properties as described earlier. 

The sample with 38% pore filling is lacking LiBH4 which results in bulk fractions of MgO, 

these bulk fractions of MgO (oxides in general) act as an insulator and yields in 

significantly lower conductivity compared to the 100% and 323% pore filled samples that 

do not possess these MgO bulk fraction, as shown in figure 6. 
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Figure 6. Li-ion conductivity of LiBH4-MgO at 20, 60, and 120 °C as function of the pore filling. 
Dashed lines are a guide for the eyes. Taken from Gulino et al. (2021) 24. 

Several studies have shown that the Li-ion conductivity can be enhanced. The interface 

between the various compounds in the SSE play a significant role for this enhancement. 

Using the SSE in an ASSB creates two new interfaces with the SSE, at the cathode and 

anode. As mentioned earlier, LiBH4 has poor compatibility with cathode materials.9 TiS2 

or sulphur are often used as cathode material in ASSB with LiBH4. The working potential 

of both cathode materials is about 2 V vs Li+/Li, which is around the oxidative limit of 

LiBH4.25,26 

At the anode, the continuous process of stripping and plating takes place. This process is 

of critical significance for the safety, high-energy density, and long lifespan of next-

generation batteries. To prevent the formation of voids or dendrites, It has been reported 

that then interface between the SSE and lithium metal play a crucial role.27 

Understanding the stripping and plating process is importance to achieve long lifespan 

with next-generation batteries.28–30 

1.4 Lithium metal Anode 

There are two main issues that occur when using a lithium metal as an electrode in 

combination with an SSE. The first is the formation of dendrites that penetrate the SSE, 

causing a short circuit. The dendrites formation can be linked to the plating process 

(charging). The second problem occurs at the stripping process (discharge), Here contact 

loss occurs due to the formation of voids at the interface of the SSE and lithium metal.31,32 

 

During stripping, the formation of voids will appear when the stripping current removes 

Li faster than it is replenished (JLi diffusion+ JLi creep < JLi+ migration, where J is the flux). The 

amount of Li transported to the interface depends on the diffusion of Li within the  

lithium metal and lithium metal creep.33,29  When the replenishment of Li to the interface 

of the lithium metal with the SSE is not faster than the current removing the Li, voids 

occur. By repeating the stripping process while constantly charging and discharging the 
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system, the void formation will increase significantly. The formation of these voids gives 

contact loss between the SSE and lithium metal, leading to increased polarisation.  

Plating of Li at the interface with the SSE needs an equal supply of Li+ ions and electrons. 

During plating, deposition of Li mainly takes place at two sites. The first site is the 

interface where there is contact between the lithium metal (electrode) and the SSE. The 

second site is where Li can grow unhindered; this point is introduced by voids. The 

formation of voids creates a so-called triple point, this is the point where lithium metal, 

SSE, and void come into contact resulting in a higher local current density. The increased 

current density at this point causes the Li to grow on the surface of the void and SSE, 

creating porous structures in the lithium metal. At the same time, the higher local current 

density induces faster growth of Li at that point, causing the Li to grow into the SSE 

(formation of dendrites). The dendrites formed will grow every plating round resulting 

in cell failure. A schematic example of the stripping and plating process is shown in 

Figure 7. During subsequent stripping, these voids are exposed at the SSE surface 

creating triple points resulting in nonuniform Li plating  causing a rapid increase in 

polarisation.30  

 

Figure 7. Schematic of Lithium metal | SSE  interface during stripping and plating. Stripping initiates 
voids introducing triple points. Triple points contain higher current density being a favourable 
deposition spot for Li.  

Kasemchainan et al (2019)30, demonstrates that for both stripping and plating there is 

a specific critical current density above which dendrite formation and short-circuiting 

will occur. As more cycles of discharging and charging take place, the polarisation will 

increase as not all voids formed during stripping are removed up on plating. The 

accumulation of voids causes large differences in local plating current density duo to poor 

electrode SSE contact resulting in dendrites. This shows both critical current for stripping 

and critical current for plating, can play a role in dendrite formation. When the current 

density is above the critical current for stripping, it indicates that Li is stripped faster than 

it is plated. Therefore, when the current density is above the critical current for stripping, 

an increasing loss between the SSE and lithium metal will take place, leading to 

increasing local current density for the same overall current density. Due to this increased 
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local current density, the critical current for plating will be too high at certain location in 

the interface, causing dendrite formation. 

One way of preventing the formation of voids and dendrites and maintaining constant 

contact between Li metal and SSE is to apply an external pressure (stack pressure) to the 

ASSB. Here the electrode and SSE are pressed against each other forcing contact, 

suppressing the formation of voids and dendrites. Jow et al (1983)34, reported that an 

external pressure had a profound effect on the interface. However, only recently stack 

pressure has gained more attention for its importance during cycling behaviour among 

ASSBs.35  

1.5 Stack pressure  

Void formation is identified by several studies as a problem for cell polarisation, leading 

to cell failure.27,30,36–38 Lewis et al (2021)38, used X-ray tomography and contact area 

mapping of the interface to visualise contact loss and void formation. Here, it is 

confirmed that contact loss is a consequence of void formation during the stripping 

process and is the main cause of cell failures due to dendrites formation. 

Koshikawa et al. (2019)37, investigated the effect of plating and stripping on the so-called 

interfacial resistance (Rint). Rint (also called contact resistance (Rc)) is a quantity that can 

be associated with the gain or loss in contact area between the lithium metal and SSE 

when the current density remains the same. Here they found that Rc increases during 

stripping and decreases during plating, but over multiple cycles a gradual increase was 

observed, which indicates that Li stripping is responsible for an increased Rc through void 

formation.  

Stack pressure can improve and maintain constant contact by suppressing the formation 

of voids. The yield strength of Li is 0.8 MPa, when exceeding this pressure, the Li surface 

can reform, increasing the contact area between the SSE and lithium metal, i.e. 

decreasing the Rc. This prevents the inhomogeneous current distribution during cycling, 

decreasing the formation of dendrites during plating.39 Another great advantages of 

introducing stack pressure to the system is the increased self-diffusion rate of the Li 

metal.  

Krauskopf et al. (2019)27, discusses a kinetic model about the interface of the lithium 

metal and SSE, in which the influence of stack pressure is also presented. Each Li+ ion 

that dissolves from the lithium metal to the SSE during the stripping process results in a 

vacant site formation. These vacancies can either diffuse from the interface or annihilate 

at a site of repeatable growth. The article identifies the diffusion of Li towards vacant sites 

at the interface as the main limiting factor. Figure 8 shows a schematic, displaying 

difference mechanisms for a better understanding of the dynamic behaviour during the 

stripping process of the lithium metal. Three mechanisms are discussed at the interface, 

each with a different effect on Rc. 
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Figure 8. Schematic of the different mechanisms at the lithium metal anode under anodic load: (a) 
if the local current density does not exceed the vacancy diffusion limit in the. (b,c) If the externally 
applied local current density exceeds the diffusion. (d) If external pressure is applied, pores will be 
annihilated because of plastic deformation of the lithium metal and contact loss is restricted. Taken 
from Krauskopf et al. (2019)27. 

Figure 8a shows that the applied current density (i(Ab)) is not higher than the vacancy 

diffusion (Jv). This means the vacancy diffusion can keep up with the number of Li being 

dissolved into the SSE, keeping the interface stable resulting in no change of the contact 

area and a constant Rc. Figure 8b shows that the applied current density is higher than 

the vacancy diffusion, resulting in contact loss. According to the terrace-ledge-kink 

model for diffusion, the Li adatoms where there is no contact with the SSE will be 

dominate the diffusion process duo to lower activation energy. Which results in more 

contact loss in that area as shown in Figure 8c. The contact loss results in an increase of 

Rc. When the applied current density is greater than the vacancy diffusion and a high 

enough stack pressure is applied to the system, the pressure will compensate the limiting 

factor as shown in Figure 8d. Plastic deformation and Li creep will be introduced to the 

system, which will suppress contact loss and give a stable Rc. Making it possible to 

overcome the limiting factor and so, higher current densities can be introduced and 

simultaneously achieving longer lifespan in ASSBs. 

Wang et al. (2019)36, uses a symmetrical cell (lithium on both sides of the SSE) and 

applies different current densities during cycling. Starting with a stack pressure of 3.2 

MPa during cycling, every 5 hours the stack pressure is decreased with 0.4 MPa. Here it 

was observed that when going below a certain stack pressure, a polarisation in the cell 

takes place in terms of a significant voltage increase. This point is called the critical stack 

pressure, and when applying higher current density also a higher critical stack pressure 

was observed to prevent cell polarisation.  
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Figure 9. Maximum allowed current density as a function of external pressure on a symmetric cell 

with LPSBI Solid-state electrolyte.Taken from Wang et al. (2020)40. 

Wang et al. (2020)40, describes that the plating and stripping process react differently 

with a change in stack pressure. As shown in Figure 9, during the stripping process, the 

critical current for stripping can be increased with increasing stack pressure. This is in 

line with what was discussed earlier, where the contact loss is suppressed and Rc remains 

constant. In the plating process, a negative effect takes place at the critical current for 

plating with increasing stack pressure. This leads to inhomogeneous deposition of Li at 

the interface resulting in dendrite formation and volume expansion. The volume 

expansion can affect the internal pressure of the system by increasing it, resulting in even 

higher rates of inhomogeneous deposition. A different stack pressure during plating and 

stripping is therefore ideal but not feasible. A balance like the green area in Figure 9 must 

be found to obtain the longest cycling life with ASSBs. 

Doux et al. (2020)39, studied the shorting behaviour of a symmetric cell with constant 

current and stack pressure during cycling. Besides that, too high stack pressure has a bad 

influence on the Critical current for plating as discussed above. The article discusses that 

too high stack pressure makes the creeping of Li through the SSE possible. Figure 10 

shows that too high stack pressure of 75 MPa can result in a mechanical short duo to 

immediately creep of Li through the SSE, leading to more direct cell failure. It is therefore 

expected that creep through the SSE will occur at stack pressures above the yield strength 

of lithium. The lithium that then penetrates the SSE will be a preferential site of plating 

resulting in cell-shorting.   

Stripping 

Plating  
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Figure 10. Normalized voltage of Li symmetric cells as a function of time during plating and 
stripping at different stack pressures. At 75 MPa, the cell already mechanically shorts before cycling 
begins. At 5 MPa, no short was observed for over 1000 h. Taken from Doux et al. (2020)39. 

It is therefore important to study the mechanical properties of the SSE. Barai et al. 

(2017)41, concludes that a high shear modules and yield strength can reduce the formation 

of dendrites. In Doux et al. (2020)42, the assembly pressure applied to the SSE was varied. 

When using different pressures (50, 150, 250, and 370 MPa) during assembly of the SSE, 

the conductivity and density of the SSE increased at higher assembly pressures and 

therefore can play an important part within ASSBs.  

1.6 Pressure effect on solids  

Cold pressing can be used to obtain an SSE pellet. A (usually) powder is compressed with 

an assembly pressure to obtain a pellet. The pressure used to obtain the pellet varies in 

literature due to the use of different materials. Sakuda et al (2013)43, studied the 

densification under high pressure of sulfide SSE. Figure 11 shows the relationships 

between assembly pressure and conductivity. With Raman spectroscopy almost no 

change in the local environment was measured and X-ray diffraction (XRD) showed 

almost no changes before and after pressing. SEM images reveal that increasing the 

pressure increases particle size and decreases the presence of grain boundaries. This 

corresponds to the change in conductivity, the decrease in grain boundaries resistance 

has a positive effect on conductivity. Doux et al. (2020)42, discusses that the effect of 

assembly pressure will work even better for SSE containing oxides. This duo to the higher 

number of grain boundaries in oxides and so, have a strong influence on the conductivity 

of oxides. The quantity of grain boundaries will decrease when the total surface area also 

decreases, by reducing porosity or increasing size of particles.  
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Figure 11. Relationship between assembly pressure and ionic conductivity of 75Li2S 25P2S5. Dashed 
line indicates the conductivity of 75Li2S 25P2S5 bulk glass. Taken from Sakuda et al. (2013)43. 

In this thesis, LIBH4 is used in combination with an MgO or ZrO2. In Richard et al 

(2000)44, Investigates the decreases in porosity depending on pressure within MgO 

nanocrystals. Upon increasing the pressure, it has been observed that the pore size and 

volume can be reduced in a controlled manner. With the effect described earlier, this 

could a positive trend for the conductivity for the materials that will be used. Talyzin et 

al (2007)45, Shows that LiBH4 with a pressure of 0.5 to 1.4 GPa at RT undergoes the phase 

transition from orthorhombic structure to the hexagonal structure (as previously 

described the more conductive form). The combination of the reduction in grain 

boundaries in oxides and the more conductive hexagonal LiBH4 caused by increasing 

pressure is a utopia for increasing the conductivity. 

As shown by Gulino et al (2021)24, the combination of MgO and LiBH4 has a strong effect 

on conductivity. To amplify this effect with increasing the assembly pressure may 

increase it further. Combined with the correct stack pressure, this could lead to an 

optimal candidate for a long lifespan with an ASSB. 
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2. Aim of the thesis  

The aim of this thesis is to gain knowledge about the influence of stack pressure on 

complex hydrides solid-state electrolyte performances in all-solid-state batteries. To 

achieve this goal, LiBH4 will be combined with MgO or ZrO2 as the solid-state electrolyte. 

First, the mechanochemical treatment of LiBH4 with different volume ratios of oxides 

(MgO and ZrO2) were analysed with the aim of reaching Li-ion conductivity above the 10-

3 cm-1 for enabling battery cycling. 

Subsequently, the effect of the pressure applied during cold pressing on the Li-ion 

conductivity within the LiBH4-oxide composites has been explored. 

Using the volume ratio and assembly pressure with the highest Li-ion conductivity for a 

solid-state electrolyte. The electrochemical stability was studied with the addition of 

lithium electrodes to form a symmetric cell, here the amount of stack pressure required 

to induce a mechanical short-circuit was implemented. Followed by improving the 

interfacial contact between the lithium metal and solid-state electrolyte with stack 

pressure. 

With the improved interfacial contact, galvanostatic stripping and plating measurements 

were performed, applying different stack pressures aiming to improve the cycling life of 

the solid-state systems at room temperature.  
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3. Techniques and Characterization 

This chapter explains the techniques and characterisation methods used in this thesis. A 

brief introduction is provided after which the equipment as well as the parameters are 

discussed. A more detailed outline of how the experiment was prepared and implemented 

can be found in Chapter 4. 

3.1 Ball-Milling   

Ball-milling (mechanochemical treatment) is used for sintering composite materials and 

is often used in the field of chemistry to synthesize new solid-state materials such as 

complex hydrides. This is a process in which the alternation of stress and relaxation 

introduces resulting in the constant regeneration of the surface, the formation of plastic 

strain, crystal defects introduction, deep structural changes and amorphism. It is 

considered a green synthesis route as it does not use solvents. In this work, the use was 

made of Fritsch Pulverisette 6 planetary mill. Where the rotation plate rotates in the 

opposite direction compared to the jar. This rotation creates a planetary motion for the 

balls which gives an orbit through the centre of the jar, Which leads to sintering of 

composite materials.46 Parameters such as speed of rotation, jar dimension, ball 

dimension, and ratio of the balls and precursors are of importance for the energy impact 

of the synthesis. In this work a ratio of 30: 1 ball: precursor was used in 80 ml tungsten 

carbide jar. The jar contained 30 tungsten carbide balls with a diameter of 10 mm. The jar 

was sealed in an Ar glovebox to maintain inert Ar atmosphere. All samples were ball-

milled three times for 10 min at 300 r.p.m. with a break of 1 min each time, to minimise 

heating effects. The ball-milling was done in collaboration with the research group of 

Prof. Marcello Baricco of University of Torino. 

3.2 Powder X-Ray Diffraction  

Powder XRD was used as a characterisation technique to establish the prepared 

compounds identity or to determine decomposition after ball-milling. The XRD patterns 

after the synthesis of the different samples were obtained at RT (ex situ) using a 

Panalytical X-pert Pro MPD (Cu Kα1 = 1.54059 Å, Kα2 = 1.54446 Å) in Debye−Scherer 

configuration. Patterns were made from 10 to 80° 2θ range, with a time step of 160 s. Glass 

capillaries of 0.8 mm were used as sample holders and sealed under Ar atmosphere inside 

the glove box. The XRD measurements were performed in collaboration with the research 

group of Prof. Marcello Baricco of the University of Torino. 

The possible change in identity or the decomposition after cold pressing was also 

measured by XRD. Different samples were cold pressed to pellet at RT with different 

assembly pressures.  The XRD patterns were obtained at RT with the use of BRUKER 2D 

PHASER 2G, Lynxeye (1D mode) detector, and a TubeKFLCo2K x-ray (Co tube with 

1.79026 Å ). The patterns were made from 10° to 80° 2θ range with an increment of 0.043°, 

a time step of 1 s for a total of 1646 steps. A custom-made XRD sample holder was used 

and sealed under Ar atmosphere inside the glovebox.  
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3.3 Physisorption  

Physisorption was used to calculate the specific surface area (SBET) by fitting with a 

Brunauer-emmett-teller isotherm and subsequently deriving the total pore volume (Vp) 

by the absorbed volume of N2 at p/p0 = o.95.1 The data was obtained by N2 adsorption 

at 77 K in a Micromeritics, TriStar II plus. 

3.4 Potential stat 

In this thesis, the AMETEK PARSTAT MC with both the PMC-1000 and PMC-200 

channels were used for various electrochemical techniques such as Electrochemical 

impedance spectroscopy (EIS), Cyclic voltammetry, and Galvanostatic cycling to gain 

knowledge about the electrochemical properties of different samples. The data was 

provided and analysed using VERSASTUDIO (software supplied with the AMETEK 

PARSTAT MC). The different electrochemical measurements were performed with a two 

electrode custom-made cell in which the SSE pellet, symmetric cell, or battery systems 

were prepared, this cell was coupled to the potential stat using banana plugs. The custom-

made cell houses the sample between two stainless steel current collectors, compacted 

into a cylindrical shape with a diameter of 10 mm. The thickness depends on the type of 

system, amount weighed, and the assembly pressure applied, more explanation about the 

costume made cell and sample preparation can be found in chapter 4.   

In this thesis electrochemical understanding is of great importance and the techniques 

that were used to analyse these properties will be explained in more detail below.  

Electrochemical Impedance Spectroscopy 

EIS is a technique used to study the electrical behaviour of electrochemical systems, such 

as batteries and fuel cells. It is a powerful tool for understanding the fundamental 

processes taking place in these systems, such as charge transfer, mass transport and 

electrolyte conduction. EIS is based on the concept of impedance, which is a measure of 

the resistance to the flow of an electric current in a circuit. Impedance is a complex 

quantity, with both a real and an imaginary component. The real component, called 

resistance, represents the resistance to the flow of direct current, while the imaginary 

component, called reactance, represents the resistance to the flow of alternating current. 

In EIS, an alternating current is applied to the electrochemical system and the reaction 

of the system is measured. The reaction is a complex impedance, which can be 

represented as a vector in the complex plane. The size of the impedance vector is a 

measure of the overall opposition to the flow of current, while the phase angle of the 

vector is a measure of the phase shift between the applied signal and the response. One 

of the main advantages of EIS is that it can be used to study the different components of 

impedance separately. For example, the charge transfer resistance, which is related to the 

rate at which electrons are transferred between the electrodes and the electrolyte, can be 

separated from the mass transport resistance, which is related to the rate at which ions 

move through the electrolyte.  
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The Nyquist plot is a graph where the reality of the impedance is depicted on the x-axis 

and the imaginary component on the y-axis, a typical impedance spectrum is illustrated 

in figure 12. 

 

Figure 12. Typical Impedance spectrum of a Li-ion system with four different processes. The low 
frequency diffusion behaviour is typically modelled by (1) a finite space Warburg (FSW): limited 
diffusion layer and limited electroactive substance, (2) constant phase element (CPE): semi-infinite 
diffusion layer, and (3) a finite length Warburg (FLW): limited diffusion layer and ideal reservoir at 
the boundary. Taken from Oldenburger et al. (2019)47. 

The different components of the Nyquist plot can be interpreted as follows: 

The semi-circular structures in the plot are related to the Warburg impedance, which is 

caused by mass transport problems in the electrolyte. The size of the semi-circle indicates 

the size of the mass transport problem and the position of the semi-circle on the plot 

indicates where the problem occurs (at the anode or cathode). This may indicate, for 

example, problems with the conductivity of the electrolyte or limited transport of ions to 

the electrodes. 

The straight line running to the origin of the plot is related to the charge transfer 

impedance. This resistance is caused by the limited rate at which electrons can be 

transferred between the electrodes and the electrolyte. The stiffness of the line indicates 

the extent of this limitation. This may indicate a problem with the interfacial resistance 

between the electrode and electrolyte or a limitation of electronic conduction within the 

electrode. 

A high frequency where the reactance (X) decreases, is related to the electronic 

conductivity of the electrode material. This may be an indicative of the low-quality of the 

electrode and the conduction of electrons within the electrode. 

The intersection of the semi-circle with the straight line is the electrolyte resistance. This 

is the resistance created by the combination of mass transport and charge transfer. 
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The interpretation of the Nyquist plot is very important to understand the battery 

performance and identify any problems. For example, a larger Warburg impedance may 

indicate a problem with the conductivity of the electrolyte, while a larger charge transfer 

impedance may indicate a problem with the interfacial resistance between the electrode 

and electrolyte. 

In the study of ASSB, EIS can be used to study the interface between the SSE and the 

electrodes. For example, it can be used to study the ionic conductivity of the solid 

electrolyte, the electronic conductivity of the electrodes and the interfacial resistance at 

the electrode-electrolyte interface. This information is crucial for understanding the 

performance of ASSB and for developing new materials that can improve their 

performance.47–50  

The EIS measurements performed in this thesis implemented a frequency range between 

1 HZ and 1 MHZ with an applied voltage of 20 mV to the system. The impedance data 

were analysed using VERSASTUDIO and DECIM custom-made software designed by H.P. 

Rodenburg, Utrecht University. Several samples and experiments were done with EIS and 

will be explained in detail in chapter 4.1. 

Cyclic voltammetry 

Cyclic voltammetry is a powerful technique that can be used to understand the 

electrochemical stability of SSE. When a SSE is subjected to a voltage sweep, it undergoes 

a series of electrochemical reactions that expresses the stability of the electrolyte. During 

the voltage sweep, the SSE can undergo different types of reactions, including oxidation 

and reduction reactions. Oxidation reactions take place at the positive potential 

limitation of the voltage sweep, where electrons are removed from the SSE. Reduction 

reactions take place at the negative potential limitation, where electrons are added to the 

SSE. The stability of a SSE can be determined by analysing the peak current and peak 

potential of the oxidation and reduction reactions. For a stable SSE, the peak current and 

peak potential should remain constant during multiple voltage sweeps. In contrast, if the 

peak current or peak potential varies significantly, this may indicate that the solid-state 

electrolyte is not stable and may degrade over time. In addition, the stability of SSE can 

be determined by analysing the voltammogram shape and its symmetry. A symmetric 

voltammogram indicates good stability and reproduction of the process, while an 

asymmetric voltammogram indicates poor stability or poor reproducibility.50,51  

The cyclic voltammetry measurements in this thesis were made using the addition of 

carbon black to the working electrode in order to increase the surface area under 

investigation, resulting in a better analyse of the probed reaction. In addition, the carbon 

black provides a better discharge of electrons towards the electrode duo to its higher 

electron conductive (compared to the SSE used in this thesis).52 The pellets obtained 

(SSE) were tested using a lithium disk as the counter electrode and reference electrode 

and a stainless steel current collector as the working electrode. The measurement was 

performed within a voltage range of 1 < V < 5 vs Li+/Li at a scan rate of 100 µV S-1. The 

sample preparation with carbon black, SSE, and lithium electrode are discussed in more 

detail in Chapter 4. 
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Galvanostatic stripping and plating of a symmetric cell.  

Galvanostatic cycling is the process of applying a constant current during both the 

stripping and plating cycles of an electrochemical cell. In the case of a symmetric cell the 

SSE is placed between two alkali metal electrodes, this technique can be used to 

understand the stability of the electrolyte material and its interface between the 

electrodes during cycling. During the stripping cycle, ions are transferred from the anode 

to the electrolyte, while during the plating cycle, ions are transferred from the electrolyte 

to the cathode. By maintaining a constant current during both cycles for the same time, 

the amount of material that is added or removed from the electrodes can be precisely 

controlled. The stability of the solid electrolyte is determined by its ability to maintain 

its structural integrity and chemical composition over multiple cycling cycles. A stable 

electrolyte will show minimal changes in its electrochemical properties, such as its ionic 

conductivity and transference number, over time, while an unstable electrolyte will show 

significant changes in these properties. The Galvanostatic cycling can provide 

information on the ionic conductivity, the rate of degradation and the mechanical 

stability of the SSE. This can help to determine which materials are suitable for use and 

identify areas where further research is needed to improve the stability. An inconsistency 

between the electrolyte and electrode, such as a change in interface, will be highlighted 

by a change in resistance. A rising overpotential indicates growth of a resistive layer as 

the electrolyte breaks down into compounds that are poorly ionic but conductive. A 

stable potential on the other hand may indicate that there is no reaction taking place in 

the electrolyte or that an initial formation of a protective layer does not grow 

further.24,50,53,54 

During this thesis, different orders of stack pressure were applied while measuring 

galvanostatic cycling of a symmetric cell. The obtained pellet (SSE) was placed between 

two Lithium disk, giving a symmetrical electrode configuration. A constant current of 25 

µA was applied for 3600 seconds with subsequent constant current of -25 µA for 3600 

seconds on the cell. An EIS was taken between each transition to obtain interface 

information. The application of stack pressure and preparation of the symmetric cell can 

be found in Chapter 4. 

Galvanostatic cycling with potential limitations 

Galvanostatic cycling with potential limitation (battery cycling) is a routine technique 

used to study the performance of ASSB. It involves applying a constant current to the 

battery while measuring the voltage response of the system as long the voltage remains 

within a specific range. The current is typically set at a value equal to the maximum 

capacity (C) of the battery divided by a factor (n), which is chosen based on the desired 

test duration and magnitude of the electrochemical environment for the system. by 

subjecting the battery to a constant current over a period of time, the battery's behaviour 

under different conditions such as charge and discharge rates, temperature, and cycling 

life can be studied. The data collected from galvanostatic cycling can be used to identify 

any potential issues with the battery's performance, such as degradation or loss of 

capacity. 24,50,53,54 
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The battery cycles in this thesis were performed by using a SSE with a lithium disk as 

counter electrode and reference electrode and a cathode mixture (with a ratio 4:6 of 

cathode material: same material as the SSE) as working electrode. The constant current 

applied to the system was calculated using the maximum capacity C divided by a factor 

n=20 providing a C-rate of 0.05. The measurement was performed with a cut-off potential 

of 1.5< V < 2.6 vs Li+/Li. The sample preparation of the SSE, cathode material and lithium 

electrode as well as the calculation for the maximum capacitance are discussed in more 

detail in Chapter 4.   
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4. Experimental section  

This chapter describes the samples preparation and what materials were used during this 

thesis before analysing. All samples used during this thesis are reactive at ambient 

conditions and decompose when moisture comes into contact. All sample preparations 

were performed in an argon-filled glove box of MBRAUN, LABmaster dp, with a purifier 

maintaining O2 and H2O values of < 0.1 ppm. The argon used in the glove box was pure 

5.5 grade argon. 

4.1 Sample preparation 

Synthesis SSE mixtures  

First, LiBH4 (purity > 95% from Alfa Aesar) as-received was ball-milled for 2 hours at 500 

r.p.m, The obtained LiBH4 powder (LiBH4-Ball Milled) was then used as the material to 

mix with MgO (Steam Chemicals) and ZrO2 (type 1: Daiichi Kikenso RC-100, Gimex ; type 

2: Daiichi Kikenso DK-1 ,Gimex). The powders were then mixed as the ratios presented 

in Table 1 and then dried at 300 °C in a furnace, under dynamic vacuum, for 6 hours. 

After drying, the powders were ball-milled as described in chapter 3.1 and XRD 

measurements were obtained, the mixtures were then stored inside the glovebox. The 

SBET and Vp of the oxides used in table 1 were obtained by physisorption experiments 

according to the parameters described in chapter 3.3. 

Table 1. Composition of LiBH4-oxide mixtures used in this thesis. The fraction of pore filled was 
calculated by dividing the LiBH4 volume by the pore volume (Vp). The thickness of LiBH4 was 
calculated considering the BET surface area (SBET) of the oxide with the assumption it’s a flat 
geometry. 

Name 
Sample  

Oxide  Oxide 
(wt. %) 

Oxide 
(v/v %) 

SBET 

(m2/g) 
Vp 

(cm3/g)  

Fraction of 
pore filled 

Thickness of 
LiBH4 (nm) 

MgO 26 MgO 65.0 26 215 0.25 323 3,8 

MgO 53 MgO 85.7 53 215 0.25 100 1.2 

MgO 74 MgO 94.0 74 215 0.25 38 0.4 

RC 1  ZrO2 RC-100 72.1 23 99 0.29 200 5.9 

RC 2 ZrO2 RC-100  86.6 42 99 0.29 80 2,3 

RC 3 ZrO2 RC-100 94.5 66 99 0.29 30 0.9 

RC 4 ZrO2 RC-100 63.3 16 99 0.29 300 8.8 

RC 5 ZrO2 RC-100 83.8 37 99 0.29 100 2.9 

RC 6 ZrO2 RC-100 87.8 45 99 0.29 72 2.1 

Ox 1 ZrO2 Dk-1 74.7 25 74 0.26 196 6.9 

Ox 2 ZrO2 DK-1 94.3 65 74 0.26 35 1.2 

Ox 3  ZrO2 DK-1 89.8 50 74 0.26 66 2.3 
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SSE pellet Sample preparation  

The SSE pellet were made by weighing into the sample holder (see chapter 4.2 figure 13) 

an amount of sample equivalent to a theoretical volume (Vt) (calculation is shown in 

chapter 4.3) between 30 and 33 mm3. The same range of Vt  was used to compare the 

different samples under different assembly pressures. After transferring the sample in the 

sample holder, the holder was placed under a hydraulic press for cold pressing. Here, an 

assembly pressure with a maximum of 2 tonnes (for a 10 mm diameter pellet ~250 MPa) 

can be reached and applied to the system to form a SSE pellet. The sample holder was 

then closed using the standard method as described in chapter 4.2. 

Different assembly pressures (62, 87, 112, 137, 162, 187, 212, and 250 MPa) were applied to 

all samples to investigate the influence on the Li-ion conductivity by measuring EIS, 

densification, and compressibility by measuring the thickness and volume. From this 

data, it was decided to prepare the SSE pellet with an assembly pressure of 250 MPa for 

the further experiments. 

Following up, for each sample an SSE pellet was prepared with an assembly pressure of 

250 MPa and EIS measurements were performed at different temperatures. The first 

measurement was at RT, followed by a measurement at 40°C. At 40°C, an heating ramp 

was introduced increasing the temperature with 10°C between each EIS measurement 

until it reaches 140°C (heating cycle). At 140°C, the temperature decreased with 20°C after 

each EIS measurement until it reaches 40°C (cooling cycle). These cycles were repeated 

two times, followed by a final RT measurement (RT-[40°C-140°C-40°C]x3-RT) to 

investigate the thermal stability of the SSE.  

Symmetric cell preparation  

The symmetrical cells were used for the experiments where the Rc was minimised with 

stack pressure, followed by a galvanostatic stripping and plating measurement under a 

specific stack pressure (0 < P < 25 MPa). To prepare a symmetrical cell, an SSE pellet was 

produced as described above. Then, on either side of the SSE, a 10 mm Lithium disk was 

attached (Li | SSE | Li), The disk was prepared using a hollow punching tool (diameter 10 

mm) pressing a disk out of a Lithium ribbon (thickness x W 0.38 mm x 23 mm, 99.9% 

trace metal base from Aldrich). A Cu disk of 10 mm were placed between the stainless 

steel current collectors and the Lithium disk to ensure easy removal of the symmetrical 

cell from the sample holder after the experiment. The screws of the sample holder were 

then gently tightened and not according to the standard procedure, to insure the poor 

contact of the Lithium disk and SSE for the study of Rc at low pressure.  

The mechanical induced-short and Rc were studied with the use of the pressure setup 

shown in chapter 4.2. EIS measurements were taken when the wanted stack pressure 

was applied to the sample holder. The same cell with the improved Rc was used for 

galvanostatic stripping and plating under a given stack pressure. 

Cell Preparation for Cyclic voltammetry 

Preparing a cyclic voltammetry sample, the SSE was prepared with a different approach. 

Instead of using 250 MPa as the assembly pressure to compress the SSE, a pressure of 125 
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MPa was used. Then a mixture of the same material as the SSE along with carbon black 

(type 1: Ketjenblack EC600JD from Akzo Nobel Chemicals; type 2: GMP-500 H2-treated 

from) with a ratio of 1:1 in weight was prepared by mixing it for 5 minutes in a mortar. As 

described earlier, this effectively increases the active area where the electrochemical 

reactions can take place, with an increased oxidation peak in the case of the electrolyte 

used. The SSE+ carbon black mixture was added in small amounts to the stainless steel 

working electrode side and spread evenly over the pellet surface. Once the entire SSE 

pellet was covered with the SSE+ carbon black mixture, the entire system was compressed 

under an assembly pressure of 250 MPa. A lithium disc was then added and used as 

counter and reference electrode. The sample holder was tightened until there was 

sufficient contact, shown on the potential stat by reaching a potential between 2.3 / 2.4 

V vs Li+/Li. The cell was subsequently placed in an oven with a temperature of 60°C for 

20 min to improve the contact, the cyclic voltammetry measurements were then 

performed under RT.  

Cell Preparation for battery cycling  

The battery cell samples were prepared in a similar method to the cyclic voltammetry 

samples. The only change in the method was that the SSE+ carbon black mixture at the 

working electrode was replaced with a cathode material. The cathode material was 

prepared by a mixture of TiS2 (purity 99.9% from Aldrich) with SSE material 4:6 ratio by 

weight. The amount of TiS2 determined the C-rate what was applied to the system during 

the measurement, using the maximum capacity calculated according to the calculation 

in chapter 4.3. The batteries were cycled with 60°C and RT.   

4.2 The Sample holder and pressure setup 

Figure 13 shows a schematic of the pressure setup with sample holder attached used 

during this thesis. These are custom-made setups made by the workshop within Utrecht 

University, where all the grey parts in the picture are made of RVS 304 and the yellow 

parts of polyether ether ketone (PEEK).  

The Sample holder (A) consists of two current collector parts (G) and a PEEK housing 

(H). The current collectors have a piston part of 10 mm that fit into the PEEK housing, 

on the pistons are two positions where O-rings can be placed to make it airtight (black 

rings). In this thesis, FKM O-rings (ERIKS O-ring FKM 75, 8x1 mm) were used to 

withstand elevated temperatures up to about 190°C. Banana plug input (F) are available 

at the side of the current collectors to provide excellent connection with the potential 

stat. The samples were placed between the current collectors. To close the sample holder, 

there are three screw positioned in each current collector part, with which the current 
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collector parts can be attached to each other securing the PEEK housing in between. The 

three screws are tightened with a constant force of 2.5 N/mm2 unless stated otherwise. 

 

 

 

 
 

Figure 13. A schematic representation of the (left) pressure setup with the sample holder attached 
and (right) sample holder. All the grey parts are made of stainless steel 304, where the yellow parts 
are made of low electron conductive polyether ether ketone (PEEK). 

The pressure setup consists of three main parts, the movable plates (B), the part that 

applies mechanical pressure (C,D), and the part that measures the pressure (E). When 

stack pressure is applied to the sample holder, the three screws that secure the current 

collectors must be removed. The sample holder was clamped between the movable plates, 

which are sealed off from the electrical circuit by PEEK rings. The movable plates together 

with the sample holder rest on the pressure cell reader, which was taken as the zero point 

for the stack pressure (0 MPa). A screw (D) can then be tightened until the PEEK head 

(C) at the end of this screw contacts the upper movable plate and exerts mechanical 

pressure on the sample holder. The harder the screw was tightened, the more stack 

pressure was exerted on the system. The pressure cell reader can measure to a maximum 

of 2 kN, using the calculation in Chapter 4.3 the applied pressure was calculated into 

MPa.  

A: Custom-made cell / sample holder                G: Current collectors with two O-ring spots 

B: Movable plates                                                  F:  Banana plug input 

C: PEEK head attached to the screw                   H: PEEK housing for sample 

D: Screw  

E: Mechanical pressure cell reader  
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4.3 Calculation used for sample preparation and parameter settings  

This chapter presents formulae that were used to obtain certain parameter settings, 

sample preparations, or results presented in chapter 5. 

Assembly pressure 

The commonly used unit for Assembly pressure is MPa, the hydraulic press used during 

this thesis has a indicator in tons. Using the sample holders diameter the assembly 

pressure was converted to MPa using the formulae below.  

Gravity (g (9.81 N kg-1)),weight in tons (m( 1 ton = 1000 kg)), diameter of pellet (d) 

𝒎 ∗  𝒈 =  𝑵 

𝝅 ∗  𝒓2  =  𝒎𝒎2 

𝟏 𝑴𝑷𝒂 =  𝟏
𝑵 

𝒎𝒎2
  

Theoretical values (Volume, thickness, and empty space) 

To calculate the Empty space, the Vt and real Volume (Vr) were used with the calculations 

described below. The theoretical thickness was calculated by entering Vt as Vr. 

Density (p), v/v%, weight (m), radius (r), thickness (t) 

Theoretical volume:  

𝑽𝒕 =
𝒎

𝒑
 

Real volume: 

 𝑽𝒓 = 𝝅𝒓2𝒕 

Empty space:  

% 𝒆𝒎𝒑𝒕𝒚 𝒔𝒑𝒂𝒄𝒆 𝒊𝒏 𝑺𝑺𝑬 = (
𝑽𝒓

𝑽𝒕
∗ 𝟏𝟎𝟎) − 𝟏𝟎𝟎  

Mechanical pressure cell reader  

The force measuring load cell is from the company ME-Meßsysteme, type KM10a 2kN. 

This load cell can measure pressure by applying compressive force to it. The company 

performed a calibration resulting in a signal of 1.78194 mv V-1 at a force of 2 kN, with a 

maximum signal of 2 mV V-1. The formula below was used to convert the unit to force in 

MPa.  

 

Area of applied pressure (A (m2)), 2 kN = 1.78194 mV V-1, x = 2 mV V-1 

𝒌𝑵

𝑨
= 𝑴𝑷𝒂 
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(
𝟐𝒌𝑵 ∗ 𝟐 𝒎𝑽 𝑽−𝟏

𝟏. 𝟕𝟖𝟏𝟗𝟒 𝒎𝑽 𝑽−𝟏)

𝑨
= 𝒇𝒂𝒄𝒕𝒐𝒓 𝒇𝒐𝒓 𝑴𝑷𝒂  

Activation energy 

To calculate the activation energy, the results of the temperature dependent conductivity 

were used according to the steps described below. 

Boltzmann constant (kb), Temperature (T in kelvin), Conductivity (σ)  

Plot: 1 / T (x-axis) against ln(σ,T) (y-axis) (R2 > 0.99) 

𝝈 =
𝝈𝟎

𝑻
 𝒆

(
−𝑬𝒂
𝒌𝒃 𝑻

)
 

𝒍𝒏(𝝈, 𝑻) = 𝒍𝒏 𝝈𝟎 −
𝟏

𝑻

𝑬𝒂

𝒌𝒃
 

𝑰𝒏𝒕𝒆𝒓𝒄𝒆𝒑𝒕 = 𝒍𝒏 𝝈𝟎 

𝑺𝒍𝒐𝒑𝒆 =
𝑬𝒂

𝒌𝒃
 

𝑬𝒂 =
𝒔𝒍𝒐𝒑𝒆

𝒌𝒃
 

Contact resistance 

The Rc (Rint) described in the results were calculated using the following formula. 

Area of the pellet(A), Resistance of the pellet (RSSE), Resistance of the pellet and interface 

system (Rtotal) 

𝑹𝒄 =
𝑹𝒕𝒐𝒕𝒂𝒍 −  𝑹𝑺𝑺𝑬

𝟐
𝑨  

Capacity of battery 

The maximum capacity was calculated by using the following formula. 

Capacity of cathode material (TiS2 = 239 mAh g-1 )24, weight cathode material (g) 

𝑪 =  
𝒄𝒂𝒑𝒂𝒄𝒊𝒕𝒚 𝒄𝒂𝒉𝒐𝒅𝒆 𝒎𝒂𝒕𝒆𝒓𝒊𝒂𝒍 𝒑𝒆𝒓 𝒈𝒓𝒂𝒎 (𝒎𝑨𝒉 𝒈−𝟏)

𝒘𝒆𝒊𝒈𝒉𝒕 𝒄𝒂𝒕𝒉𝒐𝒅𝒆 𝒎𝒂𝒕𝒆𝒓𝒊𝒂𝒍 (𝒈)
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5. Results  

This chapter discusses the results. First, the samples after the mechanochemical synthesis 

are characterized using XRD and N2 physisorption, discussing which effect the addition 

of the oxide have on the structure. Next, all samples were processed into an SSE pellet 

and tested for the mechanical and electrochemical properties depends on assembly 

pressure and temperature. Then the optimized assembly pressure was used to prepare 

the SSEs for the study on the effect of stack pressure at the interface with lithium. 

5.1 Sample characterization   

The effect of the ball-milling synthesis method on LiBH4 and the different LiBH4 - oxide 

composites was monitored by XRD analysis at RT. Figure 14 shows the XRD pattern of 

ball-milled LiBH4. Showing the main diffraction pattern corresponds to the orthorhombic 

structure. The orthorhombic structure is retained after ball-milling as reported in 

literature. 11,23 
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Figure 14.  XRD patterns of ball-milled LiBH4  

The XRD patterns of LiBH4 - ZrO2 samples with the two different types of ZrO2 (RC-100, 

DK-1) are displayed in Figure 15. The pattens show mainly the diffraction peaks of the 

ZrO2 phase. Some of the peak of the orthorhombic LiBH4 are visible for samples with a 

low amount of oxide. Increasing the volume of ZrO2 in the mixture shows a decrease in 

intensity of the orthorhombic LiBH4 phase. This can be explained by the fact that ZrO2 

overlaps the peaks of LiBH4 due to the higher scattering power of the heavier atoms. No 

information of the highly conductive interface fraction between LiBH4 and the oxide 

could be observed.21 The LiBH4 - MgO samples used in this thesis are the same from the 
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study by Gulino et al (2021)24, and their XRD patterns can be found in Figure A1 of the 

appendix. 

Besides the powder being analysed, XRD patterns were constructed of samples RC 3 (high 

oxide volume) and RC 4 (low oxide volume) when pressed to a pellet at different assembly 

pressures (63, 162, and 250 MPa). Here, no changes are observed in the diffraction 

patterns and the main ZrO2 diffraction peaks are displayed, see Figure A2 of the 

appendix. This was expected since the higher intensity of the ZrO2 diffraction pattern 

overlaps the LiBH4 patterns. Also no changes in LiBH4 structure were expected, LiBH4 

undergoes a phase transition at higher pressures between 0.5 and 1.4 GPa at RT as 

described in the introduction.45 

To investigate the effect of different pore filling fractions of the oxide with LiBH4, three 

different possibilities were studied using N2 physisorption. 

The first possibility has a low volume of LiBH4 compared to the oxide, which introduces 

bulk fractions of oxide into the system. This indicates that the surface of the oxide is not 

fully saturated with LiBH4 (pf < 100%). This means oxide bulk mainly influencing the Li-

ion conductivity of the system. 

The second possibility is an equilibrium in the volume of LiBH4 and the oxide, resulting 

in complete saturation of the oxide surface with no bulk fractions (pf~100%). This creates 

highly Li-ion conductive LiBH4 - oxide interface layers. It is mentioned in literature that 

the highly Li-ion conductive interface layer can have a thickness of LiBH4 up to 2 nm.55,56 

Figure 15.  XRD patterns of ball-milled LiBH4-ZrO2 samples for different v/v% ratios, with on the left 
RC-100 ZrO2 samples and right DK-1 ZrO2 samples. Dashed line indicated a specific facet of   
monoclinic-ZrO2.  mark diffraction peak of orthorhombic LiBH4. 
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The third possibility has a high volume of LiBH4 compared to the oxide, which introduces 

bulk fractions of LiBH4 into the system. This also has a full saturation of the oxide surface 

(pf>100%). However, the bulk fractions of LiBH4 in contact with the oxide are thicker 

than 2 nm. Resulting in fractions showing normal Li-ion conductivity behaviour of LiBH4 

and suppressing the highly conductive fraction. 
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Figure 16. N2 physisorption of LiBH4 – ZrO2 composites with pore filling of 30, 35, 100, 196, and 
200%.  

Figure 16 shows the N2 physisorption of five samples with different pore filling 

percentages. A negative slope is observed which is not common in a typical physisorption 

measurement. In a typical physisorption measurement, the sample volume is expected 

not to change with changing pressure. The negative slope can be linked to the 

compressibility of LiBH4, where LiBH4 shrinks when the pressure is increased and 

expands with decreasing pressure. What explains the trend that when the LiBH4 ratio 

increases with increasing pore filling, the negativity of the slope increases. However, this 

effect appears to become constant when 100% pore filling is reached, which can be 

explained by the dominant presence of LiBH4 (more than 60 % of the volume). From this 

data, nothing can be concluded with certainty for the surface area or pore volume of the 

different mixtures.57–59  
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5.2 Electrolyte 

Pore filling  

As described above, there are several studies using different approaches to increase the 

Li-ion conductivity of LiBH4. In this thesis, the strategy described in Blanchard et al 

(2015)21, and Gulino et al (2020)11 will be used, i.e. the mixing of LiBH4 with oxide, 

specifically via ball milling. The Arrhenius plots of the Li-ion conductivity as a function 

of the temperature of all the different samples synthesised in this thesis are shown in 

Figure A3 in the appendix. 

To obtain the Li-ion conductivity, the Resistance of the SSE was determined by fitting the 

impedance data. The impedance data is displayed in a Nyquist plot and are then fitted 

with an electrical circuit equal to the circuit shown in Figure 17 (electrical circuit: 

LR(RQ)Q). Figure 17 shows an example of an impedance spectra of RC 5 at 40°C and 

100°C displayed as a Nyquist plot. Here it is demonstrated how the data points are fitted 

and their values can be found in Table 2. With these values, the SSE resistance can be 

determined, and the Li-ion conductivity calculated using the formula:  𝝈 =  
𝒕

𝑨𝑹
 

t is the thickness of the pellet, R is the resistance of the SSE, A the surface area of the 

pellet, and σ the Li-ion conductivity of the SSE. 

 

Table 2. EIS  fitted  values of RC 5 at 40°C and 100°C shown in  Figure 17. The equivalent circuit 
adopted for the fit is LR(RQ)Q. 

  

Temperature 
Measurement   

L R1 R2 Q1 n1 Q2 n2 

40°C 4.57 e-06 

 

63.09 

 

288.40 

 

2.86 e-09 

 

0.92 

 

1.72 e-05 

 

0.51 

 

100°C  2.58 e-07 

 

1 

 

26.30 

 

6.37 e-06 

 

0.54 

 

06.43 e-04 

 

0.67 

 

Figure 17. Impedance spectra until 10 kHz shown on the Nyquist plot for RC 5 at (a) 40°C and (b) 
100°C. The insert shows the electrical circuit LR(RQ)Q used to fit the data. The Red lines correspond 
to the result of the fits, Table 2 lists the parameters obtained by the fits.   
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The Li-ion conductivity of LiBH4 as-received (8.63 × 10-9 S cm-1 at RT) was increased by 

two orders of magnitude after ball-milling (5.31 × 10-7 S cm-1 at RT). Adding MgO or ZrO2 

further increases the Li-ion conductivity with two till three orders of magnitude, the 

composites of the different oxides showing the highest Li-ion conductive are displayed in 

Figure 18 together with LiBH4 as-received and ball-milled. For the data points, only the 

first heating cycle is mentioned to keep the data well-organised. In Figure A4 of the 

appendix, all three cycles of a MgO and ZRO2 SSE pellet are shown, showing stability 

during cooling and heating ramps. 

The composite MgO 53 shows the highest conductivity at RT (2.36 × 10-4 S cm-1 at RT) 

which is in agreement with what is reported in litterateur (2.86 × 10-4 S cm-1 at 20°C).24  

This is about 5 orders of magnitude higher than the LiBH4 as-received used in all samples. 

The highest Li-ion conductivity at RT of the different ZrO2 composites were found in the 

samples RC 2 (7.72× 10-5 S cm-1 at RT) and OX 3 (1.15 × 10-4 S cm-1 at RT). Together with the 

increased stability during heating and cooling and the significant increase in Li-ion 

conductivity, it was observed that the activation energy (Ea) was decreased when ball-

milling and adding oxides. All the activation energies of the different samples prepared 

during this thesis are reported in Table 3. 

Table 3. The activation energy 
of all solid-state electrolyte 
samples prepared in this thesis.  

 

The Ea was calculated by linearly fitting the data points below 80°C of the Arrhenius plots 

in Figure A3 in the appendix using the activation energy  formula: 𝝈 =
𝝈𝟎

𝑻
 𝒆

(
−𝑬𝒂

𝒌𝒃 𝑻
)
 (as 

Sample  Ea (eV) 

LiBH4 0.78 

LiBH4-BM 0.69 

MgO 26 0.49 

MgO 53 0.43 

MgO 74 0.51 

RC 1 0.49 

RC 2 0.43 

RC 3 0.54 

RC 4 0.54 

RC 5 0.46 

RC 6 0.44 

OX 1 0.50 

OX 2 0.45 

OX3 0.44 
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Figure 18. Li-ion conductivity of the first heating temperature-
dependent EIS cycle of LiBH4 and LiBH4 – oxide composites with 
the highest conductivity. 
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described in chapter 4.2). The Ea calculated at LiBH4 as-received is determined to be 0.78 

eV which is in agreement with the values in literature (0.75 ± 0.07 eV).60 After ball-milling 

and adding oxide, it is noticed that all the Ea are decreased. The LiBH4 activation energy 

after ball-milling is reduced by 0.9 eV, this can be explained by the increase in defects 

caused by the mechanochemical treatment on the structure. Ea consists of two energy 

parts, the energy for defect formation and the energy of migration.  

After adding the oxides, the Ea decreases by another ~0.2 eV, this behaviour cannot be 

attributed to the defects formation alone. The reduction in Ea is therefore also attributed 

to a change in the energy of migration. The energy of migration remains similar in LiBH4 

even if there is a phase transition taking place (LiBH4 migration energy of structure Pnma 

0.30 eV and P63mc 0.31 eV).16,61 As previously mentioned, a highly Li-ion conductive 

interface layer between LiBH4 and the oxide is described in literature. This is considered 

to be the cause in reduction of the energy of migration within the structure.55 

 

Figure 19. Li-ion conductivity of (a) LiBH4-MgO, (b) LiBH4- ZrO2(RC), and (c) LiBH4-ZrO2 (OX) at 
40, 100, and 120 °C as a function of the pore filling. Dashed lines are a guide for the eyes. 
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The dependence of pore filling at different temperatures for MgO and ZrO2 are shown in 

Figure 19. As described in the introduction, it has been described in literature that the 

right pore filling percentage can give the highest Li-ion conductivity. It is reported that 

80% pore filling gives the highest Li-ion conductivity (4.1 × 10-5 S cm-1 at 40°C) for 

composite of LiBH4 - SiO2.11  The trend with the highest Li-ion conductivity at a pore 

filling between 80-100% pore filling is in line with the results found in this thesis. In the 

case of MgO, it has already been reported in literature that a pore filling of 100% has the 

highest Li-ion conductivity, and these results are reproduced shown in Figure 19a.24 

Figure 19b shows the LiBH4 - ZrO2 samples with the RC-100 oxide, here the composite 

with 80% pore filling shows the highest Li-ion conductivity at low temperatures (RC 2). 

When the temperature is increased this shifts to the 100% pore filling sample RC 5 (5. 

89 × 10-5 S cm-1 at RT) which has a similar conductivity at RT temperatures as RC 2. This 

can be explained with the thickness of the LiBH4 fractions. RC 5 contains a 2.9 nm 

LiBH4 layer, when this layer is above the 2 nm as described before it possesses a LiBH4 

bulk fraction. This fraction does not form a highly conductive interface with the oxide 

and undergoes a phase transition to the hexagonal structure upon heating, contributing 

to the Li-ion conductivity at higher temperatures. RC 2 has a thickness of 2.3 and thus 

has less LiBH4 bulk which contributes to the Li-ion conductivity at higher temperatures. 

Figure 19c shows LiBH4 - ZrO2 samples with the DK-1 oxide. The samples with the Dk-1 

oxide exhibit higher Li-ion conductivity than the RC-100 oxide. The OX 3 sample shows 

the highest Li-ion conductivity under the ZrO2 composites and possesses a pore filling of 

66% which is closest to the 80-100% pore filling range compared to the other DK-1 oxide 

samples (35 and 196 pore filling).  

The higher Li-ion conductivity of DK-1 oxide composites  compared to the RC-100 can be 

linked to the lower SBET and Vp (see Table 1). Literature describes that the quantity of the 

grain boundaries will decrease when the total surface area is smaller, the lower quantity 

of grain boundaries have a positive effect on the Li-ion conductivity.43,42  The difference 

in Li-ion conductivity may therefore be due to the fact that RC 2 and OX 3 both possess 

a LiBH4 thickness of 2.3 nm but OX 3 possesses less grain boundaries effecting the Li-ion 

conductivity positively.  

After showing the highest Li-ion conductivity for the first time with LiBH4- ZrO2 

composites. It is confirmed that the pore filling method can predict the highest Li-ion 

conductivity for LiBH4 – oxide composites showing the optimal v/v% ratio. The effect of 

assembly pressure (also called fabrication pressure) also effects the Li-ion conductivity 

and will therefore be investigated using different v/v% ratios.   

Assembly pressure  

During all pore filling and assembly pressure experiments, the amount of sample being 

weight was taken into account. The amount of sample was calculated to obtain a 

theoretical volume between 30 and 33 mm3. This was done to compare changes in volume 

and thickness. The sample holder had a diameter of 10 mm so the maximum achievable 

assembly pressure during cold pressing was 250 MPa when applying a force of 2 tons. In 

the XRD data, it was found that no changes could be observed when the mixtures were 
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cold pressed with the maximum assembly pressure as described earlier (see Figure A2 of 

the appendix).  

When increasing assembly pressure is applied to the SSE pellets, two main effects take 

place. Besides the pellet decreasing in thickness with increasing assembly pressure, a 

change in Li-ion conductivity was observed by performing EIS measurements at each 

assembly pressure for all SSE. Examining the formula for calculating Li-ion conductivity 

(𝝈 =  
𝒕

𝑨𝑹
 ), one would expect lower Li-ion conductivity when the thickness decreases and 

the area remains constant, but in contrast, the Li-ion conductivity increases due to a 

greater decrease in resistance within the system. Figure 20 shows the Li-ion conductivity 

of as-received and ball-milled LiBH4 as a function of the assembly pressure applied to 

form the pellet. The decrease in thickness of the LiBH4 SSE pellet can be found in Figure 

6A of the appendix. 
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Figure 20. Li-ion conductivity as a function of the assembly pressure of  LiBH4 as-received and ball-
milled. 

LiBH4 as-received and ball-milled are shown where the Li-ion conductivity increases with 

increasing assembly pressure. Both as-received and ball-milled LiBH4 have increased Li-

ion conductivity of 244% (7.7 × 10-9 S cm-1 with 63 MPa to 1.88 × 10-8 S cm-1 with 250 MPa 

at RT) and 157% (6.49 × 10-7 S cm-1 with 63 MPa to 1.02 × 10-6 S cm-1 with 250 MPa at RT) 

respectively. This increase in Li-ion conductivity may have several causes. Reported in 

literature a possible explanation can be assigned to the densification of the samples, 

allowing the Li+ ions to diffuse readily inducing rearrangement of the ions. This 

rearrangement results in a densification of the structure creating more free volumes, 

which facilitates ionic diffusion.62 In other literature it is described that a phase transition 

of  LiBH4 from orthorhombic to hexagonal can take place at high pressures and RT, and 
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that until a pressure of 1.4 GPa is reached the orthorhombic and hexagonal coexist. The 

possibility exists that a small fraction of hexagonal LiBH4 is present, resulting in higher 

Li-ion conductivity within the structure.45,63 Another factor that could increase the Li-ion 

conductivity can be linked to the decreasing quantity of grain boundaries and pore 

volume described earlier. But this effect is mainly associated with oxides where grain 

boundaries  have a great influence on the conductivity.42,43,62  

Increasing the assembly pressure shows a increasing effect on the conductivity up to 400 

MPa for some SSE in literature.43,62 Figure 21 shows that this is not the case for a part of 

the LiBH4 - oxides composites prepared in this study. 

The increasing Li-ion conductivity effect caused by increasing assembly pressure seems 

only to occur at v/v% above 30% for the three different oxides. Below 30%, the increasing 

Figure 21. Li-ion conductivity as a function of oxide volume ratio and assembly pressure of (a) LiBH4 
–MgO, (b) LiBH4 – ZRO2 (RC), (c) LiBH4 – ZrO2 (OX), and (d) all LiBH4 – oxide composites. Dashed 
lines are a guide for the eyes. 
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assembly pressure shows no trend for the Li-ion conductivity. Above 30 v/v%, it is 

observed that the Li-ion conductivity shows an increasing trend from low to high 

assembly pressures. This trend can be explained by the hardness of the oxides and the 

amount that is mixed with the LiBH4 to form specific composition and influence the 

mechanical properties.  

The hardness depends on the Bulk modulus (B) representing the resistance to fracture a 

material and shear modulus (G) represents the resistance of plastic deformation for a 

material. LiBH4 (B = 52 GPa; G = 44 GPa)63 exhibits lower B and G values compared to 

MgO (B = 163 GPa; G = 127 GPa)64 and ZrO2 (B = 188 GPa; G = 86 GPa)65 at RT according 

to the generalised gradient approximation, making LiBH4 a softer material than the 

oxides.63,66  

With the presence of the harder oxides, the mechanical properties of the composites such 

as hardness end flexibility change. This change makes it more difficult for the LiBH4 to 

undergo rearrangement and densification which, in the case of LiBH4, may be a 

consequence of increasing Li-ion conductivities as earlier described. With low quantities 

of oxide in the composite, the assembly pressure will still cause an increasing effect on 

the Li-ion conductivity, but not significantly as shown with pure LiBH4. Simultaneously, 

by increasing the assembly pressure there is loss in pore volume and so surface area from 

the oxide. The loss in surface area of the oxide decreases the amount of oxide - LiBH4 

interface which is highly conductive. Since the oxide is present in low quantities and 

LiBH4 dominates the volume the decrease in this interface will have a negative influence 

on the Li-ion conductivity. Due to these two situations occur simultaneously, the random 

trend of Li-ion conductivity can be described when low oxide quantities below the 30% 

are present in the composites.43,44 

However, when the oxide quantity increases, the positive effect of increasing the 

assembly pressure on the Li-ion conductivity seem to be present. At the higher v/v%, the 

presence of the oxide is in larger quantities, leaving enough surface area for LiBH4 to form 

the highly conductive interface. When the assembly pressure increases, LiBH4 is forced 

to form an interface with the oxide due to the decreases in empty space within the sample 

(explained below). In addition, the pore volume and grain boundaries of the oxide 

decreases which can also give additional Li-ion conductivity within the structure.43,44  

The decreases in thickness (volume) as a function of the assembly pressure for all SSE 

sample are shown in Figure A5 till A7 of the appendix, Figure 22 shows an example of 

RC 5 SSE. With the thickness, the real volume (Vr) can be calculated and the weight 

weighed during sample preparation can be used to calculate the theoretical volume (Vt) 

of the SSE (see formula chapter 4.2). With the theoretical and real Volume, the empty 

space between the grains can be determined with the following formula: 

% 𝒆𝒎𝒑𝒕𝒚 𝒔𝒑𝒂𝒄𝒆 𝒊𝒏 𝑺𝑺𝑬 = (
𝑽𝒓

𝑽𝒕
∗ 𝟏𝟎𝟎) − 𝟏𝟎𝟎  
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The empty space can be translated into the void space between the grains (particles LiBH4 

and oxide) in the mixtures. A schematic example is shown in Figure 23, which shows that 

at low pressure, the grains are not yet in complete contact with each other, giving a higher 

real volume compared to the theoretical volume of the sample. With increasing pressure, 

eventually the point is reached where there is no more space for the grains (Vr = Vt), 

introducing the principle of bulk modulus. At this point the grains can no longer fill the 

empty space with increasing pressure but are compressed resulting in the shrinking of 

the grains.63–68 

 

In Figure 24a, RC 6 is taken as an example of the correlation between assembly pressure 

and empty space. The data point that lies closest to 0% empty space with a given assembly 

pressure is then plotted against the v/v% that the sample exhibits. In Figure 24b, this is 

done for all samples prepared during this study. 

The ZrO2 samples seem to need less pressure to remove the empty space from the sample 

compared to MgO. A trend is observed where ZrO2 runs steeper upwards which implies 

Figure 23. Schematic illustration of decreasing the empty space with increasing pressure (first two 
images), followed by the principal of the Bulk modulus of shrinking grains (last images). 

Figure 22 Thickness and empty space as a function of assembly pressure with RC 5 SSE. dashed 
line is the theoretical thickness of the SSE pellet. 
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that the 0% empty space can be achieved at lower assembly pressure. But also that the 

pressure needed to reach empty space 0% increases increasing the amount of oxide 

particles.  

 

Using the Bulk and Shear modulus B/G can be calculated, this values can provide 

information about the ductility and brittle behaviour of materials. If B/G > 1.75, the 

material behaves in a ductile manner, when B/G < 1.75 the material behaves in a brittle 

manner.63,66 For MgO, B/G gives a value of  1.15 which claims brittle properties and ZrO2, 

a B/G value of 2.18 which suggests that the properties are more ductile. The ductile 

properties of ZrO2 therefore give more flexibility, which means that less high pressure is 

needed to remove the empty space and confirming the assumption made before. Using 

this knowledge, it can be concluded that for ZrO2 lower assembly pressure is needed to 

achieve maximum Li-ion conductivity.  

The SSE conductive and mechanical properties with addition of oxide and different 

assembly pressures were studied. Showing that the Li-ion conductivity is increased 

reaching a  maximum when the pore filling is within a range of 80 till 100%. The positive 

effect on the Li-ion conductivity with increasing assembly pressure has been 

demonstrated when there are v/v% above 30%. For both MgO and ZrO2, the samples with 

pore filling between the range of 80 and 100% possess a v/v% above the 30%. Now that 

the conductive  and mechanical properties of the different SSEs have been optimised, the 

electrochemical stability can be examined. 

Figure 24. a) Thickness and empty space as a function of assembly pressure with RC 5 SSE. dashed 
line is the theoretical thickness of the SSE pellet. b) assembly pressure related to 0% empty space as 
a function of volume ratio of the oxide. Dashed line is a guide for the eyes.  
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5.3 Electrochemical stability  

To evaluate the electrochemical stability window of the SSE, cyclic voltammetry 

measurements at RT were performed on MgO 53 and RC 5 each possessing a pore filling 

of 100 %, carbon black: GMP-500 was used to increase the signal during the measurement 

(explained in chapter 3). In Figure 25a, it is observed that two cathodic peaks (reduction 

peaks) and one anodic peak (oxidation peak) are present both MgO and ZrO2 sample 

during the first cycle. Gulino et al (2021)24, does not describe such an effect when using 

the same MgO 53. Here it was found that MgO does not affect the electrochemical 

stability of LiBH4 and the oxidative limit was found at 2.3 V vs. Li+/Li as described in other 

literature.69  

To ensure that the reduction peaks did not come from the copper or carbon black used 

in the system, an additional cyclic voltammetry was performed with a different carbon 

black (KJB-600) was used at the working electrode sides and no copper was used (see 

Figure A9 of the appendix for the cyclic voltammetry). Again, the reduction peaks were 

observed and indicates that the peaks come from contamination within the system. 

Literature describes that stainless steel 304 is prone to oxidation when in contact with a 

salt environment. Especially aggressive species such as Cl- and H+ can affect the 

passivation film and thus introduce corrosion to the surface of the stainless steel. The 

sample holders is made out of this stainless steel 304, and after use, is quenched in water 

that has been in contact with different substances that can introduce Cl- and H+ ions. The 

reduction peaks of corroded/oxidised stainless steel 304 have been reported in literature 

at 1.5 and 2 V vs. Li+/Li, assigned to the reduction of the air-formed Fe-oxide and/or Cr-

oxide and other pitting corrosion products.70–72 After multiple cycles shown in Figure 25b 

for ZrO2, the contamination peaks are gone. At this point the oxidative limit was 

determined at ~2.4 V vs Li+/Li which is slightly above values of LiBH4 in literature. This 

suggest that the addition of ZrO2 slightly effects the electrochemical stability window and 

Figure 25. a) Linear sweep voltammograms of the first cycle with Li | SSE | MgO: GMP-500 | 
stainless steel cells at scan rates of 100 µV s-1 from 1 to 5 V vs. Li+/Li at RT. b) ) Linear sweep 
voltammograms of cycle 2 till 8 with Li | RC 5 | MgO : GMP-500 | stainless steel cells at scan rates 
of 100 µV s-1 from 1 to 5 V vs. Li+/Li at RT. 
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can cause side reactions during galvanostatic cycling, influencing the performance of the 

system. As described in literature MgO shows no influence on the electrochemical 

stability.24,69  

5.4 Stack pressure  

Mechanical short-circuit  

With the help of stack pressure, chemical compatibility towards lithium metal is 

evaluated below. The limits of the stack pressure are explored by inducing a mechanical 

short on different Li| MgO |Li symmetric cell at RT. By increasing the stack pressure and 

performing EIS measurements in between, the resistance can be monitored at specific 

stack pressures. When the stack pressure has reached the limit of the system, Li-creep 

occurs through the SSE causing a short circuit. Table 4 shows the properties of the SSE 

with the range where the mechanical short occurred (for the data points see Figure A9 

of the appendix). For MgO 26 and MgO 53, a 4 mm cell (max. stack pressure 178 MPa) 

was used to reach higher stack pressures compared to the 10 mm cell (max. stack pressure 

25 MPa). 

 Table 4. Mechanical induced short-circuit data for MgO samples. 

 

 

 

 

 

*4mm diameter sample holder used to reach higher stack pressures  

The mechanical induced short of MgO 53 was observed between 111-140 MPa and MgO 26 

shorts at a range between 78 - 88 MPa stack pressure, both above the maximum stack 

pressure (25 MPa) of the 10 mm cell used in the galvanostatic stripping and plating study. 

It is found that increasing the amount of nanoparticles (from 26 to 53 v/v%) in the system. 

has a positive effect on the mechanical properties of the system.  

MgO 74 has a higher oxide content which means it is a harder material, however, the 

short already occurs at much lower values between 5 and 10 MPa. The cause of the earlier 

short can be linked to the brittle structure of MgO as described earlier. If the sample 

consists largely of MgO, the SSE pellet is brittle and can therefore break easily when 

pressure is applied. The mechanical short and thus the breaking of the system occurs at 

the same time that the yield strength of MgO is reached (yield strength of MgO is 

between 6 and 9 MPa).73  This means that the dominant volume of MgO cannot deform 

elastically to repair the cracks in the system. These cracks allow the Li to creep through 

when it exceeds its own yield strength (0.8 MPa)39, resulting in rapid short-circuiting. 

This shows that when high v/v% oxides are added to LiBH4 not only the Li-ion 

conductivity decrease again (compared to lower v/v%), it also reduces the positive effects 

of the mechanical properties. 

Sample  Theoretical 
volume (mm3) 

Pressure range short (MPa) 

MgO 26* 6.43  78 – 88  

MgO 53* 7.54  111 – 140  

MgO 74 25.36 5.3 – 6.4  

MgO 74  34.49 8.1 – 10.3  
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The low Li-ion conductivity and poor mechanical properties of MgO 74 give reason to 

not further study this composite in galvanostatic experiments. The other MgO samples 

have high Li-ion conductivity and possess the mechanical strength to withstand high 

stack pressures. Together with RC 5, these three samples are further evaluated on the 

chemical compatibility with lithium metal using stack pressure.  

Contact resistance 

Using the same method used for the mechanical induced short experiment, the 

Li|SSE|Li symmetric cells with MgO 26, MgO 53, and RC 5 were exposed to a stack 

pressure up to 25 MPa. Figure 26 shows two samples MgO 26 (Figure 26a) and RC 5 

(Figure 26b) with an example of the contact resistance (Rc = Rint) gradient when 

applying increasing stack pressure, Rc is calculated using: 𝑹𝒄 =
𝑹𝒕𝒐𝒕𝒂𝒍− 𝑹𝑺𝑺𝑬

𝟐
𝑨 . The Rc 

indicates the order of contact between the SSE and the lithium metal interface. When 

contact is lost this will cause the total resistance (Rtotal) of the system to increase, better 

contact along the interface will result in a decrease in Rtotal. It is assumed that the 

resistance of the pellet (RSSE) remains the constant.  

During measurement, it was found that the zero value where no stack pressure is yet 

applied to the system (0 MPa) is affected in the way the sample holder is closed. For 

example, MgO 26 gives an Rc of 354 Ω cm2 at 0 MPa and RC 5 at 0 MPa has an Rc of 84265 

Ω cm2. These large differences at the zero value are caused by carefully closing the sample 

holder, trying to avoid applying a compressive force to the lithium metal and SSE.  

When a stack pressure is applied to the system and the pressure reaches or exceeds 0.8 

MPa (the yield strength of Li)39, a significant improvement in contact is observed (see 

Figure A10 of the appendix for other samples). As the stack pressure increases further 

up to the maximum pressure of 25 MPa, the Rc continues to decrease for both the MgO 

samples and RC 5. However, it is observed that the samples with MgO achieve a lower Rc 

compared to the ZrO2 samples. A possible explanation for the different Rc values can be 

Figure 26. Contact resistance as a function of stack pressure of (a) Li | MgO 26 | Li, and (b) Li | RC 
5 | Li at RT.  
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identified with the EIS. An example of EIS measurements using different stack pressures 

for the MgO and ZrO2 samples are shown in Figure 27.  

The EIS data shown in Figure 27a is related to the MgO 26 and Figure 27b is the RC 5 

sample. A different Warburg impedance effect in the lower frequency area after 100 Hz 

was observed from the obtained EIS measurements. Whereas the MgO has a constant 

slope indicating a semi-infinite diffusion layer trend and showing the data points in a 

much smaller area after the 100 Hz. The ZrO2 EIS shows a much large semi-circular trend 

after the 100 Hz, indicating a limited diffusion layer as shown in Figure 12 in chapter 3.4. 

The semi-infinite diffusion layer trend with MgO shows that diffusion in one dimension 

takes place at the electrodes and thus allows a reversible electrochemical reaction to take 

place. However, ZrO2 shows finite diffusion behaviour in the EIS which means that the 

diffusion is limited. This response can be associated with diffusion through a layer with 

finite length. This means that mass transport limitations occur between the lithium metal 

and RC 5 SSE which implies results in more resistance in the system.47,48,50  

Concluding, It was shown that the contact resistance could be reduced to a minimum 

value at 25 MPa and that after release of the stack pressure this low Rc is maintained (see 

Figure 26 blue data points). The same symmetrical cells with reduced Rc were used in 

the galvanostatic stripping and plating study.  

Galvanostatic stripping and plating  

Four experiments are shown below where galvanostatic stripping and plating was 

performed on different Li|SSE|Li cells: MgO 26 (Figure 28), MgO 53 (Figure 29), and RC 

5 (Figures 30 and 31). During stripping and plating, a stack pressure was applied to the 

system and then held constant for 3600 seconds. Between each stripping and plating 

sweep, an EIS was measured to observe the Rc at that time. At the same time, the 

mechanical pressure applied was monitored every second to see if change in pressure 

affects the stripping/plating process and vice versa. In Figures 28 to 30, the stack 

Figure 27. Impedance spectra shown on the Nyquist plot for (a) Li | MgO 26 | Li and (b) Li | RC 5 | 
Li at RT under different stack pressures. The dashed line marks the data point obtained at 100 Hz.  
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pressure was increased each time after 20 stripping and plating cycles (40 hours), with an 

exception of 1.4 MPa which underwent 32 cycles (64 hours). This was repeated until the 

symmetrical cell suffered a short-circuit or the maximum stack pressure of 25 MPa was 

reached. In the experiment in Figure 31, the stack pressure was kept constant until a 

short-circuit was encountered. The stack pressure was chosen at 6 MPa following the data 

obtained from Figures 28 to 30. Table 5 shows some properties and date of the following 

measurements. 

Galvanic cycling in a Li|MgO26|Li symmetric cell at RT shows reversible lithium stripping 

and plating at the SSE surface for more than 200 hours under different stack pressures up 

to 25 MPa. The cell polarization slight increases over this period of time from 17 mV to 20 

Figure 28. Galvanostatic cycling profiles of a symmetric Li | MgO 26 | Li cell at RT with a constant 
current density of 25 µA cm-2 for 60 min sweeps, applying a stack pressure between the 0 and 25 MPa. 
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at a stack pressure of 1.4 MPa. When a stack pressure between 5 and 15 MPa is applied, 

the cell polarization seems to remain rather stabile in the range of 20 mV. This trend also 

seems to occur with the Rc, where the Rc increases at 1.4 MPa it seems to be constant 

between 5 and 15 MPa stack pressure. The cell polarisation seems to become less stable 

when stack pressures of 20 MPa and higher are applied resulting in a short-circuit during 

the 25 MPa. During stripping and plating, occasional pressure peaks appear in the 

pressure monitoring. At the same time, an improvement in contact between the SSE and 

lithium metal (reduction of the Rc) is observed and a drop / increase in the cell 

polarisation during positive/negative applied current. This is in agreement with ohm's 

law (decrease in R gives a decrease in potential with a constate current A). The cause of 

the pressure peaks remains unclear and are likely caused by void formation and 

replenishment of the voids. The formation of voids brings a higher volume to the system 

resulting in increasing pressure, replenishing these voids will lower the volume of the 

system duo to filling of empty space with lithium resulting in lower pressure. 
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The Galvanic cycling of Li| MgO 53 |Li symmetric cell at RT shows a widening polarisation 

within the system during lithium stripping and plating behaviour. During the positive 

current sweep the potential increases to a higher potential over time (pointy profile). 

During the negative current sweep the potential starts more negative than at the end of 

the sweep. This continues for 220 hours until a significant change occurs when applying 

a stack pressure of 20 MPa. Resulting in a stable lithium stripping and plating profile with 

a flat potential during the sweep. This stable profile is maintained for 160 hours until a 

short-circuit appears within the system. Simultaneously, the cell polarisation 

continuously increases to about 36 mV at 1.4 MPa stack pressure, after which the 

polarisation decreases when a change in stack pressure takes place and repeats until a 

stack pressure of 20 MPa was applied. At this point the stable profile was reached and a 

Figure 29. Galvanostatic cycling profiles of a symmetric Li | MgO 53 | Li cell at RT with a constant 
current density of 25 µA cm-2 for 60 min sweeps, applying a stack pressure between the 0 and 25 MPa. 
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stable polarisation of 10 mV is present (Figure A11 of the appendix shows the different 

profiles). The Rc shows a large difference between the positive and negative current 

sweeps, before the stable profile occurs. At the stack pressure of 5, 10 and 15 MPa the 

constant trend of Rc was observed only during the positive currents sweeps. During 

negative current sweeps, the Rc increases at these stack pressures indicating that there is 

a difference between the two lithium sides of the symmetric cell. This difference in Rc 

disappears when after 160 hours the stable potential emerges. Which shows that the 

system recovers during stripping and plating when applying a stack pressure. 
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The galvanic cycling of Li| RC 5 |Li shows unstable stripping and plating with polarisation 

spikes up to 150 mV. The unstable cycling quickly results in a Rc below zero after 5 hours. 

An Rc below zero indicates that the resistance of the system is lower than the resistance 

of the SSE pellet obtained before the measurement in contact with the lithium electrodes. 

The cause of this can be assigned to the penetration of lithium through the SSE causing 

dendrites penetration. The finite diffusion behaviour of ZrO2 with the lithium metal 

previously observed in the contact resistance study could be the cause of the poor 

polarisation within the system. A stack pressure of 5 MPa does seem to provide more 

stability. However, Over the whole measurement the pressure profile appeared to be very 

unstable decreasing and increasing between every sweep. A possible explanation for the 

Figure 30. Galvanostatic cycling profiles of a symmetric Li | RC 5 | Li cell at RT with a constant 
current density of 25 µA cm-2 for 60 min sweeps, applying a stack pressure between the 0 and 25 MPa. 
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origin of these differences during sweeps could be the diffusion limit. This causes mass-

transfer problems resulting in voids and thus expanding the volume of the system 

increasing and decreasing the pressure in subsequent sweeps.  

In general, the three symmetric cells described above show a stable impression at a stack 

pressure range between 5 and 10 MPa when searching for a constant Rc. Keeping the stack 

pressure constant at this range may guarantee a constant and improved contact between 

the SSE and lithium. To evaluate a constant pressure in this range a second Li| RC 5 |Li 

symmetric cell measurement with a constant stack pressure of 6 MPa was performed.  

Figure 31. Galvanostatic cycling profiles of a symmetric Li | RC 5 | Li cell at RT with a constant 
current density of 25 µA cm-2 for 60 min sweeps, with a starting stack pressure of 6 MPa.  
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The constant stack pressure of 6 MPa shows a more stable polarisation compared to the 

Li| RC 5 |Li symmetric cell shown in Figure 30, still showing spikes in the polarisation. 

After 20 hours, the Rc drops below zero with the lowest point of the polarisation 5 mV. 

Subsequently, the Rc gains a positive value and the polarisation shows a broadening 

increasing trend. Both the polarisation and Rc continue to increase in a constant trend 

for 175 hours when the short-circuit is detected. During this measurement instable 

pressure profile after every sweep was observed. This means the ZrO2 introduces some 

limitations to the system and needs further investigation in future studies. 

 Table 5. Properties and data of the symmetric cells used in Figure 28 till 31.  

 

  

SSE  Volume (mm3) Thickness 
(mm) 

Max. stack pressure 
(MPa)  

Polarisation range 
(mV) 

Total duration 
cycling  

MgO 26 36.13 (Vt= 37.97) 0.460 25  18 - 22  241 hours  

MgO 53  44.17 (Vt= 43.67) 0.562 25 10 - 36 368 hours  

RC 5  24.01 (Vt= 28.44) 0.305 10 11 – 128 (spikes up to 150) 101 hours 

RC 5  13.46 (Vt= 26.14) 0.171 Constant pressure 5-6  5 – 43 (spikes up to 60) 175 hours  
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Galvanostatic cycling with potential limitations 

The electrochemical properties of the RC 5 SSE were assessed in an ASSB. TiS2 was used 

as the cathodic electrode and lithium metal as the anode. The Li-ion conductivities of RC 

5 (5. 89 × 10-5 S cm-1 at RT) is high enough to investigate an ASSB cycling at RT by 

applying a low current.74 A Li | RC 5 |TiS2 : RC 5 cell (maximum current density C = 0.611 

mAh) using a current of 30.5 µA (C/20) was measured during charging and discharging. 

The experiment had potential limitation boundaries of 1.5 and 2.6 V. Figure 32 shows the 

Galvanostatic Cycling with Potential Limitation of this cell. 
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Figure 32. Voltage profiles of Li | RC 5 | TiS2: RC 5 cell for a rate of C/20 (30.5 µA) at RT. 

 

At the second and third charging cycle, the potential limitation was reached switching to 

the discharge cycle. From here, several spikes can be seen in the charging ramps, resulting 

in cell failure during cycle four. The maximum charge capacity seems to be reached in 

cycle two and three at 400 to 450 mAh g-1 causing the potential limitation switch. This 

maximum charge capacity is much lower than the first charging cycle, which is above 540 

mAh g-1. What was noticed is that the spikes were not present during discharging, which 

is also observed in Gulino et al (2021)24. In this study, measurements were performed 

using an MgO 53 SSE in an ASSB, with the same TiS2 cathode (Li | MgO 53 |TiS2 ). Here it 

is suggested that it was inhomogeneous Li-plating caused by the current density 

exceeding the critical current density, in this case the critical current for plating. As 

described in the introduction, this critical current for plating can be influenced by the 

stack pressure. The discharge capacity of the second discharge cycle is 538 mAh g-1 which 

is significantly higher than the first discharging cycle 467 mAh g-1. A similar effect is 

observed in Gulino et al (2021)24, with a Li | MgO 53 |TiS2 cell at RT and Unemoto et al 

(2015)25, with a Li | LiBH4 |TiS2 cell at 120°C. Here, this effect is linked to a partial 
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instability of the LiBH4 - TiS2 interface. This interface causes the formation of H2 and Li , 

due to the possible formation of Li2B12H12-based solid electrolyte interface layer. This layer 

is poor conductive at temperatures below 60°C (lower than 10−6 S cm−1), resulting in self-

discharging from the battery by self-diffusion of these formed components. 
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Figure 33. Voltage profiles of Li | RC 5 | TiS2: RC 5 cell for a rate of  C/20 (6.09 µA) at 60°C. 

A new Li | RC 5 |TiS2: RC 5 (maximum current density C = 0.287 mAh) cell under a current 

density of 6.09 µA at 60°C was cycled to provide insight on the temperature effect on the 

self-diffusion caused by the LiBH4 - TiS2 interface. Figure 33 shows the Galvanostatic 

Cycling with Potential Limitation of the cell under a temperature of 60°C. Here it can be 

concluded that the C value was underestimated / miscalculated and therefore the 

maximum capacity could not be reached during Charging and Discharging. The self-

discharge effect was also noticed in this high temperature study. The lower specific 

capacity during discharge cycle one compared to discharge cycles two was present. The 

experiment was shut down at the third discharge due to the too low estimated C value. 

Future experiments should show whether the higher temperature can lead to better 

kinetics in the cell resulting in a longer cycle life.  
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6. Conclusion 

In this thesis, solid-state electrolytes have been synthetized via mechanochemical 

treatment of LiBH4 with MgO and ZrO2. Adding both MgO and ZrO2 to LiBH4 

significantly improved Li-ion conductivity up to five orders of magnitude, due to the 

formation of a highly conductive interface. The solid-state electrolyte compositions that 

achieved the most enhanced Li-ion conductivity had an 80 till 100% pore filling of the 

oxide with LiBH4. Showing that the pore filling model described in literature works for 

LiBH4 – oxide composites.   

The effect of assembly pressure on the Li-ion conductivity performance has been studied. 

An increased trend of the Li-ion conductivity was observed for LiBH4 when the assembly 

pressure is increased during cold pressing of the solid-state electrolyte pellet. After 

adding the oxides, this trend was not seen until an oxide v/v% of 30% or higher was 

reached.  

The composition LiBH4 - MgO (2.3 V vs. Li+/Li) shows no effect on the electrochemical 

stability window of LiBH4 and was similar to pure LiBH4 (2.2 V vs. Li+/Li). The 

composition LiBH4 - ZrO2 (2.4 V vs. Li+/Li). EIS shows a finite diffusion behaviour at low 

frequencies in ZrO2 samples with a lithium interface and showed that there was indeed 

an effect of ZrO2 on the electrochemical stability compared to MgO not possessing this 

finite diffusion behaviour.   

At room temperature, different stack pressures were applied on symmetrical cells. With 

this stack pressure, the ranges to introduce a mechanically induced short-circuit were 

determined of the samples MgO 26 v/v% (78 - 88 MPa), MgO 53 v/v% (111 - 140 MPa), and 

MgO 76 v/v% (5 - 10 MPa). Here it was shown that mixtures of LiBH4 - MgO can handle 

high stack pressures, but too high oxide concentrations make the pellet brittle and result 

in a rapid mechanical short-circuit. With stack pressure, it was also shown that the 

contact between LiBH4 - oxide and lithium could be significantly improved (example 

from RC 5 sample: 84265 Ω cm2 to 840 Ω cm2 at 25 MPa). By improving the contact in 

advance, subsequent galvanostatic stripping and plating measurements at room 

temperature under different stack pressures were performed. This concluded that for the 

LiBH4 - oxide solid-state electrolytes, a stack pressure between 5 and 10 MPa will result 

in the longest cycling life for all-solid-state batteries.  

At last, it was demonstrated that LiBH4-ZrO2 were used in an all-solid-state batteries 

when a low current is applied to the system. Here it was found that self-discharging 

occurs due to the interaction between LiBH4 and TiS2 cathode.  

In conclusion, complex hydride - oxide compositions can achieve high Li-ion 

conductivity and are a promising solid-electrolyte for the search in all-solid-state 

batteries. However, ZrO2 seems to have an effect on the electrochemical stability of the 

system and is therefore not recommended. Stack pressure enable improved contact 

between the lithium and solid-state electrolyte and can keep this interface constant 

during cycling and may be the solution in longer cycling life in all-solid-state batteries.   
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7. Outlook  

This research has shown that mixing oxides with a complex hydride such as LiBH4 can 

significantly enhance Li-ion conductivity. Additionally, it can also make the solid-

electrolyte harder or more ductile improving the mechanical properties. A suggestion for 

future research is to search for the optimal Li-ion conductivity within the range of 80 to 

100% pore filling with other complex hydrides and oxides exploring all possibilities.  

The effect of assembly pressure also appears to have a significant impact on Li-ion 

conductivity, and further research with assembly pressures above 250 MPa is needed to 

better understand this trend and find the maximum Li-ion conductivity. However, it 

should be noted that RVS 304 (material of the sample holder) has a yield strength of 454 

to 584 MPa, which means going beyond this pressure will damage the cell.71  

The effect of stack pressure seems to make a big difference on the contact between the 

interface of the SSE and lithium metal. However, the method of adding the lithium metal 

electrodes during the sample preparation creates differences in the symmetry of the cells, 

and a way must be found to manufacture cells in a similar manner to always obtain the 

same symmetrical cell. Through many experiments with different constant stack 

pressures and applied currents, the optimal stack pressure and critical current density 

can be found for improved cycling-life.  

When the cycling life is improved this can also be applied to ASSBs. With the use of stack 

pressure, cycling of complex hydride ASSBs without high temperatures may be possible. 

As known, stack pressure has an effect on the anode (lithium metal) indicating that there 

may also be an effect on the cathode and needs to be studied.  

The findings in this thesis provide perspective, but much more needs to be done to bring 

the energy transition to the next stage with these next-generation ASSBs.  
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Figure A1. XRD patterns of different LiBH4- MgO volume fraction composites (In this thesis the 
same MgO samples from Gulino et al. (2021)24 are used). Circles: orthorhombic LiBH4, Squares: MgO. 
Taken from Gulino et al. (2021)24.  

 

Figure A2. XRD patterns of LiBH4- ZRO2 SSE pellet composites with increasing assembly pressure 
Red 63 MPa, blue 162 MPa, and green 250 MPa . 
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Figure A3. Li-ion conductivity of the first heating temperature-dependent EIS cycle of all  LiBH4 – 
oxide composites. 

Figure A4. Li-ion conductivity of the three heating and cooling temperature-dependent EIS cycle of  
LiBH4 – oxide composites with on the left an MgO sample and right ZrO2 sample, showing good 
stability.  
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Figure A5. Thickness and empty space as a function of assembly pressure with of different SSE. The 
dashed line is the theoretical thickness of the SSE pellet. 
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Figure A6. Thickness and empty space as a function of assembly pressure with of different SSE. The 
dashed line is the theoretical thickness of the SSE pellet. 
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Figure A7. Thickness and empty space as a function of assembly pressure with of different SSE. The 
dashed line is the theoretical thickness of the SSE pellet. 
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Figure A8. Linear sweep voltammograms of cycle 2 till 8 with Li (no Cu disk) | RC 5 | MgO : KJB-
600 | stainless steel at scan rates of 100 µV s-1 from 1 to 5 V vs. Li+/Li at RT. 

Figure A9. Contact resistance as a function of stack pressure for  Li | SSE | Li at RT. for the 
mechanical induces short-circuit measurements.  
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Figure A9. (top left) Pointy profile positive current, (bottom left) pointy profile negative current,(top 
right) stable profile positive current, and (bottom right) stable profile negative current. During a 
galvanostatic cycling profiles of a symmetric Li | SSE | Li cell at RT. 

Figure A8. Contact resistance as a function of stack pressure for  Li | SSE | Li at RT. 


