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Abstract 

Majority of the energy in current world is produced and consumed by burning non-renewable 

fossil fuel sources such as coal, oil, and natural gas, etc. It is taking a toll on our planet earth due 

to high rates of carbon and greenhouse emissions. This calls for an urgent need of energy 

transition from conventional fossil fuel to renewable and sustainable energy sources such as 

solar, wind, geothermal, etc. However, harnessing energy from such renewables are constrained 

by their intermittency and non-dispatchability, requiring some sort of efficient energy storage 

systems that can provide continuous energy supply. Batteries in general are considered as a 

reliable and conventional means of energy storage as they are used in all forms of portable 

devices and smart electronics. However, batteries with higher energy densities that can safely 

store energy for long duration and provide uninterrupted energy supply enabling high penetration 

of renewables in energy usage are still being pursued. Currently commercialized lithium-ion 

batteries (LIBs) which uses graphite anode intercalation chemistry with energy density of 220 

Wh kg-1 are approaching their ceiling of energy density defined as 300 Wh kg-1. So, it is 

imperative to develop new battery chemistries that can provide even higher energy and power 

densities to fulfill the ever-increasing energy demand. Lithium metal anodes (LMAs) shows 

ultrahigh specific capacity of 3,860 mAh g-1, low redox potential (-3.040 V v/s standard 

hydrogen electrode) and are considered an ideal replacement to conventional graphitic anode for 

realizing batteries with energy density ~500 Wh kg-1 and more. However, the violently reactive 

nature of lithium (Li) which incurs severe side reactions when they are used as LMAs results in 

electrolyte decomposition forming thick insulating solid electrolyte interphase (SEI) layer, and 

growth of fibrous dendritic structure on its surface. Use of electrolyte additives is one of the 

effective strategies to form in-situ protective SEI layer that can stabilize LMA against severe side 



reaction and suppress dendrite growth on its surface. In our work, we reported that at very low 

concentration optimal amount (3 mM) of novel electrolyte additive, gadolinium nitrate 

(Gd(NO3)3) in LiTFSI- LiNO3 ether solvent based electrolyte promotes plating/stripping of Li in 

nodular morphology, significantly suppressing dendritic and dead Li growth and enhancing cycle 

life, and stability of Li metal batteries. The as formed SEI layer composed with additive 

compounds ensures fast Li ion diffusion and suppression of Li dendrite growth by tuning the SEI 

composition and facilitating plating/stripping of Li in nodular morphology. Similarly, Solid-state 

lithium batteries are another battery technology which are generally considered as the next-

generation technology benefitting from inherent nonflammable  solid electrolytes that promotes 

safe harnessing of high-capacity Li metal. Among various solid electrolyte ionic conductors, 

cubic garnet-type Li7La3Zr2O12 (LLZO) ceramics hold superiority due to their high room 

temperature ionic conductivity (10-3 to 10-4 S cm-1) and good chemical stability against Li metal. 

However, commercialization of garnet electrolyte based solid-state batteries has been 

constrained by poor Li wetting behavior of the garnet surface resulting in interfacial mismatch, 

uneven current distribution, and high interfacial impedance. In our next work, we demonstrate a 

facile and effective process to significantly reduce the interfacial impedance by modifying the 

surface of Al-LLZO garnet-type solid electrolyte with a thin layer of silicon nitride (Si3N4). This 

interfacial layer provides an intimate chemical and physical contact with Li metal as it shows 

lithiophilic property and forms an intermediate Li metal alloy at the interface. The interface 

modified Li/garnet cells exhibited low overpotential and long-term stable plating/stripping cycles 

at room temperature compared to bare garnet. Thus, this dissertation work provides a significant 

advancement toward additive and surface engineering techniques for enhancing the overall 

performance of two different state of the art Li metal battery systems.  
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Chapter 1: Introduction 

1.1 Background 

Energy is not only the backbone in developing various infrastructures but is also vital for 

carrying out daily life activities such as sustenance, transportation, production, and overall 

societal upbringing. In current global scenario majority of energy is produced and consumed by 

burning non-renewable energy sources such as coal, oil, and natural gas etc. The exploitation of 

these fossil fuels continues to account for the largest share of energy production and 

consumption in the world, by which we are endangering our planet due to carbon and greenhouse 

gas emissions [1]. The high emission rate of these greenhouse gases by burning fossil fuel is 

raising the earth’s temperature, triggering the catastrophes such as climate change and natural 

disasters. Earth’s temperature has risen by 0.14 ℃ per decade since 1880, and 2021 was the 

sixth-warmest year on record based on National Oceanic and Atmospheric Administration 

(NOAA) data [2]. As suggested by the International Energy Agency (IEA),  the production of 

CO2 majorly from transportation and power generation sectors needs to be reduced by 21% and 

42%, respectively, by 2050 to ensure a possibility of sustainable future [3, 4]. Therefore, there is 

an urgent need of energy transition from conventional fossil fuel usage dominantly in 

transportation and power generation sectors to renewable and sustainable energy sources such as 

solar, wind, geothermal, etc. Figure 1.1 (a) shows the annual share of energy sources used for 

fuel production and consumption according to 2021 data from IEA [5]. Similarly, Figure 1.1 (b) 

shows the history and projection of global primary energy consumption by energy sources from 

2010 to 2050, data from Environmental Impact Assessment (EIA), 2021 [6]. 
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Figure 1. 1 (a) World final energy by annual share of fuel, Data: IEA (2021) [5] and (b) 

Global primary energy consumption by energy source (2010-2050), Data: EIA (2021) [6]. 

However, harnessing energy from the renewables such as solar and wind are constrained by their 

intermittency and non-dispatchability, requiring some sort of energy storage system to address 

this issue. Batteries in general have been a reliable and conventional means of energy storage 

from portable devices to smart electronics. Further, higher energy density batteries that can store 

energy for long duration are considered as solutions for issues associated with high penetration 

of renewables into the electric grid system [7]. The requirement of efficient energy storage 

systems is not only limited to electric grids. There is a continuous market demand of electric 

energy storage system in the fields of transportation (e.g. electric vehicles), residential buildings 

for power-backup, intrinsically integrated systems (e.g. solar charging batteries [8] ), etc. 

Therefore, to efficiently store the intermittent renewables and to effectively power the next 

generation electric systems, the development of energy storge systems such as batteries with high 

energy density and long cycle life is of the essence [9-14]. Among numerous energy storage 

systems, lithium-ion batteries (LIBs) hold the potential to fulfill the energy demands for each of 

(a) (b) 
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the abovementioned applications due to their high specific energy density and high volumetric 

energy density providing lighter weight and smaller size, respectively. 

1.2 Lithium-ion batteries and beyond  

Conventional rechargeable type such as lead-acid, nickel-cadmium, and nickel-metal hydride 

battery systems were the first type of rechargeable battery systems that were very popular during 

1980’s. They were mainly used in starting automotive engines, small scale power storage 

systems, and grid-scale power systems [15]. However, the specific energy and energy density of 

these type of batteries were very less, about 35-40 Wh kg-1 and 80-90 Wh L-1, respectively [16]. 

As the advancement in technologies picked up its pace the consumer market demand for 

rechargeable and portable electronics such as minicomputers and cameras went over the roof. 

These batteries were not capable to satiate the energy requirement, so there was a need of major 

technological breakthrough for alternative energy storage system with higher density, smaller 

size, and less weight. The first major breakthrough in battery science came from Whittingham et 

al. at Exxon Corporation, USA in 1979, in the form of rechargeable LIB which had lithium (Li) 

metal as anode and titanium disulfide (TiS2) as cathode [17]. Although, the battery was 

functional, the voltage output from it was only 2 V. Then, in 1979 Goodenough et al. introduced 

the use of lithium cobalt oxide (LiCoO2) as cathode material, with similar intercalation structure 

as TiS2 (Figure 1.2) which increased the voltage output of LIBs to 4 V [18]. In both of the 

battery systems Li metal was introduced as potential anode, however, the violent reaction and 

unstable nature of Li toward organic liquid electrolytes (LEs) led to safety hazards. So, 

eventually LIBs with carbonaceous anode (e.g. graphitic anode) was designed by Yoshino et al. 

from Japan in 1986 [19]. This led to commercialization of rechargeable and safe LIBs by SONY 

in 1991 [20]. Recognizing the tireless efforts for research and development of LIBs and their 
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contribution to science, chemists Whittingham, Goodenough, and Yoshino were awarded the 

Nobel Prize in Chemistry-2019 [21]. 

 

 

  

Figure 1.2 (a) Layered structure of TiS2 with intercalated Li ions by Whittingham and (b) 

Similar layered structure of CoO2 with intercalated Li ions by Goodenough [22]. 

Current commercial LIB’s which are extensively used worldwide for powering applications are 

approaching the ceiling of energy density, 300 Wh kg-1 that is allowed by intercalation 

chemistries of graphite anode. Thus, the major limiting factor for lower energy density of state-

of-the-art Li ion chemistry is the lower specific capacity of graphite anode which has a 

theoretical specific capacity of 372 mAh g-1. To overcome this limitation the studies on 

investigating higher capacity anode materials are important. As graphite provides lithiation based 

on intercalation mechanisms accommodating one Li ion per six carbon atoms, this has motivated 

the studies of anode materials that exhibit alloy-based lithiation [23-25]. One of such promising 

anode material is silicon with theoretical specific capacity of 4200 mAh g-1 [26]. However, the 

main drawback of silicon based anodes is that it undergoes a drastic volume change 

approximately 400 % during lithiation/delithiation cycles causing huge capacity fade and 

(a)  (b) 
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mechanical breakage of silicon particles. Although various strategies such as use of silicon host 

nanostructures, protective layer coating, hollow cellular host, and porous silicon materials have 

been employed, it still faces limitation on scaling up to cost effective production volume [23, 27-

31].  

As it is imperative to develop novel battery chemistries that can ascertain high energy and power 

density to fulfill ever-growing energy demand, lithium metal anode (LMA) are considered a 

promising replacement to conventional graphitic anode to realize energy density ~500 Wh kg-1 

and more [32]. Li metal as anode is an ideal candidate for replacing graphite, as it possess high 

specific capacity (3860 mAh g-1), lowest reduction potential (-3.04 V vs standard hydrogen 

electrode (SHE)), and low gravimetric density (0.534 g cm-3) among all elements in the Periodic 

Table [33]. Figure 1.3 (a) shows the Li ion battery research landscape and direction being taken 

by researchers, considering advancement in nanotechnology and innovations based on safe 

application for reviving LMA [34].  

Further, the specific capacity of LIBs are not only constrained by anode but also by cathode that 

is paired with it. So, other major drawback associated with commercialized LIBs is coupling of 

their anode with low capacity cathodes. The existing lithium metal oxides based cathodes can 

offer specific capacities of only about 160 to 200 mAh g-1. Thus, even if they are paired with 

high capacity LMA, the deliverable capacity from full cell (combination of cathode and anode) 

will always be low. So, much thought has also gone into developing high capacity cathodes e.g.,  

sulfur and oxygen based, that can be paired with Li metal to formulate battery chemistries like 

Li-S and Li-O2, respectively [35]. Figure 1.3 (b) shows the theoretical gravimetric energy 

densities at materials level for combinations of different anode and cathode and at different mass 

loadings of cathode active material. Similarly, the green band shows the target energy densities             
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Figure 1. 3 (a) Lithium battery research landscape, from intercalation and alloy anodes to high 

energy density LMA and (b) Theoretical gravimetric energy density for different 

anode/cathode combinations at different cathode mass loadings represented by different color 

and curves, respectively [36]. 

 

(a) 

(b) 
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at cell level which at present context have risen to 500 Wh kg-1 [37]. Therefore, to envision a 

high energy density battery, along with the use of LMA the application of lean electrolyte, high 

mass loading and high capacity cathodes should also be equally considered.     

Even though, LMA is considered as an ideal anode material for high energy density next-

generation LIBs, there are many hurdles which limits its practical applications. As shown in 

Figure 1.4 (a), due to high reactivity of LMA, it reacts with electrolyte to form a solid electrolyte 

interphase (SEI) layer on top of Li metal. During further cycling operations severe side reactions 

can occur resulting in formation of thick accumulated insulating SEI which blocks the Li ion 

transport, resulting in severe capacity fade.  

Along with highly reactive nature of Li metal another major issue associated with LMA is its 

infinite volume change during Li metal plating and dendritic growth during consecutive 

deposition [34]. Due to large variation in volume during cycling, cracks can develop within the 

SEI layer exposing fresh Li underneath [38]. The exposed layer of fresh Li will have low Li 

nucleation energy barrier for Li ion plating compared to layers covered with SEI, this results in 

non-uniform and preferential morphology of Li deposition which transforms into dendritic Li 

that shoots out through the cracks in further cycling. The dendrites with whiskers like 

morphology can penetrate through the separator and cause internal short circuit, thermal runaway 

and even cell explosion [39].  Further, these dendrites can break during stripping cycle which 

will produce isolated or dead Li on the surface of Li electrode. These dead Li are 

electrochemically inactive, causing inventory and capacity loss in the battery system. Continuous 

cycling will cause the above phenomena to occur repeatedly, which will eventually result in 

formation of accumulated dead Li, thick insulating SEI layer, porous and pulverized Li electrode.    
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Figure 1. 4 (a) Schematic diagram showing the process of Li dendrite growth during Li 

plating/stripping process [34] and (b) Chart showing different strategies to protect LMA in 

lithium metal batteries [40]. 

Several diversified strategies have been introduced by number of researchers to restrain side 

reactions, suppress dendrite growth, and stabilize SEI layer related to LMA. As shown in Figure 

1.4 (b), different approaches have been used, such as artificial protective SEI on top of Li metal, 

use of additives in electrolyte, 3D porous current collector, separator modifications, and use of 

solid state electrolyte [40-47]. Therefore, in order to address major issues associated with LMA 

and to achieve its effective application in lithium metal battery (LMB), the common strategies 

are:   (1) designing lithiophilic, microporous, and stable 3D framework to homogenize the Li ion 

flux and minimize the volume change during plating/stripping cycles; (2) stabilizing Li anode by 

(a) 

(b) 
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engineering artificial ex-situ/in-situ protective SEI layer at the interface; (3) designing solid-state 

electrolyte (SSE) and its interface with Li metal for preventing dendrite propagation; and (4) 

modifying separator films to enhance the interfacial interactions with Li electrode. 

1.3 Literature review 

1.3.1 Advances in Li metal protection     

As discussed in previous sections, the coupling of LMA with high capacity cathodes is essential 

to realize high energy density LMBs. However, using Li metal as anode is besieged with 

multiple interrelated challenges such as safety hazards, rapid capacity fade, violent chemical 

reactivity, infinite volume change, unstable SEI formation, and dendritic growth. Therefore, to 

circumvent these issues various strategies have been investigated by the researchers such as 

minimizing volume change by using stable 3D Li host, developing varieties of artificial SEI 

layer, and designing interface stable SSE for Li dendrite suppression.  

1.3.1.1 3D nano/microstructured current collectors 

The morphologies of electroplated Li metal largely depends on the mass transfer kinetics of its 

cations in a electrolyte solution [48]. The major types of mass transfer affects experienced by Li 

cations in an electrolyte solution are: (1) diffusion, (2) convection, and (3) migration. As shown 

in Figure 1.5 (a)  due to natural convection some cations will move faster and other will move 

slower. This discrepancy will create varied concentration gradient at the electrode interface. 

Slow movement of Li metal cations towards the electrode surface will create even steeper 

concentration gradient. As the concentration gradient increases, the cations are not completely 

plated swiftly, this will cause the metal dendritic structure to grow and propagate into the liquid 

bulk electrolyte (Figure 1.5 (b)). These metal protrusions will develop a strong electric field 

experiencing higher local current densities which will cause the dendrite growth to further 
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accelerate [49, 50]. This condition exacerbates at higher current densities during which the 

consumption rate of cations is high in the vicinity of negative electrode. As the diffusion rate of 

Li ions is slower compared to their consumption, large concentration gradient will be established 

causing inhomogeneous deposition of metal cations.  

 

 

 

 

 

(a) (b) 

(c) 
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Figure 1. 5 (a) Uneven plating of Li metal ions due to different mass transfer kinetics, (b) 

large concentration gradient and subsequent protruded morphology of metal cation at the 

electrode surface [48], and (c) Li ion deposition process in Cu-fabric and Cu-foil [51]. 

 

In order to obtain uniform and dendrite free lithium deposition, use of 3D nano/microstructured 

frameworks as Li hosting anode materials has been a very popular and successful technique [52-

54]. The reduction in local current density is achieved when 3D current collector with higher 

surface area is used instead of planar 2D current collector [55]. This will provide a homogeneous 

charge distribution within the submicron 3D structure leading to even Li deposition and dendrite 

suppression. As shown in Figure 1.5 (c), Ye et al. applied copper (Cu) coating into different 

insulating cloth fabrics to create a 3D soft conductive fabric that provided more uniform lithium 

deposition and dendritic suppression during the battery cycling. Using this 3D Cu coated soft 

fabric as anode for LMBs showed prolonged cycling performance for more than 1000 hours 

compared to using 2D bare Cu [51].  Similarly, along with reduced local current density, the 3D 

structure used as Li host can compensate the volume change of electrode during cycling [34].    

Current collectors play an active role of gripping the electrode materials and providing pathway 

for electron conduction that cycles through the external circuit. Thus, the major properties in a 

current collector are they should have high electronic conductivity and electrochemical stability. 

In addition, a free-standing, mechanically strong and low-cost current collectors are desired for 

LIBs with superior performance [56]. The main advantages of using 3D current collectors over 

2D planar materials (e.g. Al, Cu, and Ni sheets) are that they provide short diffusion length for Li 

ions, have high electronic conductivity, suppress dendrite growth by facilitating uniform Li 

deposition, and accommodate volume change during cycling due to large surface area which 
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further also helps to increase active mass of electrode [57, 58]. The 3D foam type current 

collectors follow different preparation routes which affects the resulting architecture and 

performance of thus obtained current collectors. Figure 1.6 shows different methods such as 

chemical vapor deposition (CVD), pyrolysis, etc. to prepare the 3D foam-type current collectors.  

 

Figure 1. 6 Schematics of different synthesis routes for the preparation of 3D current 

collectors [54]. 

 

The 3D current collector properties such as pore size and conductivity depend on the materials 

used and synthesis route followed.  
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After multiple reviews and experiments it was determined that only porous framework with 3D 

structure, but poor Li wettability was still unable to uniformly deposit Li and avoid high 

nucleation overpotential. Therefore, various approaches have been reported to apply lithiophilic 

coatings or decorations on thus prepared porous frameworks. As shown in Figure 1.7 (a), Zhang 

et al performed CVD to coat lithiophilic N-doped graphene on the 3D Cu current collector 

surface [59]. Figure 1.7 (a) also shows the differences in nature of Li deposition and SEI layer 

formation in non-coated and coated 3D Cu framework. Attributed to irregular lithiophobic 

surface of non-coated 3D Cu, there was a tendency of non-uniform Li deposition, dendritic 

growth and formation of fragile SEI. The deposition of lithiophilic N-doped graphene facilitated 

in uniform Li deposition and stable SEI formation.  

 

 

Figure 1. 7 (a) 3D porous Cu framework and effect of N-doped graphene coating on it [59], 

and (b) Li deposition behavior on bare NF and NiFx coated NF 3D current collector [60].     

(a) 

(b) 
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Similarly, on other work Huang and team conformed the lithiophilic coating of nickel fluoride 

(NiFx) nanosheets on nickel foam (NF) reacted with deposited Li to form LiF-rich SEI layer on 

the top of 3D Ni foam current collector [60]. As shown in Figure 1.7 (b), the formation of this 

LiF-rich stable SEI layer suppressed dendrite growth and superior lithiophilicity of NiFx 

nanosheets decreased the Li nucleation barrier facilitating uniform homogeneous Li deposition. 

The interconnected 3D morphology of thus obtained current collector effectively reduced the 

local current density thus avoiding dendrite formation. Some of the other lithiophilic coatings 

that have been studied in similar way are gold (Au) [61], silver (Ag) [62], antimony (Sb) [63], 

and zinc oxide (ZnO) [64].  

In our previous work, we reported the use of novel 3D light-weight, lithiophilic and flexible 

copper-clad carbon foam (CuCF) as LMA current collector [46]. This copper coated carbon foam 

framework was fabricated by pyrolysis of melamine-formaldehyde foam (MF) to obtain carbon 

foam (CF) followed by electroplating of Cu on thus formed CF to obtain CuCF. The total 

thickness of Cu deposited on CF was dependent on the applied electrodeposition time. As shown 

in Table 1.1, the maximum cycling number and coulombic efficiency (CE) of cells with CuCF 

current collector was optimized varying Cu loading density and effective electrodeposition time.  

Table 1. 1 Performance summary of CuCF fabricated at different Cu electrodeposition time 

[46]. 
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Similarly, Figure 1.8 (a-c) shows the voltage profile of Li plating on planar Cu, CF and CuCF , 

respectively at 0.5 mA cm-2 with capacity reaching 4 mAh cm-2. It can be observed that the Li 

nucleation overpotential for plating is least for the CuCF compared to planar copper current 

collector. This was attributed to improved lithiophilicity, enhanced surface conductivity, high 

porosity, and numerous nucleation sides on the CuCF surface after Cu electrodeposition [65]. 

Further, the Li deposition morphology on each of these current collectors were observed by 

using SEM images as shown in Figure 1.8 (d-f). The CuCF current collector showed smooth 

coverage and uniform Li deposition in nodular morphology with no dendrite formation 

whatsoever. However, growth of fibrous and dendritic lithium was observed on surface of planar 

copper and partial coverage of Li deposition was obtained on CF current collector surface.  

  

  

  

(a) 

(b) 

(c) 

(d) 

(e) 

(f) 
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Figure 1. 8 (a-c) Voltage profile for Li plating showing nucleation overpotential for cells 

cycled at 0.5 mA cm-2 with capacity reaching upto 4 mAh cm-2 for planar Cu, CF, and CuCF, 

respectively and (d-f) respective SEM images showing Li deposition morphologies after 

plating at 4 mAh cm-2 capacity [46].  

1.3.1.2 Ex-situ and in-situ artificial SEI design  

The SEI layer is one of the critical components of battery research, which forms during initial 

battery cycling. The pioneering studies on SEI layer were performed by Emanuel Peled [66, 67] 

and Doron Aurbach [68, 69]. In these studies, they have mentioned that as the electrodes work in 

conditions extreme to the thermodynamic stability region of electrolyte, any electrolyte can get 

reduced at the interface and a layer form at the electrode surface. Similarly, as LMAs are highly 

electronegative, electrolytes used in LMBs get reduced to form a layer on the Li surface [70]. 

This layer known as SEI is critical to passivate the Li surface, halting the reduction reaction and 

making  it possible to further operate the cell under extreme environment with voltage window 

reaching above 4 V during cycling. Initial studies of SEI on electrode surfaces was thoroughly 

performed on carbonaceous anodes [71]. However, compared to Li-ion chemistry LMA incurs 

more restrictions and requirements on the SEI layer. Some of the properties that should be 

considered for a superior SEI layer are: (1) high ionic conductivity, (2) good electron-blocking 

ability, (3) homogenous morphology and composition, (4) good flexibility, and (5) high Young’s 

modulus [33, 38, 72]. 

As shown in Figure 1.9 (a), the SEI layer is composed of both organic and inorganic phase 

elements, with organic layer accommodating some part of the electrolyte which enhances the Li 

ion conduction [73]. The outer layer of SEI are mainly composed of Li alkyl carbonates  
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Figure 1. 9 (a) Schematic representation of SEI layer composition at the surface of LMA [73] 

and (b) Chart showing different SEI modification strategies [74]. 

(ROCOOLi and ROLi), which further gets converted to Li2CO3 when there is trace amount of 

water present. Similarly, depending upon the Li salts in the electrolyte solvent, components such 

as Li2O, Li2CO3, and Li halides are mainly found on the inner layer of SEI. However, the 

naturally occurring SEI are not electrochemically stable, has low Li ion conduction and are 

mechanically fragile. The fragile SEI film can break during cycling or electrode volume change, 

exposing fresh electrode surface for reduction and initiating hotspots for dendrite growth. 

Therefore, the artificial SEI (ASEI) layers are coated or developed on the surface of Li metal 

electrode that functions as an ideal SEI in the electrochemical system. The main advantage for 

scientist while developing these ASEI films is that they can tune their chemical composition as 

desired for e.g., the coating layer can not only be Li ion conductive and chemically stable but 

also mechanically strong to suppress dendritic growth. These ASEI are generally formed in two 

ways: (1) ex-situ formation where ASEI are coated before battery cycling, and (2) in-situ 

(a) (b) 
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formation where ASEI are developed during the battery cycling operations. Figure 1.9 (b) shows 

different strategies employed for modification of SEI layer [74]. 

The ex-situ ASEI layers are coated onto the LMA before battery cycling mainly through physical 

or chemical deposition routes. The as deposited ASEI layers should conform to have mechanical 

stability, smooth morphology, passivating the LMA surface and facilitating uniform Li-ion 

distribution during cycling (Figure 1.10). The fabrication of ex-situ ASEI layers are mainly 

performed using thin-film deposition techniques such as physical vapor deposition (PVD), 

chemical vapor deposition (CVD), doctor-blading, spin-coating, and drop-casting. The ASEI 

layers may or may not react with LMA depending upon the nature of deposited material. If the 

deposited ASEI material does not react with LMA and maintains its pristine form after coating, 

they are known as physically deposited ASEI layers. Whereas, if the deposited ASEI material 

undergoes a chemical reaction with LMA and forms a new product with different properties 

compared to its pristine nature then they are classified as chemically deposited ASEI layers.  

 

Figure 1. 10 Schematics showing evolution of Li deposition for natural and artificial SEI [75]. 
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Carbon based and polymeric materials are two types of materials that are widely used as coatings 

for ASEI on LMA. As shown in Figure 1.11 (a), Zhang et al. simply drop casted different 

concentrations of zinc oxide (ZnO) and carbon nanotubes (CNT) suspensions stirred in 1,3-

dioxolane (DOL) solvent onto the Li foil to fabricate ASEI interfacial layer coated LMA [76].  

Thus, developed interfacial layer showed lithiophilic-lithiophobic gradient (GZCNT) properties 

facilitating formation of stable SEI layer and lithium dendrite suppression, respectively (Figure 

1.11 (b)). The Li symmetrical cells with GZCNT ASEI were able to be cycled at high current 

density of 10 mA cm -2, whereas the bare Li and CNT coated Li failed in short period showing 

high overpotential and unstable plating/stripping.  

 

 

 

(a) 

(b) (c) 
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Figure 1. 11 (a) Schematics showing fabrication of ZnO/CNT interfacial layer onto the Li foil. 

(b) Development of lithiophilic-lithiophobic gradient interfacial layer as ASEI and 

corresponding Li symmetrical cell cycling [76]. and (c) Sputtered deposited ultrathin 

graphite/SiO2 bilayer showing SEM surface morphology and AFM showing Young’s modulus 

values of 1 GPa for bare Li whereas 16 GPa for bilayer deposited Li chips [77]. 

 

Similarly, Pathak et al. proposed an ultrathin bilayer of graphite and silicon dioxide (SiO2) as an 

ASEI layer, where 20 nm graphite (bottom layer) and 20 nm SiO2 (top layer) were sputter 

deposited onto the Li metal chips [77]. In this multifunctional bilayer ASEI design the graphite 

acted as an electrical bridge between plated Li and Li electrode by providing lower plating 

impedance and compensating volume expansion during plating/stripping cycles. On the other 

hand, the SiO2 layer improved the electron affinity and showed higher Young’s modulus to 

suppress the Li dendrite growth (Figure 1.11 (c)). Further, alumina (Al2O3) thin layer was coated 

onto the Li metal using atomic layer deposition (ALD) [78, 79] and sputtering method [80] 

which functioned as ASEI layer. In this process, the alumina reacted with Li to form chemically 

deposited LiAlOx intermediate ASEI product that enhanced the Li-ion conductivity at the 

interface and suppressed the dendrite growth due to improved mechanical strength. 

Incorporating the fluorination of SEI where lithium fluoride (LiF) acts as a key SEI component 

has also been widely investigated. It is believed that presence of LiF in SEI improves the cycling 

performance of LMA as it is an excellent electronic insulator with its wide bandgap preventing 

the electron tunneling effect [81]. Additionally, LiF possess high ionic conductivity, and low 

diffusion barrier thus allowing Li ion conduction in parallel manner [82, 83]. Apart from LiF, Li-

based alloy phases have also been effectively implemented as interphase component to suppress 
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Li dendrite growth and reduce Li ion diffusion energy. Some of such alloying approaches 

includes the development of chemically deposited ASEI with formation of Sn-Li, Li13-In3, Li-Zn, 

Li3Bi, Li3-As, Au-Li, and Si-Li alloy phases [84-87].    

 

 

 

 

 

 

  

Figure 1. 12 (a) Digital photographs with corresponding SEM images of bare Li and Li treated 

with SnF2 solution. The scale bars for SEM are 20 µm, (b) XRD spectrum showing formation 

of LiF, Sn, and Li-Sn alloy on the surface of Li treated with different weight percentage of 

(a) (b) 

(c) 
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In our previous work, we reported a chemically deposited ASEI by pretreating Li anode with Tin 

fluoride (SnF2) containing electrolyte (Figure 1.12 (a)) [88]. As the dispersion of SnF2 in LE 

mixture was drop casted onto the surface of Li metal, it reacted to form an ASEI layer composed 

of LiF, tin (Sn), and Li-Sn alloy (Figure 1.12 (b)). This fluorinated ASEI ensured fast Li ion 

diffusion, suppression of Li dendrite growth and stored Li by reversible Li-Sn alloying. 

Similarly, superior plating/stripping cycles were achieved for Li symmetrical cells with such 

ASEI compared to cells with bare Li (Figure 1.12 (c)). 

Polymeric materials are also widely used as ASEI, as these organic materials are elastic in 

nature, not only they can provide good contact at the interface and allow dendrite suppression, 

but they can also compensate the huge volume change during prolonged cycling [89-91]. Li et al. 

used Li polyacrylic acid (LiPAA) to prepare a flexible SEI layer which self-adapted for interface 

regulation [92]. Owing to the properties of high binding ability and excellent stability, the 

LiPAA polymer based SEI significantly reduced the parasitic reactions and suppressed dendrites 

showing stable cycling performance of 700 h for Li symmetrical cells. Similarly, Chen et al. 

prepared a 10 nm thick covalent organic framework (COF) films on the Li metal surface which 

improved Li ion transfer kinetics [93]. The framework design enabled unique microcellular 

structures (Figure (1.13 (a))) which redistributed the Li ion flux leading to uniform 

plating/stripping process. Further, the ASEI layer showed high Young’s modulus of 6.8 GPa 

which was mechanically strong enough to suppress dendrite growth. Thus, the ASEI modified 

LMA exhibited stable cycling for 400 h at high current density of 1 mA cm-2 (Figure 1.13 (b))).    

SnF2, and (c) The voltage profile of Li symmetrical cells with bare Li and different thickness 

ASEI at current density of 0.5 mA cm-2 and capacity of 1 mAh cm-2 [88].  
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Figure 1. 13 (a) Schematic diagram of COF film showing its microporous structure and effect 

on Li plating/stripping, and (b) Voltage profile of Li symmetrical cells for polished Li and 

COF modified Li at current density of 1 mA cm-2 reaching to the capacity of 1 mAh cm-2 [93] 

    

In contrast to ex-situ formation of ASEI, the in-situ ASEI are developed during battery cycling 

operations. Although, the approaches for ex-situ ASEI design have achieved remarkable 

breakthroughs in Li dendrite suppression, the economic feasibility due to complicated synthesis 

and processing routes proves to be a major drawback [34, 41-44]. On the other hand, employing 

advanced formulations in LEs to develop insitu ASEI such as introduction of additives [94-98], 

increasing electrolyte salt concentration [99-101], using dual-salt electrolyte [102, 103], and 

incorporating novel salt-solvents [104-107] have shown to be more cost-effective methodologies 

(a) 

(b) 
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that are grabbing high attention of researchers working in development of advanced LMBs with 

suppressed parasitic reactions and dendrite growth. Also, it is believed that the electrolyte 

additives provides missing component while forming interphases enabling advanced ASEI layer 

tailored by additives for enhanced LMB chemistries [108, 109].  

Current commercial electrolytes such as carbonate-based ones generally show low 

electrochemical stability, with stable voltage window of only < 4.3 V (v/s Li/Li+). This limit its 

applications in high voltage LMBs [104, 110, 111]. Similarly, the ester based electrolytes form 

unstable SEI film at LMA surface leading to continuous electrolyte decomposition and Li 

inventory loss [41, 44, 112-121]. Compared to these electrolytes the ether based electrolytes 

shows enhanced Li metal modification by forming stable SEI layer and effective dendrite 

inhibition [122-125]. Although ether based electrolytes hold promising prospects in realizing 

LMBs with stable SEI and dendrite suppression, they still show poor oxidation stability of only 

3.7 V when paired with high voltage cathodes [121, 126-131]. Therefore, it is important to 

understand the match of electrolytes/electrodes and use of electrolyte additives for realizing high 

voltage > 4.3 V LMBs. 

Nitrate based electrolyte additives such as RNO3 (R = Li, Na, K, La, and Cs) [101, 132-136] 

along with other additives such as phosphorous pentasulfide (P2S5) [137], and lithium iodide 

(LiI) [138], have shown to mitigate the polysulfide shuttle effect in lithium-sulfur (Li-S) batteries 

by passivating LMA surface via enhanced SEI layer. Similarly, materials such as NaNO3 [98], 

and LiNO3 [139, 140] were used as additives in ether-based and carbonate-based electrolytes for 

long-term cycling performance of LIB and LMBs, respectively. Although it is known that SEI 

layer plays a vital role in enhancing battery performance, the exact knowledge of part played by 

electrolyte additives to tune the composition of this layer is still insufficient. 
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In our recent study, inclining to superior nitrate anion chemistry against Li metal, gadolinium 

nitrate (Gd(NO3)3) as an electrolyte additive in ether based LEs is introduced. Gadolinium (Gd) 

has been used as protective coating layer in various metal and metal alloys [141]. The additive 

reaction of these metals with (Gd) contributes to form a coating layer that improves the tensile 

strength, enables high temperature operation, and provides corrosion resistance to these metal 

and metal alloys products. Along with it Gd are also used as electrolyte in solid oxide fuel cells, 

which shows high ionic conductivity at low operating temperatures. These properties of Gd are 

observed to be propitious to form an enhanced ASEI layer with low resistance, high Young’s 

modulus, and ionic conduction. Figure 1.14 shows the schematics of Gd(NO3)3 as electrolyte 

additive alters the morphology of Li deposition and suppresses growth of  dendritic and dead Li 

on the surface of LMA for prolonged cycling. The results and analysis on this work will be 

extensively discussed in future chapters.       

 

Figure 1. 14 Schematic showing nodular morphology of Li plating/stripping enabled by use of 

Gd(NO3)3 as electrolyte additive in ether based LE. 
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1.3.1.3 SSE design for dendrite suppression 

As discussed earlier, fragile SEI with low Young’s modulus will crack under continuous cycling 

and this will get even worse at high current densities. Fresh Li will be exposed to the electrolyte 

from these cracks resulting in high electronegative hotspots regions. In these regions the Li will 

nucleate and morph into dendritic structure. Therefore, designing SSE with high Young’s 

modulus values is essential to suppress dendrite growth and prevent Li side reactions. Moreover, 

the threshold value of 6 GPa is required to effectively suppress the Li dendrite growth [142]. In 

order for practical application, the SSE design not only should meet the criteria of high Young’s 

modulus but also should possess properties such as sufficient Li ion conductivity, wide 

electrochemical stability window, and low interfacial impedance at the electrode/electrolyte 

interface. The Young’s modulus of most inorganic ceramics based electrolytes ranges from tens 

to hundreds of GPa, which is much higher than the threshold value of 6 GPa and is sufficient for 

dendrite suppression. Table 1.2 summarizes ionic conductivity, Young’s modulus, and 

electrochemical stability values for different SSE. 

However, highly rigid materials cannot form good adhesion at the interface so they suffer from 

high interfacial resistance due to interfacial mismatch [143]. On the other hand, solid polymer 

based electrolytes shows lower ionic conductivity and moderate Young’s modulus. As a result 

they cannot effectively suppress the growth of Li dendrites [144]. However, their adhesion with 

electrodes are much better compared to ceramics. Therefore, continuous research efforts are 

being made to improve the ionic conductivity of polymer solid electrolytes. One of the popular 

strategies is to construct polymer-inorganic composites that  inherits advantages of both 

inorganic ceramics and polymer solid electrolytes. However, the ratio of this mixture is 

extremely important to obtain the maximum benefits from both types of SSE. For instance, it has 
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been shown that ceramic loading of < 10 vol. % can increase the ionic conductivity but at level 

over 30 vol. %  the conductivity will start to decrease, as compared to original polymer SSE 

[145]. In recent developments, higher ceramic loadings of > 50 wt. % was shown to improve the 

overall performance of solid-state batteries (SSB) [146, 147]. Similarly, inorganic compounds 

such as Al2O3, SiO2, Fe2O3, etc. have also been blended with polymer matrix to reduce its 

crystallinity and enhance the ionic conductivity by providing additional pathways for Li ion 

transport.     

Table 1. 2 Summary of ionic conductivity, modulus and electrochemical stability window of 

different SSE [34]. 

SSE materials Ionic conductivity 

at 25 ℃ (mS cm-1) 

Young’s 

modulus (GPa) 

Electrochemical 

stability window (V) 

References 

Li2S-P2S5 ~ 0.3-3 ~18-25 1.71-2.31 [148-151] 

Li10GeP2S12 ~12 ~20 1.71-2.14 [151-153] 

Li3xLa2/3-xTiO3 ~1 ~190-260 1.75-3.71 [153-155] 

Li7La3Zr2O12 ~0.8 ~150 0.05-2.91 [156-158] 

Li3N ~1 ~150 0-0.44 [159, 160] 

LIPON ~0.001 ~77 0.68-2.63 [161, 162] 

PEO/Li salt  0.001-0.1 <0.1 ~5 (Li compatible) [163-165] 

  

1.3.2 LMA and SSE interfacial engineering  

As the ceiling of energy density allowed by commercialized graphite chemistry is almost met, 

any effort to push it higher will face the safety risks imposed by highly flammable organic 
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electrolyte solvent. Use of LMA provides the solution as it has potential to achieve very high 

energy density batteries. However, very low electronegativity also makes Li metal violently 

reactive when in contact with almost any known LE. Therefore, to realize a high-energy density 

battery with safe operations it is necessary to replace LEs with incombustible fast ion 

conductors. SSBs that consists of SSEs have such potential as long as they are chemically stable 

with Li metal and high capacity cathodes, and expertly conducts Li ions [166, 167]. Further, the 

use of SSE can enable stackable battery design with increased volumetric energy density [168].  

Different types of solid ion conductors have been investigated, ranging from sulfides to oxides 

and oxynitrides such as perovskite [169], antiperovskite [170], LISICON [171], thio-LISICON 

[172], NASICON [173], garnet [156], sulfide glass ceramic [152, 174, 175], etc. Solid sulfide 

electrolytes are known for their high ionic conductivity e.g., LGPS sulfide SSE with room 

temperature (RT) conductivity above 1 mS cm-1. However, most sulfide electrolytes are unstable 

in moisture generating highly toxic H2S gas. Also, they are thermodynamically unstable against 

LMA and high voltage cathodes [151, 176-178]. Similarly, phosphate based solids such as 

LiPON [161, 179] and LATP [180, 181] are unstable against LMA forming redox reaction 

products at the interface (e.g., Ti4+/Ti3+ redox reaction). Among these garnet SSE, such as 

Li7La3Zr2O12 (LLZO), shows high ionic conductivity around 1 mS cm-1, has wide 

electrochemical window, and are stable chemically against LMA [182, 183]. The comparison 

between different SSEs are shown in radar plots of Figure 1.15 (a-f) [184].   
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Figure 1. 15 (a-f)  Radar plots showing performance characteristics of different SSEs [184]. 

 

However, garnet type LLZO SSEs are not lithiophilic as Li metal do not wet their surface very 

well [185-187]. The poor physical contact arising from microscopic voids and gaps that are 

common at solid-solid interfaces leads to high interfacial resistance (~103 Ω) and nonuniform 

current distribution at the interface. These conditions will result in dendritic infiltration of Li in 

the SSE and poor cycling performance. The poor interfacial contacts are also partly due to the 

presence of insulating contaminants such as lithium carbonate (Li2CO3) and lithium hydroxide 

(LiOH) on the garnet surface [188-191]. Therefore, to obtain stable cycling in LLZO based SSBs 

their wetting behavior with LMA should me improved, and the resistance at the interface must be 

decreased. Various strategies such as using electrolyte additives , thermal pressing, modifying 

(a) Oxides (b) Sulfides (c) Hydrides 

(d) Halides (e) Thin films (f) Polymers 
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electrolyte surface and interfaces are popular to reduce interfacial resistance at LMA/LLZO 

interface. Among them introducing interfacial buffer layers are proven effective. Buffer layers 

such as metals (e.g. Au [192], Al [187], Si [193], Ge [194], Mg [195]), metal oxides (e.g. Al2O3 

[196], ZnO [197]), carbon materials (e.g. graphite [198]), and metal nitrides (e.g. Li3N [199], 

Si3N4 [200]) have shown to significantly reduce resistance and ensure intimate contact at the 

interface. Some of the popular and effective strategies to address interface incompatibilities at 

LMA/inorganic interfaces SSE are described below.    

1.3.2.1 LMA/Sulfide SSE interface 

Although sulfide based inorganic SSEs possess high ionic conductivity, they are chemically 

unstable against Li metal. This instability leads to formation of insulating decomposition 

products with high electronic conductivity at the interface promoting dendritic growth and Li 

infiltration in the SSE bulk. One of the pioneering works done to reduce the electrochemical 

reduction of sulfide SSE at the LMA interface was to introduce a lithium alloy coating with 

higher reduction potential. However, some of this coating layer has shown to significantly reduce 

the deliverable maximum cell energy density. Several other approaches have been investigated 

which are discussed further. 

Coating of protective layers at the LMA/sulfide SSE interface has been a very popular method to 

stabilize the sulfides and prevent migration of electronic reactants into the SSE bulk. As shown 

in Figure 1.16 (a), Xu et al. introduced bilayer of LiF or LiI as the interface layer and used 

methoxyperfluorobutane (HFE) solution to penetrate into the SSE [201]. The bilayer stabilized 

the highly unstable sulfides and the infiltration of HFE prevented growth of Li dendrites (Figure 

1.16 (b)). As a result, the interface modified Li symmetrical cells showed very low interfacial 
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resistance and LCO cathode assemble full LMB exhibited reversible capacity of 118.9 mAh g-1 

with retention of 96.8 mAh g-1 after 100 cycles (Figure 1.16 (c,d)) 

 

Figure 1. 16 (a) Schematic showing the interface engineering using LiF (or LiI) layer and HFE 

solution infiltration, (b) Schematic showing Li plating/stripping behavior of interface modified 

Li metal compared to bare Li metal, (c) Nyquist plots showing resistance values of different Li 

symmetrical cells, and (d) Full cell cycling performance of LCO based SSB at current density 

of 0.1 mA cm-2 and temperature 25 ℃. [202] 

 

Similarly, some other interfacial layers deposited at the LMA/sulfide SSE interface and the 

process used for such deposition to achieve interface stability and enhanced Li plating/stripping 

as well as improved full cell cycling are listed in Table 1.3. 

(a) (b) 

(c) 
(d) 
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Table 1. 3 List of different coating layer at LMA/sulfide SSE interface. 

S.N. Interfacial Layer Coating Process References 

1 Gold (Au) thin films Thermal evaporation [203] 

2 Indium (In) thin films Vacuum evaporation  [204] 

3 3LiBH4.LiI in THF Chemical deposition  [205] 

4 LiH2PO4 Spin coating [206] 

5 Alucone Molecular layer deposition (MLD) [207] 

6 (LiO-(CH2O)n-Li) & 

(LiF, -NSO2-Li, Li2O) 

nanocomposite 

In-situ electrochemical reduction [208] 

7 Lithium 

bis(trifluoromethane 

sulfonyl) imide 

Drop casting [209] 

 

Furthermore, some other methods used to stabilize the LMA/sulfide SSE are: (1) elemental 

substitution/doping of sulfide particles, (2) Solution processing of sulfide electrolytes, and (3) 

Hybrid of polymer and sulfide electrolytes.      

1.3.2.2 LMA/Oxide SSE interface 

As discussed earlier, the garnet-type oxide SSE have lowest reduction potential compared to Li 

metal and also they possess the most thermodynamically stable interface with Li [187]. 

However, the rigid ceramic nature of garnet makes it difficult to wet Li on its surface leading to 

large interfacial resistance. A simple method of using ~ 2 µl of LE (1M LiPF6 in ethylene 
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carbonate (EC)/diethyl carbonate (DMC)/diethyl carbonate (DEC) at volume ratio of 1:1:1) at 

the interface between Li1.4Al0.4Ti1.6(PO4)3 (LATP) SSE pellet and Li metal have shown to reduce 

the interfacial resistance from 1000 Ω to 275 Ω [210]. However, the hybrid nature by adding LE 

would compromise the advantages of a solid-state interface.  

Another popular practice is applying pressure and heat to attach Li foil onto the garnet pellet. 

Wang and Sakamoto from University of Michigan analyzed the relationship between interfacial 

resistance and adhesive pressure applied by testing Li| LLZO| Li symmetrical cells [211]. In this 

study, the lowest interfacial resistance of 7 Ω cm2 was observed for adhesion pressure of 8 MPa. 

Similarly, approach of heat infusion or melting of Li metal on top of garnets have also been 

performed in order to obtain good contact at the interface. Nonetheless, this process always 

leaves small, microscopic interfacial gaps and voids. Thus, to achieve an optimal method to 

reduce the interfacial resistance, several methods have been investigated. 

Coating the surface of LLZO to convert it from lithiophobicity to lithiophilicity has been widely 

explored to establish intimate surface contact at the Li metal/ LLZO interface. As shown in 

Figure 1.17 (a), a very minimalist and simple method of pencil drawing the graphite layer on the 

top of tungsten (W)-doped garnet Li5.9Al0.2La3Zr1.75W0.25O12 (LALZWO) pellet was 

demonstrated by Shao et al. [198]. The melt infusion of Li metal onto the interface modified 

LALZWO pellet led to formation of lithiated graphite (LiC6) which improved the wettability of 

Li metal on the garnet surface (Figure 1.17 (b)). This interaction led to decrease in interfacial 

resistance from 1250 to 105 Ω cm2 (Figure 1.17 (c)). Similarly, the interface modified Li 

symmetrical cells and full cells with NCM523 cathode showed better cyclability and excellent 

stability (Figure 1.17 (d-f)). Further, some other interfacial coating layers deposited at the 
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LMA/garnet SSE interface and the process used for such deposition to achieve interface stability 

and enhanced Li plating/stripping as well as improved full cell cycling are listed in Table 1.4. 

  

   

  

(a) (b) 

(c) (d) 

(e) (f) 
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Figure 1. 17 (a) Digital photo showing pencil drawing of interlayer on garnet surface, (b) 

Wettability test of melt infused Li on the top of LALZWO surface with and without graphite 

layer, (c) Nyquist plot showing difference in interfacial resistance, (d) voltage profile of Li 

symmetrical cell tests for with and without graphite interface layer, (e) rate capability test of 

NCM523/ LMA full cells at various C-rates, and (f) Cycling performance of NCM523/ LMA 

full cells at 0.5 C in RT [198].  

Table 1. 4 List of different coating layer at LMA/garnet SSE interface. 

S.N. Interfacial Layer Coating Process References 

1 Li-Al alloy Dip coating [212] 

2 Amorphous Silicon (Si) Plasma enhanced chemical 

vapor deposition (PECVD) 

[193] 

3 Germanium (Ge) Electron beam (Ebeam) 

evaporation  

[194] 

4 Alumina (Al2O3) Atomic layer deposition (ALD) [196] 

5 Thin Al layer Ebeam evaporation [187] 

6 Magnesium (Mg) Sputtering [195] 

7 Zinc Oxide (ZnO) ALD [197] 

8 Lithium Nitride (Li3N) PECVD [199] 

9 PEO-PAS gel-solution Drop casting [213] 

10 Soaking LE in PVDF-

HFP polymer matrix 

Stacking freestanding gel- 

polymer electrolyte 

[214] 
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Additionally, some other methods used to stabilize the LMA/garnet SSE are: (1) surface 

polishing to remove air-exposed oxides such as Li2CO3 and LiOH, (2) controlling the 

microstructures of grains and grain boundary, (3) introducing electrolyte additives, and (4) 

designing 3D conductive framework.                  

1.4 Motivation 

To fulfill the requirement of high energy density LMBs ~ 500 Wh kg 1, there is an urgent need to 

stabilize the Li metal for its safe use. However, unrestrainable growth of Li dendrites and 

formation of unstable SEI undermines the potential and impedes the commercialization of 

LMBs. On the other hand, use of LE is imposing the safety hazards while attempting to push the 

energy density (Wh kg-1) and volumetric density (Wh l-1) of LMBs higher. Therefore, a facile 

and all-around strategy to implement dendrite free LMA, and superior cycling stability of SSBs 

are of the essence. 

1.5 Objective 

The objective of this dissertation is to accomplish a dendrite-free Li metal deposition and 

stabilized LMA/SSE interface which will ensure outstanding performance and safe use of LMBs. 

Two approaches will be studied along the dissertation about research on: (1) using novel nitrate 

salt based functional electrolyte additive in ether solvent based electrolyte that promotes 

plating/stripping of Li metal in nodular morphology, thus, significantly suppressing the growth 

of dendritic and dead Li on LMA surface promoting the formation of stable SEI, enhancing the 

cycle life, and overall stability of LMBs. (2) a facile and effective strategy to significantly reduce 

the interfacial resistance at LMA/garnet SSE interface by depositing metal nitride interfacial 

layer on garnet SSE, enhancing the plating/stripping cycles of solid-state Li symmetrical cells 

and augmenting the rate capability and electrochemical stability of a hybrid SSB. 
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For achieving abovementioned objectives, following tasks were performed: 

1. Use of novel electrolyte additive, gadolinium nitrate (Gd(NO3)3) in LiTFSI-LiNO3 ether 

solvent based electrolyte. 

a. Preparing the baseline LiTFSI-LiNO3 ether solvent based electrolyte without 

use of new additive. 

b. Optimizing the molar amount of electrolyte additive in the ether based 

electrolyte. 

c. Coating cathodes and preparing Li anodes for fabricating electrochemical cells. 

2. A new method to coat Li6.25Al0.25La3Zr2O12 (Al-LLZO) garnet SSE with a highly ion-

conductive and lithiophilic silicon nitride (Si3N4) and use it as an interfacial layer 

between LMA and garnet SSE. 

a. Preparing Al-LLZO garnet solid electrolyte pellets with high ionic conductivity 

(powder metallurgy method). 

b. RF sputtering an ultrathin film layer of Si3N4 on Al-LLZO garnet pellet 

(physical vapor deposition method). 

c. Optimize the Si3N4 layer thickness for achieving superior plating/stripping 

cycle performance. 

d. Melt infuse Li metal onto the interfacial layer deposited pellet samples to 

fabricate Li symmetrical cells and use cathode coated on current collector to 

assemble full cells. 

3. Optimize the experimental conditions for sample preparation and lab equipment 

operation. 
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4. Conduct morphological, structural, and imaging characterizations using X-ray diffraction 

(XRD), Raman spectroscopy, X-ray photoelectron spectroscopy (XPS), atomic force 

microscopy (AFM), and field emission scanning electron microscopy/energy dispersive 

spectroscopy (FESEM/EDS).  

5. Perform electrochemical characterization using electrochemical impedance spectroscopy 

(EIS), linear sweep voltammetry (LSV), cyclic voltammetry (CV), Li symmetrical cell 

and full cell test.   

1.6 Organization of the Dissertation 

Chapter 1 provides the introduction on the subject and background on energy sources, 

consumption and crisis. It further describes the importance of renewable energy resources and 

energy storage systems, providing information on how energy storage system is vital to realize 

high penetration of renewables in global energy consumptions. A comprehensive review, 

describing numerous literatures on LIB history, its importance and current research direction is 

provided. In addition, a detailed literature review on significance of LMBs, problems associated 

with LMAs, strategies for Li metal protection and some of our previous studies on ASEI 

development and 3D current collector design for Li dendrite suppression are explained. The next 

part of this chapter describes the LMA and SSE interfacial engineering. It starts by explaining 

different types of solid-state ionic conductors, their properties and key challenges associated with 

each of them. The characteristics of LMA/SSE interface, their key challenges and solution 

method are provided. As last part of this chapter the motivation and objectives for this 

dissertation work are listed.  

Chapter 2 discusses the theory behind working principle of LIBs, providing an understanding of 

different battery components and specifications. Theories on Li dendrite growth and methods to 
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stabilize LMA are provided. Also, the mechanism of ion transport in SSE, and processes 

occurring in their electrode/electrolyte interfaces are explained. Further, different material and 

electrochemical characterization techniques are described. 

Chapter 3 provides details on experimental procedures of materials and sample preparations for 

nitrate salt electrolyte additive and metal nitride SSE interlayer works. Further, it describes 

sample preparation and processing for various materials and electrochemical characterization 

techniques that were carried out to study the properties of electrolyte additive enhanced in-situ 

SEI, metal nitride deposited interlayer and their effects on battery stability and cycling 

performance. 

Chapter 4 gives details about all the results and discussions obtained from morphological and 

electrochemical characterization of electrolyte additive engineered LMAs, and metal nitride 

interfacial layer engineered LMA/SSE interfaces. The materials characterizations and 

optimization procedures of experimental conditions are described. Further, the results obtained 

from these characterizations are thoroughly analyzed. 

Chapter 5 is the summary of all of the dissertation work on additive and interface engineering 

and provides its significance. It also gives the specific conclusions obtained from different 

analytical works performed throughout this dissertation. Further, some future works mainly 

focused on market adoption and commercialization are provided.         
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Chapter 2: Theory 

2.1 How does LIBs work? 

2.1.1 Battery components 

As shown in Figure 2.1 (a), a LIB consists of anode, cathode, separator, electrolyte and current 

collectors (positive and negative). Anodes and cathodes are at two ends of a battery and their 

purpose is to store Li ions. In LIBs, anodes are generally made up of carbon  and cathodes are 

made from Li metal oxide chemical compound. The electrolyte consists of Li salts dissolved in 

organic solvents. During battery operation the electrolyte carries positively charged Li ions from 

cathode to anode and vice-versa (charging/discharging) through a polymeric separator. The 

separators are made of porous polymer materials which only allows the flow of positive ions 

blocking electrons in order to prevent short circuiting. The movement of Li ions through the 

electrolyte creates free electrons, which during discharge (Figure 2.1 (b)) flows from negative 

current collector through a device being powered (e.g., cell phone, tablet, etc.). During charging 

(Figure 2.1 (c)), the exact opposite process occurs. A power source is attached, and the Li ions 

moves back from cathode to anode creating electric field which allows electrons to move from 

anode to cathode.  

 
(a) 
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Figure 2. 1 (a) Components of a LIB, (b) LIB discharging , and (c) charging [215]. 

Similarly, several other components make up a battery pack, which comprises of more than one 

Li ion cells. Some of them are: (1) temperature sensor to monitor the battery temperature during 

operation, (2) voltage regulators to keep voltage and currents at safe limits, (3) battery 

management system (BMS) is a minicomputer that maintains overall battery operation 

preventing overcharging and ensuring safety.  

2.1.2 Working chemistry  

The chemistry involved during charging of a typical commercialized graphite (anode)/lithium 

cobalt oxide (LiCoO2) (cathode) LIB is shown in Figure 2.2. Other materials in a LIB are 

electrolyte with Li salt dissolved in organic solvent (e.g., lithium hexafluorophosphate (LiPF6) in 

ethylene carbonate (EC) and diethyl carbonate (DEC)), polymer separator membrane (e.g., 

polypropylene (PP)), positive (Aluminum (Al)), and negative (Copper (Cu)) current collectors. 

The main chemical reactions that undergo within the cell are typically reversible Li ion 

intercalation-de-intercalation reaction cycles between two layered compounds.    

(b) (c) 
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Figure 2. 2 Schematic of typical LIB based on graphitic anode and LiCoO2 cathode showing 

involved electrochemistry [216].   

The source of Li in most of LIBs are the cathode materials, in contrast to LMBs where LMA 

serves as a reservoir of Li. In charging process for LiCoO2 based cathode material, the oxidation 

or delithiation of LiCoO2 (equation 2.1) occurs. At the mean time the reduction or lithiation of 

graphite occurs (equation 2.2) at the anode, forming LiC6 as the product. The intercalation of Li 

ions into graphite occurs in various transition stages such as LiC24, LiC27, and LiC12 which is 

governed by first-order phase transition process [217]. This process will form passivating films 

(SEI) at the electrode surface to cease further irreversible reaction stages and stabilize the 

condition for forming LixC6 stage [218]. Thus, one limiting factor to minimize the reversible 

charge consumption is the availability of excess Li ions in the cathode material that is required to 
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form the passivating surface films on the graphite anode. Further, during discharge process the 

reverse chemical reaction occurs and Li ions travel back to cathode (equation 2.3, 2.4). 

𝐿𝑖𝐶𝑜𝑂2  → 𝐿𝑖1−𝑥𝐶𝑜𝑂2 +  𝑥𝐿𝑖+ +  𝑥𝑒−               (2.1) 

6𝐶 +  𝑥𝐿𝑖+ +  𝑥𝑒− →  𝐿𝑖𝑥𝐶6                                   (2.2) 

𝐿𝑖1−𝑥𝐶𝑜𝑂2 +  𝑥𝐿𝑖+ +  𝑥𝑒− → 𝐿𝑖𝐶𝑜𝑂2                   (2.3) 

𝐿𝑖𝑥𝐶6 → 6𝐶 +  𝑥𝐿𝑖+ +  𝑥𝑒−                                     (2.4)   

2.2 Understanding Battery specifications 

Not all batteries are created equal, even if they follow same chemistries. So, it is very important 

to understand the terminologies that are used to describe, classify, and compare different kinds of 

batteries. The knowledge of these specifications will provide a basic background for defining the 

parameters used for battery operating conditions and describing the manufacturers specifications 

used for characterizing a battery. 

2.2.1 Cell Voltage 

The electromotive force (EMF) is defined as the potential difference across the terminals 

(anode/cathode) of a battery when no current is drawn and depends on its state of charge. Or in 

other words it can also be characterized as open-circuit voltage, which is the voltage across 

battery terminals with no load applied. The EMF of a particular cell quantitatively measures the 

likelihood of the cell reaction to occur and is related to the free energy change for the process. 

The free energy variation related to one mole of reaction defines the maximum work and is given 

by equation 2.5. 

∆𝐺0 = −𝑧𝐹𝑉0                                                             (2.5)  



44 

 

where z is the number of moles of electrons transferred per one mole of reaction, F is the 

Faraday’s constant (F = 96,487 C mol-1), and V0 is the standard EMF. When there is different 

conditions other than the standard, the cell voltage (V) is given by the Nernst equation (2.6). 

𝑉 =  𝑉0 − (
𝑅𝑇

𝑛𝐹
) ln(𝑎𝑖)                                             (2.6) 

where ai gives the activity of the relevant species e.g., Li, R is the universal gas constant, and T is 

the absolute temperature. 

This change in the standard free energy, ΔG0 of a cell reaction as defined by Nernst equation 

drives the battery and makes it capable to deliver electrical energy to external circuit. Further, 

not only the changes in free energy, but data on entropies, enthalpies, activity coefficients, 

equilibrium constants and solubility products can be obtained by measuring EMF.  

Similarly, some other voltage terminologies related to battery are: (1) terminal voltage, which is 

the voltage between the battery terminals with applied load, (2) nominal voltage, which is the 

reported or reference battery voltage, (3) cut-off voltage, is the minimum allowable or threshold 

voltage of a battery.    

2.2.2 Specific capacity 

The amount of charge stored by applying current (I) for a particular period of time (t) is defined 

as the capacity (Q) and given by the equation (2.7). 

𝑄 = 𝐼 × 𝑡                                                                     (2.7) 

Similarly, the specific capacity of an electrode is defined as the amount of charge that can be 

stored per its unit mass and is given by equation (2.8). 
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𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 (𝑆𝐶) =
𝐹 × 𝑧

𝑀 × 3.6
                        (2.8) 

where, F is the Faraday’s constant, z is the number of electrons transferred per mole, and M is 

the molar mass of the active material. 

2.2.3 Energy density 

The product of average voltage and the capacity (Wh) gives the energy delivered by a battery. 

Then, energy density is the maximum energy delivered by the battery per unit mass, including 

the weight of the non-energy-producing components such as packaging and cell construction 

materials. Mathematically, energy density is given by the integration of average voltage range 

and specific capacity of a battery (equation (2.9)). 

𝐸𝑛𝑒𝑟𝑔𝑦 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 (𝑊ℎ 𝑘𝑔−1) = ∫ 𝑉 𝑑𝑆𝐶                  (2.9)    

2.2.4 Power density 

The power density of  a battery is defined as its maximum available power per unit volume, 

volumetric power density (W L-1) or mass specific power density (W kg-1). Power density is the 

characteristic of both battery chemistry and packaging. It is calculated by multiplying the cell 

voltage by current density for charge/discharge. In physical sense, it determines the battery 

weight or size required to achieve a given performance target. 

2.2.5 C and E- rates  

While describing charging/discharging current of a battery it is often expressed in terms of C-rate 

which is a normalized value against battery capacity. So, a C-rate can be defined as the rate at 

which a battery is being charged/discharged relative to its maximum capacity. For e.g., a 1C 

charging rate means that the applied charge current will charge the entire battery in 1 hour. So, if 
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1C charging rate is applied to a battery with capacity of 100 Ah, this will equate to charging 

current of 100 A and it will take 1 h to fully charge the battery. Similarly, E-rate is related to the 

charge/discharge power. For e.g., a 1 E-rate of charge is the charging power applied to 

completely charge the battery in 1 h. 

2.2.6 Depth of discharge  

The depth of discharge (DOD) (%) is defined as the percentage of discharged battery capacity 

relative to maximum capacity percentage. Generally, a discharge of at least 80 % DOD is 

defined as a deep discharge.  

2.2.7 Maximum continuous discharge current 

The maximum current defined by the battery manufacturer at which the battery can be 

continuously discharged is known as maximum continuous discharge current. This discharging 

current limit is defined in order to prohibit excessive discharging rates that can damage the 

battery and reduce its capacity.  

2.2.8 State of charge and health 

The state of charge (SOC) of a battery is defined as the ratio of remaining charge capacity (Q(t)) 

of it at any given time (t) to its total usable capacity (Qtotal) in a fully charged state. It is given by 

equation (2.10). 

𝑆𝑂𝐶(𝑡) =
𝑄(𝑡)

𝑄𝑡𝑜𝑡𝑎𝑙
                                                          (2.10) 

Accurate estimation of battery SOC can maximize the battery performance by protecting it from 

overcharge/discharge. In an electric vehicle, the SOC provides the measure of the amount of 

electricity stored in its battery. This parameter is analogous to the fuel gauge installed on the 

conventional internal combustion engine vehicles. 
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Similarly, the state of health (SOH) is defined as the condition of the battery life between the 

beginning and end of life percentage. The beginning of battery life is the point at which battery 

operation begins and its end of life is the point at which it cannot perform according to a 

predefined minimum requirement. SOH is mathematically represented as ratio of instantaneous 

total capacity at any given time (t) to the capacity of a new battery (equation (2.11)). 

𝑆𝑂𝐻 (𝑡) =
𝑄𝑡𝑜𝑡𝑎𝑙(𝑡)

𝑄𝑛𝑒𝑤
                                                         (2.11)  

where Qtotal (t) is the instantaneous total battery capacity at any given time t, and Qnew is the 

capacity of a new battery. The Qtotal (t) value starts to decline over time as the battery starts aging 

by being in use. 

2.2.9 Cycle life and Coulombic efficiency 

The cycle life of a battery is defined as the total number of charge-discharge cycles it can 

undergo before it fails to meet a predefined performance criteria or end of life threshold. The 

operating cycle life of a battery is affected by the conditions such as rate of cycles, DOD, 

temperature and humidity. For e.g., higher the DOD, minimum will be the cycle life.  

Similarly, coulombic efficiency (CE) is defined as the ratio of the battery discharge capacity to 

the charge capacity. This parameter is the indication of capacity loss of the battery in a cycle. So, 

CE of 100 % means that the capacity of the battery is reversible with no loss. On the other hand, 

CE < 100 % means that the battery experiences capacity loss that can be due to parasitic 

irreversible reactions between electrodes and electrolyte. CE can be used to determine the loss of 

battery capacity over cycle number. For e.g., a 0.1 % decrease in CE for each cycle will lead to 

10 % capacity loss after 100 cycles.  
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2.2.10 Internal resistance 

The internal resistance of a battery is defined as the resistance that is within the battery. The 

internal resistances are generally different during charging and discharging and is dependent 

upon the battery SOC. As the internal resistance of the battery increases, its efficiency decreases. 

Increase in internal resistance also reduces the thermal stability of the battery as more of the 

charge energy is converted to heat. 

2.3 Theories on Li dendrite growth 

Deposition of dendritic structure and its growth is somewhat a common occurrence not only in 

case of Li metal but also when electroplating metals such as Cu, Ni, and Zn at high current 

densities [219]. There are mainly two theories that have been reported explaining the 

mechanisms governing the Li dendrite growth on metal surfaces: (1) space charge layer theory, 

and (2) theory of non-uniform SEI formation.  

2.3.1 Space charge theory 

Space charge theory describes that at higher current densities, as there is rapid Li ion flux, 

cations are consumed rapidly in the Li metal electrode, this causes sharp concentration depletion 

leading to formation of local space charge layers with strong negative electric field [220]. Large 

amount of Li ions will get electroplated in short time due to this strong electronegative field, 

causing formation of dendritic structures in LMA surface [41, 49, 50]. Figure 2.3, shows the 

density functional based tight biding (DFTB) model calculations for charge distribution on an 

uncharged and charged Li metal tips [221]. For an uncharged Li metal, the tip atoms create a 

positive potential which repels the Li cations approaching from the electrolyte solution, 

promoting deposition towards the side leading to inhibition of tip growth (Figure 2.3(a)). 

Whereas, for the charged one (Figure 2.3 (b)) the negative potential gradient is strongly directed 
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towards the tip which favors Li cations from the solution getting plated in it, favoring its further 

growth.   

 
 

Figure 2. 3 DFTB model calculations showing electrostatic potential contours for (a) an 

uncharged Li metal electrode, and (b) a Li electrode with an excess charge of σ = -2.9 × 10-2 C 

m-2 [221].  

The critical current density (J*) is the current density at which electrical neutrality at the 

electrode surface starts to break and local space charge start to build up, causing amplified 

deposition of Li metal cations. The time required to reach J* after which dendrites start to grow 

is called Sand’s time (τ), and the process is called Sand’s behavior of dendrite growth [42, 222, 

223]. The Sand’s time, equation (2.12) gives the time (τ) at which dendrite starts to grow or in 

other words time after which J* cannot be sustained.         

𝜏 = 𝜋𝐷 (
𝑒𝐶0

2𝐽𝑡𝑎
)

2
                                                       (2.12) 

𝑉𝑡𝑖𝑝 =
𝐽𝑉

𝐹
                                                                 (2.13) 

(a) (b) 
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where J gives the effective current density at the electrode surface, D is the ambipolar diffusion 

coefficient, e is the value of electronic charge, Co gives the initial Li salt concentration, and ta is 

the anionic transference number [224]. Similarly, equation (2.13) gives the Li dendrite growth 

rate (Vtip) at the tip, where J is the current density, V is the molar volume and F is Faraday’s 

constant [225]. This expression shows that at lower current density (J) the tendency of Li 

dendrite growth may get reduced. 

2.3.2 Theory of non-uniform SEI formation 

This theory explains that the Li dendrite growth is due to formation of non-uniform and fragile 

SEI in the Li electrode surface. Non-uniform SEI will lead to uneven current distribution which 

will affect the electric field distribution and ion flux at the electrode surface. This will favor 

electron accumulation at the tip which will promote preferential deposition of Li ions at it 

leading to further protruding growth instead of flat layer formation.  

Similarly, a fragile SEI layer will crack under successive cycling and strain induced during 

electrode volume change. These cracks will expose fresh Li metal surface to the electrolyte 

solution forming high electronegative regions again promoting preferential deposition and 

electrolyte decomposition. Therefore, to prevent the occurrence of this phenomenon, the SEI  

layer should have properties such as : (1) high Young’s modulus for suppressing dendrite growth 

and less prone to developing cracks, (2) high Li ion conductivity for promoting good Li ion 

transport, and (3) low electronic conductivity for impeding preferential or top surface deposition.           

2.4 Electrolyte engineering for stabilizing LMA 

Engineering of electrolyte, especially by using additives, have been extensively investigated to 

suppress dendritic growth and enhance LMA performance. The main principle behind using 
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electrolyte additives is that the components of these additives can get reduced, polymerize or 

adsorb on the Li metal surface, altering the physico-chemical behavior of the SEI leading to 

current distribution regulation during deposition of Li ions [226]. Additives that are used to 

modify the SEI layer should get reduced (anode additives) prior to the electrolyte reduction, thus 

passivating the electrode surface and preventing further electrolyte decomposition. It has been 

demonstrated that the Li deposition morphology and cycling efficiency can be altered by 

presence of additives even at millimolar (mM) amount.  

 

  

 

Figure 2. 4 (a) Schematic showing Li deposition process with presence of electrostatic shield 

[34], SEM images of cycled Li metal surface showing (b) Dendritic morphology for control 

electrolyte without additive, and (c) uniform surface for additive added electrolyte [227].  

(a) 

(b) (c) 
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The change in Li deposition morphology is mainly attributed to formation of self-healing 

electrostatic shield enabled by reduction of electrolyte additives. Li deposition with no dendrites 

were obtained in carbonate based electrolyte by using Cs+ and Rb+ cation based salt as additives 

[227, 228]. Inclining to Nernst equation, the reduction of these metal cations (M+) before Li+ 

reduction was attributed to their lower effective reduction potential below to that of Li+. 

Therefore, these M+ will adsorb first to the Li electrode surface during Li deposition forming an 

electrostatic shield (Figure 2.4 (a)). This positively charged electrostatic field will repel the 

incoming Li+ and thus suppressing the growth of Li protrusions and favoring more uniform 

deposition. Further, the SEM images of Figure 2.4 (c) shows significant improvement in Li 

deposition morphology compared to Figure 2.4 (b), when 0.05 M of CsPF6 was using as additive 

in 1M LiPF6/propylene carbonate (PC) electrolyte [227].  

2.5 Ceramic solid-state ionic conductors 

2.5.1 Mechanism of ion transport in SSE 

In classical approximation of ion transport, the ionic motion is defined as the movement of ions 

through vacancies and interstitial sites of a crystalline compound material. This model is known 

as ion hopping model as shown in Figure 2.5. The concentration of defects and vacancies are 

considered uniform throughout the crystal structure. So, the high ionic conductivity in ceramic 

electrolytes is possible when there is high concentration of mobile species and low energy barrier 

associated with ion motion from one site to another. Thus, in presence of electric field, the Li 

ions would hop randomly through the ceramic crystal structure and still migrate towards the 

direction of electric field, which defines the basic Li ion conduction mechanism in crystalline 

solids. In hopping model, the Li ion (Li+) conduction is considered as its jumping process 

through the crystal lattice. The hopping of ions from one site to its vicinity site is based upon two 
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factors: (1) jumping frequency, which is the probability of Li+ jumping to an adjacent site in a 

given direction at a unit time, and (b) defects concentration × nearest neighbor site number, 

defined as probability of availability of neighboring sites for ion conduction from a given site.     

 

 

Figure 2. 5 Schematic showing hopping model for ion conduction [229]. 

           

2.5.2 Garnet crystalline structure  

The general formula for garnet type solid crystalline ceramics is given by A3B2X3O12, where site 

A are 8-fold, B are 6-fold, and X are 4-fold coordinated. The first reported garnet type LLZO 

SSE with Li ion conductivity of 10-3 to 10-4 S cm-1 was by Murugan et al [156]. The reported 

LLZO structure, Li7La3Zr2O12 had Li higher than 3 per formula unit and so were called Li-

stuffed garnets. As shown in Figure 2.6 (a), the LLZO structure is formed by connecting ZrO6 

octahedra, and LaO8 dodecahedra. In this structure, the Li ions (Li+) and Li vacancies (VLi) are 

located at the invasive tetrahedral sites and octahedral sites. As one of the Li+ is located at 

tetrahedral 24 d position, and another at octahedral 96 h position, the conduction pathway for Li+ 

in LLZO structure is 24 d → 96 h → 24 d (Figure 2.6 (c,d)) [230].  The lattice disorder and 

presence of vacancies ensures the conduction of Li+ through this pathway.  
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(a) (b) 

(c) (d) 
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Figure 2. 6 (a) crystal structure of LLZO, (b) crystal structure of tetragonal LLZO, (c) 

arrangement of Li atoms with their occupancy value, g, for each site in loop structure, and (d) 

3D network structure showing Li+ conduction channel (Li1- 24 d, Li2- 96 h) [231, 232]. 

 

The crystalline phase of LLZO exists in two polymorphs: (1) cubic phase (c-LLZO), and (2) 

tetragonal phase (t-LLZO). Figure 2.6 (b) shows the tetragonal phase of LLZO with its lattice 

structure. Between these two phases, the c-LLZO has two orders higher ionic conductivity (~10-4 

S cm-1) than t-LLZO (~10-6 S cm-1) at RT. This is due to the fact that in c-LLZO there is a 

uniform movement of Li+ in x,y, and z directions, whereas in t-LLZO, Li+ only moves in x and y 

directions [233]. Similarly, Li+ distributions are also different in these two phases. In cubic phase 

the Li sublattice is highly disordered with presence of partially occupied Li symmetry sites, 

whereas in tetragonal phase the sublattice is ordered with either full or empty Li occupancy sites. 

This results in lower electrostatic energy for t-LLZO than c-LLZO as for t-LLZO the coulombic 

repulsion among Li+ will be highly reduced [234]. This is the reason why t-LLZO can be 

thermodynamically stable at RT, whereas c-LLZO are only stable at high temperatures, usually > 

1200 ℃.  

Different strategies such as optimizing sintering time and temperature, using different types of 

crucibles, elemental doping, use of additives, and altering the sintering atmosphere have been 

developed by the researchers to stabilize the cubic phase LLZO at RT. Elemental doping have 

shown to effectively stabilize the cubic phase at RT. Doping of ions at different sites such as 

Ta5+ and Nb5+ at Zr4+ sites, or Al3+ and Ga3+ at Li+ sites, will change the number of VLi, thus 

creating more disorder at the Li and VLi sites. As the disorder increases the entropy of doped c-

LLZO also increases at RT leading to decrease in its Gibbs free energy, which results in 
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stabilization of doped c-LLZO at RT [189, 235-243]. In addition, the doping of garnet LLZO 

have also been shown to increase its ionic conductivity. Using density function theory (DFT) 

first-principle calculations, the doping sites and oxidation states preferred by each dopants in 

periodic table have been identified and shown in Figure 2.7 [244]. 

 

Figure 2. 7 Periodic table showing doping site and oxidation state preference of dopants in 

LLZO structure from DFT calculations. Different color shows different doping site (green: Li 

site, red: La site, and blue: Zr site), where defect energy decreases with increasing color 

darkness [244]. 

 

Besides the effect of doping, the sintering process and temperature also plays a vital role in Li+ 

vacancies concentration. As the temperature increases, more Li+ volatilize in the LLZO structure 
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inducing more Li+ vacancies. The total ionic conductivity of a LLZO sample is calculated by 

using equation (2.14).  

𝜎 =
𝑙

𝑅𝑆
                                                                         (2.14) 

where R is the resistance, l is the sample thickness, and S is the electrode area. Similarly, the 

increase in temperature shows decrease in resistance (R) from the Nyquist plot which leads to 

increase in ionic conductivity of garnet LLZO. This relationship is expressed by the Arrhenius 

equation (2.15). 

𝜎 = 𝐴 exp (
−𝐸𝑎

𝐾𝑏𝑇
)                                                   (2.15) 

where σ is the ionic conductivity, A is the pre-exponential factor, T is the absolute temperature, 

Ea is the activation energy, and Kb is the Boltzmann constant. The activation energy (Ea) is 

calculated as the slope of log σ v/s 1000/T plot, shown in Figure 2.8.        

 

Figure 2. 8 Arrhenius plots showing temperature dependance of ionic conductivity for 

different dopant concentration (x), at different sintering duration (h). Solid symbols show 

experimental data and lines are the fitted curves according to Arrhenius equation. Activation 

energy (Ea) is calculated as slopes of respective fitted lines [245].  
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2.6 Electrode/electrolyte interface in SSBs 

The major hurdle of solid-state LMBs is the high interfacial charge transfer resistance (Rct) 

resulting from various issues at the electrode/electrolyte interface. This will lead to low power 

density, poor cyclability, and rapid capacity fade of SSBs [246]. It has been shown that EIS is 

one of the powerful characterization tools to analyze the resistance at the electrode/electrolyte 

interface of SSBs [247-249]. Among different bulk and surface layer resistances, the interfacial 

resistance accounts for about 60 % of the total resistance. Thus, it is necessary to solve the 

problem of high interfacial resistance in order to realize high energy density SSBs. The key 

reasons for poor electrode/electrolyte interfaces in SSBs can be broken down to: (1) minimum 

contact area, (2) formation of co-diffusion layer due to side reactions, (3) blocking of  ion 

transport due to space charge layer, and (iv) stress at the interface caused by electrode volume 

change. 

2.6.1 Electrode/electrolyte contact area 

Formation of intimate contact at the electrode/electrolyte interface is highly favorable for 

obtaining efficient charge transfer at the interface. The main issue with for e.g., LMA/ garnet 

SSE interface is their poor wetting at the interface leading to less contact area and high area-

specific resistance (ASR). Thus, to increase the contact area of LMA/garnet SSE interface the 

wetting behavior of garnet surface towards LMA should be improved, in other words, garnet 

surface should be lithiophilic. Different techniques such as surface polishing, Li alloy forming 

coatings on garnet, and advanced thin-film deposition of garnet on Li surface can enhance their 

contact area and lower the ASR  at the interface.     
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2.6.2 Co-diffusion at the interface 

The interaction between electrode and SSE when they come in contact results in formation of 

diffusion layer at the interface. For e.g. when the interface of LiCoO2 with Li2S-P2S5 was 

analyzed using transmission electron microscopy (TEM), co-diffusions of Co, P, and S was 

observed at the interface [248]. The formation of these diffusion layer can result in increase of 

interfacial resistance if it hinders the transfer of ions and worsens the electrode/electrolyte 

contact area. To overcome this issue scientists have investigated coating of different buffer layers 

that forms favorable diffusion products at the interface. Similarly, the insulating diffusion layer 

at the interface can also be formed by decomposition of SSE or electrode materials. Therefore, 

chemically stable electrode and SSE materials within themselves or when in contact should be 

employed.     

2.6.3 Formation of space charge layer 

Considering the ionic conductivity in SSEs the rate determining factor is the ion conduction at 

the electrolyte/electrolyte interface rather than the bulk [250-252]. The transport of ions at the 

interface is very different than that at the bulk. This phenomena of difference in ionic conduction 

of bulk compared to the interface is attributed to formation of space charge layer at the interface 

with different mobile ion concentration (Figure 2.9). Although the thickness of these space 

charge layers are generally only around 10 nm, the ion conduction in them are in nanoscale 

which will trigger significant difference in Li ion concentration compared to bulk [253]. This 

variation in Li ion concentration at the interface is more pronounced during initial stages of 

charge/discharge cycles as shown in Figure 2.9 (a, c). The evidence of this variation or existence 

of space charge layer was also verified by increased potential slope of voltage profile at initial 

charge/discharge stage [254].      
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Figure 2. 9 Schematics showing effect of interfacial buffer layers to the Li ion concentration 

at the electrode/electrolyte interface. Li concentrations at equilibrium for (a) without, (b) with 

buffer layer, and at initial stage of charging (c) without and (d) with buffer layer [254]. 

 

Further, it was verified that the introduction of buffer layer with high ionic conductivity and 

electronic insulator can be effective to protect the electrolyte from high potential 

(oxidation/reduction) electrodes. By coating of this layer at electrolyte surface the formation of 

space charge layer was suppressed and more homogeneous Li ion concentration at the 

electrode/electrolyte interface was obtained (Figure 2.9 (b, d)).    

2.6.4 Stress by electrode volume change 

As lithiation and delithiation of electrodes occur repeatedly during battery cycling, its surface 

experiences significant volume change. The lattice expansion and contraction of electrode 

materials induces high stress at the electrode/electrolyte interface which can result in local 

(a) (b) 

(c) (d) 
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distortion and formation of cracks leading to high charge transfer resistance. Use of electrode 

nanomaterials can relieve the stress from volume change during cycling [255, 256]. Similarly, 

using amorphous buffer layers with high ionic conductivity at the interface can effectively 

compensate the interface distortion and subsequent increase in interfacial resistance due to 

electrode volume change [257].      

2.7 Material characterization techniques 

2.7.1 X-ray diffraction (XRD) 

X-rays are the part of electromagnetic spectrum, which have wavelength shorter than ultraviolet 

light. Different part of X-ray spectrum is used for different applications such as soft or hard X-

rays for X-ray crystallography, mammography, medical CT scan, and airport security scan, etc. 

XRD is an X-ray crystallography technique that is used to determine the atomic and molecular 

structure of the crystal and in which the atoms of a crystalline solid causes beam of incident X-

rays to diffract into many specific directions. In an XRD experiment, to generate X-rays usually 

an electrically heated tungsten filament emit electron. These emitted electrons are accelerated 

under high potential difference (20 to 50 kV) and then incident on a water cooled anode which 

generates continuous spectrum of white X-ray radiation. The generated X-rays are radiated onto 

a solid crystal sample whose structure is of interest. In most crystalline solids, there are parallel 

rows of atoms separated by a unique distance, typically these interatomic spaces are of 

approximately 2-3 Å. So, X-rays are suitable radiation to study these crystal structures as they 

get diffracted when incident on these atomic spaces. In XRD, reflection of X-rays only occurs 

when the condition of constructive interference is fulfilled. This is defined as Bragg’s condition 

for X-ray reflection and shown in Figure 2.10. The array of black dots in the figure shows the 
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sectioned crystal lines, joining each dot marks are set of parallel planes with Miller indices hkl 

and dhkl represents the interplanar spacing.   

 

Figure 2. 10 Example of constructive interference showing Bragg’s reflection from crystal 

planes with dhkl spacings [215].  

 

The relation of spacing between the crystal planes (d) and the angles from which these 

reflections are observed, Bragg’s angle (θ) is given by the Bragg’s equation (2.16). 

𝑛𝜆 = 2𝑑 𝑠𝑖𝑛𝜃                                                       (2.16) 

where 2d sinθ gives the path difference between scattered and incident rays, n is an integer, and λ 

is the wavelength of incident X-ray. 

2.7.2 X-ray photoelectron spectroscopy (XPS) 

XPS is a spectroscopic technique used to quantify the elements, their concentrations, and 

chemical state at the samples surface. In this characterization technique, the samples are 

bombarded with monochromatic beam of soft X-rays (1-3 keV) which causes photoemission, 
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release of photoelectrons from core or valence levels of surface atoms. This phenomenon is 

governed by the Einstein’s photoelectric principle (equation (2.17)) , which states that if a solid 

sample is subjected to X-rays with energy hν, electrons in the orbitals of sample with binding 

energies less than hν can be ejected and subsequently detected in a spectrometer by measuring its 

kinetic energy (KEi) and number of electrons that are emitted.  

𝐾𝐸𝑖 = ℎ𝑣 − 𝐵𝐸𝑖 − 𝜙𝑠𝑝                                  (2.17)  

where BEi gives the binding energy of an electron in orbital i, and ϕsp is the correction work 

function of the spectrometer ( ~ 3 ± 5 eV).  

Thus, XPS is an important tool to analyze the change in chemical state of battery materials or 

surface layers before and after charge/discharge cycles. It can also provide the information about 

change in the chemical bonding of some element in a surface layer such as SEI by shift in the 

core electron’s binding energy. Further, the information on effect of electrolyte additives in SEI 

composition, components of in-situ formed SEI, and overall understanding of SEI formation can 

be revealed using XPS characterization.     

2.7.3 Field emission SEM (FESEM) 

The FESEM is an imaging technique in which high energy monochromatic electrons that are 

generated by a field emission source at potential of 1-30 kV, accelerated through a high electric 

field gradient, and focused into a fine beam using lenses are rastered across the sample. When 

these electrons interact with the sample inside high vacuum different signals are obtained such 

as: (1) back-scattered electrons (reflected electrons by elastic scattering), (2) emitted secondary 

electrons (from inelastic scattering), and (3) characteristic X-rays (from production of secondary 

electrons). The SEM images are formed mainly due to signals detected from secondary electrons. 
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The emitted secondary electrons after interaction with samples are accelerated towards the 

scintillation detector, amplified through photomultiplier, and finally displayed as a video scan-

image where the brightness of image depends on the number of electrons detected. SEM images 

can produce maps of surface topography of samples such as polymers, ceramics, metals, etc. in a 

micro to nano scale. It is also applicable for analyzing the particle size, crystal morphology, and 

surface defects in a sample. The samples or at least the sample surface that are being analyzed 

using SEM must be electron conductive. The non-conducting samples are generally coated with 

gold (Au), to prevent charge build up at the sample surface.     

2.7.4 Energy dispersive spectroscopy (EDS) 

EDS or sometimes known as EDX is an elemental analysis tool usually used in junction with 

SEM or FESEM. The back-scattered electrons obtained during SEM analysis have higher 

energy, which are collected and when higher atomic number elements back-scatter even stronger 

electrons the quantitative elemental analysis of the surface is obtained. Similarly, during 

production of secondary electrons inelastic scattering occurs, in which electron vacancies are 

created and filled by electrons from higher state. This causes emission of characteristic X-rays to 

create energy balance between emitted and incident electrons. These X-rays carries the 

qualitative properties of the elements in sample surface. Therefore, EDS analysis can provide the 

information about elements present in the sample as well as their atomic % or weight %. 

Different elements present in the sample can be mapped in the sample area using different colors.   

2.7.5 Atomic force microscopy (AFM) 

AFM is microscopy imaging technique based on detection of very small forces, in an order of 

nanonewtons observed by the interaction between a nanometer scale sharp tip and atoms in the 

surface of the sample. Non-conducting samples can be easily analyzed without any 
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modifications, and in ambient conditions without use of vacuum in this technique. In this 

process, the tip is scanned across the sample surface, and its deflection due to attractive or 

repulsive forces when interacting with the surface are detected and mapped in atomic scale. This 

technique can be used to determine the forces acting on the sample surface, such as van der 

Waals, magnetic, capillary, chemical bonding, friction, etc. Various modes such as contact, non-

contact, and tapping mode can be applied in the experiment depending upon the sample used. 

The AFM images can give the information about surface roughness, topography, and strength 

(Young’s modulus). Similarly, using AFM a 3D map of the surface can also be generated.     

2.7.6 Raman spectroscopy 

Raman spectroscopy is non-destructive characterization technique used to observe vibrational, 

rotational, and other low frequency modes in an atomic or molecular system. It mainly uses a 

monochromatic laser light (300 to 1064 nm) in either visible, near infrared, or ultraviolet range. 

In this process, the monochromatic beam of laser light interacts with molecular vibrations, 

phonons or other excitations within the system that results in energy shift of incident laser 

photons, either up or down. Various information such as chemical structure, polymorphs, 

crystallinity, molecular interaction, and crystal phases of a system can be obtained using Raman 

spectroscopy. It can be considered as a light scattering tool, where incident laser light are 

scattered by the atoms or molecules in the sample. The wavelength of these scattered beams also 

known as Raman or inelastic scatter are recorded which provides the detailed information of the 

sample material. Although X-rays can also be used, Raman can detect different materials with 

same crystalline structure (e.g., Raman peaks for diamond, crystalline silicon, and crystalline 

germanium, all with diamond cubic structure are at different wavenumber) or materials made 

with same elements but showing different crystallinity (e.g., crystalline, polycrystalline, 



66 

 

amorphous silicon). Microscopic materials with spatial resolution of 0.5-1 µm can be detected 

using Raman spectroscopy. Different sample types such as solid, powder, gel, slurry, gas, etc. 

can be used for Raman analysis.   

2.8 Electrochemical characterization techniques  

2.8.1 Electrochemical impedance spectroscopy (EIS) 

EIS is a vital electrochemical characterization tool which gives information about 

electrochemical reactions and charge transfer dynamics in different layers of an energy storage 

device. Typically, in an EIS experiment, small sinusoidal perturbations voltage (E(t)) is applied 

to an electrochemical system. The resulting linear current density (J(t)) is recorded whose 

frequency is equal to that of E(t), but their phase and amplitude maybe different. Then, their ratio 

is taken to calculate the impedance (Z(t)) as shown in equation (2.18). 

𝑍(𝑡) =
𝐸(𝑡)

𝐽(𝑡)
                                                        (2.18) 

For this experiment the input is a time dependent voltage, so it is known as potentiostatic EIS 

(PEIS). Whereas experiments with altering current as input is known as galvanostatic EIS 

(GEIS). In both PEIS and GEIS experiments the frequency is varied to observe the 

electrochemical phenomenon occurring at different timescales. For e.g., at high frequencies fast 

process such as ion migration are observed, whereas slow processes such as diffusion are 

realized at low frequency regions of the spectrum.  

EIS experiments are generally used to analyze bulk electrolyte/electrode properties, test 

interfacial reactions, and examine full cell device behavior. As shown in Figure (2.11 (a)), 

Nyquist plots, fitted using equivalent circuit model (ECM), are used to interpret EIS results, 

where Z real axis corresponds to values of different resistances within the system. Each 
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component of Nyquist plot can be represented by either resistive, capacitive, or diffusive 

elements. The point where the EIS starts gives the ohmic or series resistance (Rb), which is also 

the bulk resistance. Similarly, the semicircle in higher frequency range gives the SEI impedance 

(RSEI) and that at the lower one gives the charge transfer resistance (Rct), the constant phase 

element (CPE) represents the electric double layer capacitance between the interfaces. However, 

some alterations are possible when testing different electrochemical systems, for e.g., SEI 

impedance in LIBs maybe represented as solid-solid interphase in SSBs. Figure 2.11 (b) shows 

the Nyquist plot obtained by fitting generic ECM for SSBs with LMA which consists of bulk 

resistance (RSE, bulk), grain boundary resistance (RHF or Rgb), electrodes interfacial layers (RMF and 

RLF) [258, 259]. Also, the inclined line at the end of the lower frequency region shows Warburg 

impedance (W), that represents charge diffusion.  

    

 

 

Figure 2. 11 Nyquist plot obtained by fitting parameters using ECM for typical (a) LIBs 

[260], and (b) SSBs [259].   

   

(a) (b) 
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2.8.2 Linear sweep and cyclic voltammetry (LSV and CV) 

LSV and CV are both widely used voltametric techniques to study the redox reactions involving 

organic or inorganic species. These electroanalytical processes, provides information on 

electrochemical redox processes, chemical reaction rates, electrochemical stability window, 

charge transfer processes, etc. In LSV experiment, a potential range (V1-V2) is defined, and the 

voltage is scanned form the lower to upper limit of that range. As the voltage increases, current 

begins to flow and eventually reaches a peak before it drops, which shows the chemical 

reactivity of electroactive species (Figure 2.12 (a)). The rate of electron transfer reaction can also 

be obtained from the LSV by observing the position of current maximum shifts.  

 
 

Figure 2. 12 Typical voltammetry curves for (a) LSV, and (b) CV [215]. 

 

Similarly, in case of CV as well the voltage is swept between a voltage range (V1-V2) at fixed 

rate, but now when voltage reaches V2 the scan is reversed, and it is swept back to V1, and the 

current response is observed (Figure 2.12 (b)). During reverse scan the chemical reaction is 

moved back to its equilibrium state gradually converting products to its reactants. So, the CV test 

(a) (b) 
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also shows the reversibility of a chemical reaction. Both of these techniques can be used in case 

of electrochemical cells, where the potential between the working electrode and the counter 

electrode is increased linearly by the means of potentiostat. The multiple recordings of current 

response according to change in voltage between the working and counter electrode are plotted.   

2.8.3 Symmetrical cell test 

Symmetrical cells are the electrochemical cell design in which same electrode material is used as 

both positive and negative electrode (so the name symmetrical). Typically, for LMBs research 

symmetrical cells with Li as both electrodes are tested to analyze their electrochemical 

plating/stripping behavior. The Li symmetrical cells show 0 V v/s Li/Li+, so they cannot be used 

as practical batteries. However, symmetrical cell test can provide the comparison between 

modified Li electrode (e.g., electrolyte additive used, ASEI or interfacial layer coated, etc.) 

samples and bare or control Li electrode samples regarding the metrices such as critical current 

density, voltage stability, cycling longevity, overpotential loss, and achievable capacity.  

2.8.4 Full cell test 

Full cells are electrochemical cells which consists of different electropositive and electronegative 

electrodes. Thus, exhibiting voltage difference v/s Li/Li+, so they can be considered for practical 

application. In case of LMBs, the full cells are assembled with Li metal as electronegative 

(anode) electrode and cathode materials such as lithium iron phosphate (LFP), lithium nickel 

manganese cobalt oxide (NMC), lithium cobalt oxide (LCO), etc. as electropositive (cathode) 

electrode. The full cells testing are performed in order to validate various enhancement strategies 

by comparing the parameters such as specific capacity, capacity retention, rate capability, 

cycling stability, high voltage stability etc. between control/baseline and modified/improved full 

cells.   
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Chapter 3: Experimental Procedures 

3.1 Materials and sample preparations  

3.1.1 Nitrate salt as electrolyte additive  

3.1.1.1 Ether based electrolyte  

For preparing baseline electrolyte, 1 M of lithium bis(trifluoromethanesulfonyl)imide (LiTFSI, 

Sigma Aldrich, 99.95 % purity) salt and 1 wt % lithium nitrate (LiNO3, Sigma Aldrich, 99.99 % 

purity) were dissolved in ether solvent mixture (1:1 by volume) of 1,3-dioxolane (DOL, Sigma 

Aldrich, 99.8 % purity) and 1,2-dimethoxyethane (DME, Sigma Aldrich, 99.5 % purity). This 

solution was used as control electrolyte with no addition of additive. Then, the experimental 

electrolyte with additive was prepared by adding different concentrations of gadolinium (III) 

nitrate (Gd(NO3)3) onto the control electrolyte solution and stirring it under argon (Ar) 

atmosphere. The Gd(NO3)3 nitrate salt used as additive was prepared prior to adding onto control 

electrolyte solution by careful heating of Gd(NO3)3.6H2O (Sigma Aldrich, 99.99 % purity) at 

around 120 ℃ under vacuum to remove the water. Finally, the as prepared solution was used to 

assemble samples with electrolyte additive.    

3.1.1.2 Cathode and anode 

LFP cathode electrodes were prepared first by mixing LFP (LiFePO4, Xiamen Tmax, China, 

particle size 0.55 µm) as active material, Super P conductive carbon black (Alfa Aesar, 99 % 

purity) as conductive additive, and polyvinylidene fluoride (PVDF, Sigma Aldrich, Mw ~ 

534,000) as binder (8 : 1 : 1 weight ratio) in N-methyl-2-pyrrolidone (NMP, Sigma Aldrich, 99.5 

% purity) solvent. The mixture was first well mixed in mortar and pestle and left to stir using 

magnetic stirrer for ~ 12 h. Then, the slurry was obtained, and it was made sure no lumps and 

accumulations were present in it. The as prepared slurry was coated onto an aluminum (Al) foil 
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(Xiamen Tmax, China, 0.0016 mm thick) current collector using mini tape casting coater (MTI 

Corp.) and then dried in a vacuum oven at 120 ℃ overnight to ensure solvent evaporation. The 

dried cathode strips with active material mass loading of ~ 4 mg cm-2 were cut into circular discs 

of 12 mm diameter by using disc cutter.  Also, similar process was followed for preparing NMC 

111 (LiNi1/3Co1/3Mn1/3O2) cathode electrodes which were used for testing high voltage stability 

of electrolytes.  

For preparing LMAs, Li chips (diameter 15.6 mm and thickness 0.25 mm) were purchased from 

Xiamen Tmax, China. Before using them as anodes their surface were polished by 1500 grit 

sized sandpapers using a rotary tool set (Fire Mountain Gems and Beads, USA) inside Ar 

glovebox with moisture and O2 level < 1 ppm. After ensuring uniform polish, these Li chips 

were immediately used to assemble coin-cell samples.    

3.1.1.3 Symmetrical and full cell 

For both symmetrical and full cells, CR2032 coin cell batteries were assembled. For symmetrical 

cell assembly, polished Li metal chips were stacked with 25 µm thick celgard type separator 

(Xiamen Tmax, China) sandwiched in their middle. About 60 µL of ether based electrolyte with 

and without Gd(NO3)3 additive were used as electrolyte to prepare additive added and control Li 

symmetrical cells, respectively. Similarly, to assemble full cells either LFP or NMC 111 as 

cathode material and polished Li chips were used as anode materials. Both symmetrical and full 

coin cells were crimped using manual hydraulic coin cell crimping machine (Xiamen Tmax, 

China).         
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3.1.2 Metal nitride lithiophilic SSE interlayer 

3.1.2.1 Garnet Al-LLZO SSE pellet 

For preparing garnet Al-LLZO pellets, firstly, 0.4 gm of cubic phase aluminum doped lithium 

lanthanum zirconate garnet nanopowder, Li6.25Al0.25La3Zr2O12 (Ampcera Inc., 99.9 % purity) 

were pressed in a ½ inch diameter stainless steel pellet pressing die (MTI Corp.). The pressing 

die with Al-LLZO nanopowder in it was placed between two platens of the hydraulic laboratory 

press (Carver Inc.) and 80 MPa pressure was applied to press the powder into pellets. After that 

the pellets were laid on a magnesium oxide (MgO) crucible, the pellets surface were covered 

with same Al-LLZO mother powder both from top and bottom. The crucible was carefully 

placed in the furnace (Mellen, Microtherm) and sintered at different temperatures which was 

optimized to 1280 ℃ for 1 h. The sintered pellets were left to cool down to room temperature 

and were dry polished from 1000, 1500, 2000 to 3000 grit sized sandpapers using rotary tool set 

(Fire Mountain Gems and Beads, USA). Lastly, the polished pellets were stored in Ar glovebox 

for future use in assembling SSBs.  

3.1.2.2 Metal nitride interlayer deposition 

3400 N Torr IBAD system (Hitachi, Japan) was used to RF sputter deposit thin films of silicon 

nitride (Si3N4) onto the polished Al-LLZO SSE pellets. The polished pellet samples were 

carefully secured by using Kapton tape in a ceramic plate before attaching it to the sample stage 

inside the vacuum chamber. A 2-inch diameter × 0.125 inch thick, 99.9 % metals basis, silicon 

(IV) nitride (Si3N4) with MgO binder (Alfa Aesar) was used as target and screwed on the target 

gun for RF sputtering deposition. The sputtering deposition process was then carried out at 

deposition rate of 0.1 Å s-1 with 50 sccm constant flow of Ar gas. Using this system various 
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thicknesses ( e.g. 20, 30, 40 nm etc.) of Si3N4 layer were deposited, and the thickness was later 

optimized to 30 nm.     

3.1.2.3 Cathode and anode 

LFP active materials were used to fabricate cathode films, and similar process as described in 

section 3.1.1.2 was used to obtain cathode films. However, for this process the dried cathode 

strips were punched into circular disks of 9 mm diameter with active material mass loading of ~2 

mg cm-2. Also, in this process LMAs were melt infused onto the Al-LLZO SSE pellets. So, in 

order to prepare the anodes, granular Li (Sigma Aldrich, 99 % purity) were melted around 200 

℃ and dip coated on the SSE pellets inside Ar glovebox. The top dull layer of melted Li was 

meticulously scrapped off exposing shining layer underneath before the coating process.    

3.1.2.4 Solid-state symmetrical and full cell  

For this process also, CR2032 Li symmetrical and full coin cells were assembled. The solid-state 

Li symmetrical cells were prepared by attaching melted Li at 200 ℃ on both sides of electrolyte 

pellets. After cooling down, symmetrical cell samples for both Si3N4 coated and bare garnet 

pellets were prepared in Ar glovebox for analyzing and comparing their ionic conductivity and 

cycling stability. Similarly, hybrid solid-state full cells were assembled by introducing tiny 

amount, 10 µL of LE (1 mol L-1 LiPF6 dissolved in ethylene carbonate (EC) and diethyl 

carbonate (DEC) in volume ratio 1:1) between LFP cathode and SSE pellet to enhance the 

cathode/electrolyte interface contact. However, no trace of LE was applied on the other side, and 

melted Li was soldered on the top of it. Both Si3N4 coated and bare garnet full cell samples were 

prepared by sealing the assembled full cells in a CR2032 coin cell casings with nickel foam on 

the top for absorbing any extra pressure during crimping, in order to avoid damage to the SSE 

pellet.          
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3.2 Material characterizations 

3.2.1 XRD 

The crystal structure and crystalline phase of the samples were examined using XRD. The tests 

were performed on a Rigaku SmartLab diffractrometer (Figure 3.1) with Cu-Kα radiation (λ = 

1.54178 Å). For performing XRD analysis of air sensitive samples such as Li metal surface, Li 

infused garnet, etc. the samples were encapsulated using Kapton tape and placed in the XRD 

sample holder. The test parameters and 2-theta degree scanning rage were selected according to 

types of samples. After obtaining the XRD data, they were compared with other different 

references from the database. The indexing of obtained XRD diffraction peaks with standard 

pattern was performed to compare the resemblance and recognize the sample peaks, and any 

impurities if present. 

 

 

Figure 3. 1 Rigaku SmartLab diffractrometer equipment used for XRD analysis 
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3.2.2 XPS 

The XPS analysis of samples were performed in scanning XPS microprobe, the VersaProbe 4 

(Figure 3.2 (a)) instrument from Physical Electronics, Minnesota. Both Li symmetrical and full 

cell samples were kept in inert Ar atmosphere upon arrival. The LMA samples from 

disassembled cells were affixed into the sample holder using nonconductive double-sided 

adhesive tape (Figure 3.2 (c)). This sample holder was then transferred to the VersaProbe 4 

instrument inside inert environment through a transfer vessel. The transfer vessel was mounted 

on a load-lock (Figure 3.2 (b)) which was pumped down to ~2×10-6 Torr before moving it to the 

XPS analysis chamber. The sensitivity factors for different elements analyzed by using this 

equipment were noted along with the XPS data. Further, the X-ray induced secondary electron 

imaging (SXI) was also performed over wide sample area, which was used to identify the 

important morphological features of the battery component samples (Figure 3.2 (d)).  

 

  
(a) (b) 
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Figure 3. 2 (a) VersaProbe 4 equipment at Physical Electronics, MN, Digital images of (b) 60 

mm transfer vessel mounted on the load-lock system, (c) LMA samples attached on the sample 

holder and loaded in the transfer vessel, and (d) SXI imaging on the surface of LMA.   

3.2.3 FESEM/ EDS  

To observe the LMA surface morphology and cross-section interface characteristics, SEM 

imaging of samples were performed using Hitachi S-4300 N (Figure 3.3) scanning electron 

microscope, which was also equipped with EDS, for performing elemental mapping 

characterizations. The EDS equipment from Oxford Instruments was used to record the EDS 

spectrum and elemental mapping images. The air and moisture sensitive samples were 

encapsulated in closed vial and instantly transferred to the SEM sample holder. Different 

accelerating voltage and rigorous focusing was performed on the sample surface to obtain good 

quality images. While examining semiconducting and non-conducting samples, a thin layer of 

Au was sputtered using CRC-sputtering deposition system in order to avoid charge build up 

during imaging. Images at different areas and with various scales were taken and saved using the 

SEM and EDS software.    

 

(c) (d) 
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Figure 3. 3 Hitachi S-4300 N equipment used for SEM imaging 

3.2.4 AFM 

The surface topography, roughness, and Young’s modulus of the samples was measured by an 

Agilent SPM 5500 atomic force microscope (Figure 3.4), equipped with a MAC III controller 

and a RTESPA-525 tip which had the resonant frequency of 75 kHz. The average particle size of 

different samples were also analyzed using this equipment. Also, quantitative nano-mechanical 

(QNM) mode was used for measuring Young’s modulus of the samples. 
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Figure 3. 4 Agilent SPM 5500 AFM equipment used for AFM analysis. 

3.2.5 Raman spectroscopy  

Raman spectroscopy was used to analyze crystalline phases of thin films and coated samples. 

Horiba Raman system (Figure 3.5) was operated with 532 nm laser to obtain the Raman peaks of 

different samples. The instrument was first calibrated with silicon (Si) crystal sample, after 

which other samples were analyzed. 

 

 

 

Figure 3. 5 Horiba Raman spectroscopy equipment used for Raman analysis. 
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3.3 Electrochemical characterizations 

3.3.1 EIS, LSV, and CV 

EIS measurements of symmetrical and full cell samples were performed using the Ametek 

VERSASTAT3-200 potentiostat electrochemical workstation from Princeton Applied Research. 

LSV and CV were measured using Biologic EC Lab potentiostat (Figure 3.6). For SSBs, EIS 

measurements were performed over the working frequency range of 1 MHz to 100 mHz with 

voltage amplitude of 10 mV AC signal. Also, 20 nm of gold (Au) layers were sputtered on both 

sides of SSE pellet as blocking electrode. However, for LMBs with LE the frequency range was 

set from 100 KHz to 0.1 Hz. Similarly, LSV measurements were performed from 0 to 5V range. 

Also, CV was performed at voltage range of 2 to 4.5 V at scan rate of 0.5 mV s-1 v/s Li/Li+. 

 

Figure 3. 6 VERSASTAT3-200 and Biologic EC Lab potentiostat equipment used for EIS, 

LSV, and CV measurements.  
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3.3.2 Symmetrical and full cell test 

Galvanostatic charge/discharge cycling measurements of assembled coin cells were performed 

using the LAND CT2001A and Neware battery analyzer systems (Figure 3.7). Li symmetrical 

cells with LEs were cycled at different current density such as 0.5, 1, 2, 3 mA cm-2 with capacity 

achieving 1 mAh cm-2. Whereas those with SSE were cycled upto 0.2 mA cm-2 during 

plating/stripping cycles and upto 1 mA cm-2 during critical current density (CCD) cycling 

experiment. Similarly, for full cell with LEs, the cells with LFP cathodes were cycled in a 

voltage range of 4.2 to 2.5 V at different current densities (e.g., 1C = 170 mA g-1). The specific 

capacity at 1 C was calculated by using the mass of active cathode material, LFP. For capacity 

retention and rate performance tests the cells were cycled at 0.2 C, 0.5 C, 1 C, 2 C, 5 C, and back 

to 0.5 C-rates. Whereas the solid-state hybrid LFP full cells were cycled at the voltage range of 4 

to 2.5 V. The specific capacities at 0.2 C-rate current density was calculated and cells were 

further cycled at 0.1 C, 0.2 C, 0.5 C, 1 C, and back to 0.1 C-rate for capacity retention and rate 

performance tests.       

  

Figure 3. 7 LAND CT2001A and Neware battery analyzer for coin cells testing.  
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Chapter 4: Results and Discussions 

4.1 Functional electrolyte additive engineering 

In this work, the use of novel electrolyte additive, gadolinium nitrate (Gd(NO3)3) at optimal 

concentration of 3 mM added in LiTFSI-LiNO3 ether solvent based LE was reported. The use of 

additive tuned the composition of SEI layer on the top of LMA as the components of the 

electrolyte additive get reduced prior (Gd3+ (E°) = - 2.279 V, Li+ (E°) = -3.040 V v/s SHE) [261] 

to electrolyte reduction which passivated the Li metal surface preventing further electrolyte 

decomposition and formation of high electronegative fields that favors dendritic deposition of Li 

ions. Further, a nodular morphology of Li deposition was observed with use of this additive 

which promoted dendrite free Li deposition. As a result, much improved and enhanced battery 

cycling performance was obtained.  

4.1.1 Li morphology and surface characterizations 

SEM images were taken on the surface of Li metals (Figure 4.1), showing the morphology of 

deposited Li at different plating/stripping cycles. It can be observed from Figure 4.1 (a) that 

dendritic structures start to grow within 1st cycle of plating/stripping when no additive was added 

to the electrolyte. The condition exacerbates on the 10th cycling number (Figure 4.1 (b)) and gets 

even worse at 100th cycle (Figure 4.1 (c)), evidenced by the excessive presence of dendritic and 

dead Li on LMA surface. However, when electrolytes with presence of Gd(NO3)3 additive was 

used for Li plating/stripping cycles the growth of dead and dendritic Li were much suppressed 

(Figure 4.1 (d-f)), showing nodular morphology of Li deposition. The micro-sized nodular Li 

morphology with large particle deposition size and small area inhibits the parasitic side reactions 

between LMA and electrolyte, enabling significantly improved CE and leading to enhanced 

cycling stability of LMBs [262]. Further, the digital images on insets of Figure 4.1 (c, d) shows 
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the superior stability of SEI layer tuned by adding Gd(NO3)3 electrolyte additive. This is 

revealed from the surface of bare Li changing from shiny silver color to dark dull color (Figure 

4.2 (c)) after 100 cycles, showing the formation of extra insulating layers due to side reactions 

and consumption of electrolyte. Whereas the cycled LMA with additive added electrolyte still 

looks shiny and silver in color even after 100 cycles, attributed to formation of stable SEI layer 

and improved passivation of Li metal.          

   

   

 

Figure 4. 1 SEM images of LMAs showing the Li deposition morphologies on it for 1st (a, d), 

10th (b, e), and 100th (c, f) plating/stripping cycles without (a, b, c) and with (d, e, f) Gd(NO3)3 

electrolyte additive. The inset on images (c) and (f) shows digital images of respective cycled 

LMAs. All SEM scale bars are 20 µm.    

 

Generally, the nodular structures of Li are formed when Li deposition is carried out in highly 

concentrated electrolytes such as 4 M lithium bis(fluorosulfonyl)imide (LiFSI) +DME [99], 7 M 

(b) (c) 

(d) (e) (f) 

(a) 
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LiTFSI in DOL:DME [263], 4.5 M LiFSI in acetonitrile (AN) [264], 4 M LiNO3 in 

dimethylsulfoxide (DMSO) [265], and 3 M LiTFSI-DME [266]. Although from the notion of 

solution theory, a higher fraction of free solvents for solvation should result in stronger and faster 

solvency, our results contradict this conventional wisdom demonstrating outstanding capabilities 

of dilute electrolytes enabled by use of functional additives. Also, batteries with diluted 

electrolytes are less expensive, lighter, have wider operating temperature, and uses less viscous 

electrolytes compared to conventional high-M electrolytes.  

For the elemental and surface analysis of Li metal cycled without and with Gd(NO3)3 additive in 

electrolyte, EDS and contact angle measurements were performed. Figure 4.2 (a, b) shows the 

EDS spectrum of Li metal cycled without and with electrolyte additive, respectively. The EDS 

spectrum reveals the presence of Gd (Figure 4.2 (b)) in Li metal cycled with electrolyte additive 

along with nitrogen (N), oxygen (O), fluorine (F), and sulfur (S) relating to other elements 

present in LiTFSI in DOL-DME baseline electrolyte. On the other hand, there was no presence 

of Gd observed in EDS analysis of Li metal surface cycled in electrolyte without additive (Figure 

4.2 (a)). Similarly, the wetting property of these electrolytes with Li metal was investigated using 

contact angle measurement on Li metal (Figure 4.2 (c, d)). It was observed that the wetting of 

additive added electrolyte (Figure 4.2 (d)) was much better compared to that for baseline 

electrolyte with no additive (Figure 4.2 (c)), evidenced by decrease in angle of contact from 

26.20 to 13.50 °. This increase in wettability of additive added electrolytes with Li metal helps to 

form a uniform and stable SEI layer, covering the whole LMA area ensuring improved 

passivation of LMA without cracks and voids. This increase in wettability of additive added 

electrolyte can be associated with presence of Gd on the Li metal surface which was exhibited by 

EDS analysis as mentioned before.   
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Figure 4. 2 EDS spectrum of LMA surface showing (a) absence of electrolyte additive 

element Gd for cells cycled without additive, whereas (b) its presence in cells cycled with 

additive, and contact angle measurements of electrolytes on Li metal (c) without Gd(NO3)3 

additive, (d) with Gd(NO3)3 additive.    

Additionally, for the chemical state analysis of surface SEI layer formed during cycling of 

LMAs, XPS analysis was performed which revealed the products formed by additive promoted 

reactions in SEI. Figure 4.3, shows the Gd 4d XPS spectra of cycled LMAs surface. For Li metal 

samples cycled without electrolyte additive (Figure 4.3 (a)), there was no significant peaks 

observed. Whereas those cycled with electrolyte additive (Figure 4.3 (b)), fitted peaks at ~142.4 

eV and another peak at ~ 138.8 eV were observed which are very consistent with the formation 

of gadolinium oxide (Gd2O3) in the SEI layer [267]. 
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Similarly, the XPS measurements for C 1s, N 1s, O 1s, F 1s, S 2p, and Li 1s spectra were also 

performed and their elemental ratio (%) in the Li metal surface were computed taking into 

consideration the sensitivity factors for each spectrum. As shown in Table 4.1, the SEI layer on 

LMAs for both set of electrolytes are composed of typical organic and inorganic compounds 

such as CH2OCO2Li, ROCO2Li, and LiF [268-270]. However, the SEI layer on Li metal formed 

by reaction with additive added electrolyte consists of less oxygen, fluorine, and sulfur elements 

which are associated with LiTFSI lithium salt in the electrolyte. This indicates that the nitrate 

anions improve the stability of electrolytes against Li metal and prevents severe decomposition 

of Li salt such as LiTFSI during battery operation.  

Table 4. 1 Elemental ratio (%) from different XPS analysis spectra 

XPS spectra No additive Gd(NO3)3 additive 

C 1s 27.6 30.1 

N 1s 4.1 5.4 

O 1s 23.3 20.8 

F 1s 20.5 18.2 

S 2p 7.4 6.8 

Li 1s 17.1 18.5 

Gd 4d 0.0 0.2 

 

Figure 4. 3 Gd 4d XPS spectra for cycled LMA (a) without, and (b) with Gd(NO3)3 electrolyte 

additive.  
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4.1.2 Electrochemical characterizations 

Various electrochemical characterizations were performed on both Li symmetrical cells and full 

cells to analyze and compare the electrochemical performance of batteries cycled with and 

without adding electrolyte additive. At first, a series of symmetrical cell test with different 

amounts (mg ml-1) of additives in electrolyte were carried out in order to optimize the amount of 

additive in the electrolyte. As shown in Figure 4.4, the 1 mg ml-1 amount which calculates 

around 3 mM of electrolyte additive in 1 M LiTFSI-LiNO3 ether solvent based electrolyte, 

exhibits best performance with longer plating/stripping hours and lower voltage overpotential 

compared to samples with other additive concentrations. The lesser additive concentration may 

not be enough to show its full effect on SEI formation, similarly, high additive concentration can 

form more resistive SEIs. Thus, the additive concentration was optimized to 1 mg ml-1.   

 

Figure 4. 4 Li symmetrical cell test with different additive amount in the electrolyte.  
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Further, to observe the charge transfer properties and Li plating/stripping stability, EIS and Li 

symmetrical cycling tests were performed. As shown in Figure 4.5 (a), the Nyquist plot derived 

from the EIS characterization depicted that introducing Gd(NO3)3 as electrolyte additive reduces 

the total charge transfer impedance from 130 Ω (without additive) to 60 Ω. The significant 

reduction of charge transfer resistance can be attributed to Gd(NO3)3 additive promoting 

conformal coating of LMAs with low resistance and ionically conductive SEI layer.  

Similarly, galvanostatic Li plating/stripping cycling tests were performed under both low (0.5 

mA cm-2) and high (2 mA cm-2) current densities. Figure (4.5 (b)) shows the voltage profile for 

plating/stripping cycles of Li symmetrical cells based on electrolytes with and without additive at 

current density of 0.5 mA cm-2, reaching capacity of 1 mAh cm-2. It can be observed in Figure 

(4.5 (c)), its voltage profile from 675 to 695 cycling hours (more stable region), that the 

symmetric cell cycled with no electrolyte additive shows large overpotential of ± 70 mV, while 

the cell with use of electrolyte additive suppressed this overpotential to ± 20 mV. This indicates 

that introducing electrolyte additive reduced the energy barrier of Li transfer process, thus 

facilitating efficient Li plating/stripping cycles. Also, longer plating/stripping cycles for additive 

added cells were observed as they were stable for 2000 h, compared to ~600 h for cells with no 

electrolyte additive, suggesting the formation of stable SEI on the LMAs for cells with 

electrolyte additive. Similar stable cycling of upto 1200 h at higher current density of 2 mA cm-2 

and capacity 1 mAh cm-2 was demonstrated by the additive added Li symmetrical cells with 

voltage stabilized at ± 58 mV, while the cells cycled with no additive was stable for only 200 h 

with very large voltage overpotential of ± 200 mV (Figure 4.5 (d)).        
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Figure 4. 5 Li symmetrical cell tests showing (a) Nyquist plots from EIS test, (b) cycling test 

at current density of 0.5 mA cm-2 and 1 mAh cm-2 capacity, (c) voltage profile between 675 to 

695 cycling hours, and (d) cycling test at 2 mA cm-2 current density and 1 mAh cm-2; for cells 

with and without Gd(NO3)3 electrolyte additive.  
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Further, to demonstrate the potential of enabling high energy density practical LMBs, full cells 

were assembled and tested. The LSV and CV characteristics of Li/NMC 111 full cells were 

analyzed to observe the high voltage stability and reaction mechanisms of cells with and without 

electrolyte additive (Figure 4.6). As shown in Figure 4.3 (a, b), electrolyte reduction peaks are 

observed on both type of cells. Whereas when the plots were enlarged, the cells without additive 

showed multiple reduction peaks (Figure 4.3 (a), inset), indicating multiple reduction side 

reactions occurring at the interface. These multiple peaks were suppressed showing only single 

peak of reduction reaction, indicating suppression of side reactions by use of electrolyte additive 

(Figure 4.3 (b), inset). Also, comparing Figure 4.3 (a) and (b), significant electrolyte 

decomposition is observed after ~ 4.2 V for cells without electrolyte additive, whereas such 

decomposition is inhibited as side reactions, main cause of electrolyte decomposition, are 

suppressed by use of electrolyte additive. Similarly, Figure (4.3(c)) shows the CV scanning of          

Li/NMC 111 cells, which suggests that the oxidation/stripping peak potential is increased to 4.08 

V for additive added cells than that to 3.9 V for control electrolyte added ones.  
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Figure 4. 6 LSV analysis of full cells (a) without, (b) with Gd(NO3)3 electrolyte additive, inset 

on showing enlarged plot from 0-0.0025 mA current; and (c) CV plot of full cells with and 

without electrolyte additive.   

The CV curves also show much higher plating/stripping current, resulting in overall larger CV 

curve area for cells cycled in electrolyte with additive than that without additive, verifying the 

effectiveness of Gd(NO3)3 electrolyte additive to enhance the electrochemical kinetics, and 

suggesting a lower energy barrier for the Li deposition thus improving cell capacity [271, 272]. 

In addition, the Rct of Li/NMC 111 full cells at different cycles were also compared using EIS 

and is listed in Table 4.2. It shows the evidence that full cells cycled with electrolyte additives 

shows low Rct, compared to those without additives, which supports the notion of enhanced 

charge transfer and reaction kinetics are favored using electrolyte additives. The decrease in Rct 

for cells without additive after 10 and 50 cycles can be attributed to the formation of high surface 

area Li dendrites allowing more electrolyte contact and consumption. In contrast, the similar 

decrease for cells with Gd(NO3)3 additive can be attributed to stabilization of in-situ SEI after 10 
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and 50 cycles favoring Li deposition in smooth nodular morphology with less surface area, 

reducing the undesired contact between Li an electrolyte during battery cycling.  

Table 4. 2 Comparison of Rct at different cycle numbers 

Cycle number Without additive With Gd(NO3)3 additive 

0 cycle 286.855 Ω 184.4999 Ω 

5 cycles 700 Ω 439.87 Ω 

10 cycles 734.71 Ω 490.89 Ω 

50 cycles 515 Ω 477 Ω 

100 cycles 500 Ω 286.94 Ω 

 

To evaluate the application of electrolyte engineered batteries in the field, LFP cathode was used 

as active cathode material to assemble a LMA full cell. Different metrices such as cycling 

performance, discharging capacity, and CE were compared between full cells cycled using 

electrolytes without and with additive (Figure 4.7).  

 

(a) 
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Figure 4. 7 (a) 1st cycle voltage profile of Li/LFP full cell at 1 C-rate. (b) Rate performance 

and capacity retention test of Li/LFP cells, (c) Long-term cycling performance of Li/LFP cells 

at 1 C-rate, with and without electrolyte additive.   

 

Figure 4.7 (a), shows the charge/discharge voltage profile during 1st cycling of Li/LFP LMB at 1 

C-rate. The first discharge capacities of 156.295 and 142.057 mAh g-1 with CE of 87.819 and 

84.112 % were observed for cells with and without Gd(NO3)3 electrolyte additive, respectively. 

The lower CE observed in cells without electrolyte additive can be attributed to parasitic side 

reactions and formation of unstable SEI layer, on the other hand, use of additive shows high CE 

ensuring stabilized SEI and suppressed side reactions. These full cells were further cycled at 

different C-rates from 0.2, 0.5, 1, 2, 5 and back to 0.5 C. As shown in Figure 4.7 (b), the cell 

with/without electrolyte additive exhibited discharge capacities of 169.83/165.075, 

164.84/153.275, 157.69/137.05, 96.58/71.925, and 64.15/41.228 mAh g-1 at 0.2, 0.5, 1, 2, and 5 

C, respectively. Also, when the C-rate was set back to 0.5 C, the cells with electrolyte additive 

displayed the discharge capacity retention of 166.99 mAh g-1, which accounts for 98.33 % of the 

(c) (b) 
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initial capacity after ten cycles of each higher C-rates. Similarly, long term cycling performance 

and capacity fade characteristics were tested by cycling Li/LFP cells for higher number of cycles 

as shown in Figure 4.7 (c). The cycling performance of additive added cells are highly improved 

as they still maintain the discharge capacity of 150.266 mAh g-1 at 400th cycle compared to 

92.962 mAh g-1 for that without additive. This superior cycling performance and much reduced 

capacity fade further validates the efficacy of using Gd(NO3)3 as electrolyte additive and its 

contribution to form a stable SEI layer, promoting nodular Li deposition, inhibiting Li dendrite 

growth, and suppressing uncontrolled side reactions between electrolyte and LMA.     

4.2 LMA/SSE interfacial engineering 

In this work, a novel metal nitride LMA/SSE interface modifier, silicon nitride (Si3N4) thin film 

was coated onto the garnet Li6.25Al0.25La3Zr2O12 (Al-LLZO) solid electrolyte by Radio frequency 

(RF) sputter deposition method. This interfacial layer ensured an intimate physical contact and 

homogeneous current distribution at the LMA and SSE interface. The deposited nitride interface, 

Si3N4@Al-LLZO, showed lithiophilic property when Li metal was melt infused in its surface. 

This lithiophilic behavior and reduction in contact resistance by depositing Si3N4 interfacial layer 

was attributed to formation of Li ion conductive ternary phase alloys at the interface. These 

alloys not only wets Li well but also provides open tunnels for Li ion conduction at the interface. 

Thus, deposition of this thin layer at the LMA/garnet SSE interface enabled exponential drop of 

resistance at the interface facilitating superior SSB cycling performance.  
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4.2.1 Material characterizations 

4.2.1.1 Structure and composition of Al-LLZO 

Various amounts of Al-LLZO nanopowder was first pressed and sintered at different pressures 

and sintering temperatures. 0.4 mg and 80 MPa of nanopowder amount and pressing force, 

respectively, resulted in formation of 10 mm diameter and 1 mm thick pellets that can efficiently 

hold its pellet structure. Next the sintering temperature was optimized by sintering pressed 

pellets at different temperature and analyzing their crystal phase and relative density at each 

sintering trials. Table 4.3 shows the SEM images and relative density values for pellets sintered 

at different temperature. 

The surface and cross-section images of pellets were densified with majority of grains tightly 

connected when sintering temperature was raised to 1280 ℃ (Table 4.3). When the relative 

density of sintered pellets were measured using Archimedes’ principle with ethanol as immersion 

liquid, for temperatures below 1280 ℃, not more than 90 % relative density was obtained [273]. 

Whereas for pellets sintered at 1280 ℃, a relative density of ~ 92 % was observed. As the 

sintering temperature was increased above 1280 ℃, the pellets melts and tend to stick on the 

surface of the crucible, so heating above 1280 ℃ was avoided. The digital photo of this 

occurrence is also provided in Table 4.3. Therefore, the optimal sintering temperature of 1280 ℃ 

with sintering duration of 1 h was applied for obtaining best quality SSE pellet samples. 

After, optimizing the sintering temperature and duration, the crystal phase and presence of any 

impurities in it was tested. First, the garnet pellets sintered at different temperature were dry 

polished to remove Li2CO3 and LiOH insulting layers and XRD analysis was performed on them 

to find their crystal phase and purity.  
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Table 4. 3 SEM images and relative densities of Al-LLZO pellets sintered at different 

temperature. All the scale bars are 20 µm. 
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The XRD results of polished pellets sintered at 1000 ℃ showed the presence of impurity peaks 

indexed to La2Zr2O7 (PDF #50-0837) (Figure 4.8 (c)), marked as red asterisk (*) in Figure 4.8 

(a). Formation of this impurity phase was attributed to reaction shown in equation (4.1).  
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Figure 4. 8 XRD analysis showing presence of impurity phase on SSE pellet which was 

removed after increasing the sintering temperature above 1200 ℃. 

 

𝐿𝑖2𝐶𝑂3 + 𝐿𝑎2𝑂3 + 2𝑍𝑟𝑂2 → 𝐿𝑖2𝑂 + 𝐿𝑎2𝑍𝑟2𝑂7 + 𝐶𝑂2                        (4.1) 

As the sintering was performed in ambient conditions, it might have introduced Li2CO3 to the 

samples during heating. However, when temperature is increased to 1200 ℃, Li2O reacts with 

La2Zr2O7 to form LLZO particles again and releasing CO2, as shown in equation (4.2) [274]. 

This was also evidenced by disappearance of La2Zr2O7 impurity XRD peaks as shown in Figure 

4.8 (b).  

7𝐿𝑖2𝐶𝑂3 + 3𝐿𝑎2𝑂3 + 4𝑍𝑟𝑂2 → 2𝐿𝑖7𝐿𝑎3𝑍𝑟2𝑂12 + 7𝐶𝑂2                     (4.2) 

When XRD peaks of pellets sintered above 1200 ℃ were compared with cubic phase LLZO 

XRD peaks, PDF #80-457 (Figure 4.8 (d)), most of the impurity peaks of La2ZrO7 disappeared 

and the one at 29° was highly suppressed represented as red diamond (♦).  

  
(a) (b) 
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Figure 4. 9 (a) XRD comparison of optimized garnet pellets with cubic garnet structure, and 

(b) SEM images of thus obtained garnet Al-LLZO.  

 

Thus, as shown in Figure 4.9 (a), when applying optimized sintering temperature of 1280 ℃, the 

Al-LLZO pellets showed resemblance to the standard pattern of cubic garnet phase 

Li5La3Nb2O12 (PDF #80-0457). Further, the SEM images of Figure 4.9 (b) shows formation of 

well densified pellets with tightly connected grains when pellets were sintered at 1280 ℃ for 1h.  

4.2.1.2 Interfacial layer properties 

After optimizing the parameters for obtaining dense and cubic phase Al-LLZO pellets, a thin 

film of Si3N4 was sputter coated on their top, Si3N4@Al-LLZO. Figure 4.10 (a, b), shows the 

digital images of as prepared bare Al-LLZO garnet pellet and that after depositing thin layer of 

Si3N4 on its surface, respectively. As observed from these figures, the Si3N4 layer was light grey 

to yellowish in color, which is typical color of it for nm range thickness [215]. Figure 4.10 (c), 

shows the Raman spectrum of Si3N4@Al-LLZO. The Raman peaks at 258, 363, 565, 850-870, 

and 951 cm-1 represents characteristic peaks of α- phase crystalline Si3N4 and is denoted by ♦ 

[275]. Whereas the remaining peaks denoted by * are characteristic peaks of cubic phase Al-

LLZO [276].     

  
(a) (b) 
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Figure 4. 10 Digital images of as-prepared (a) bare Al-LLZO, (b) Si3N4 layer coated Al-

LLZO, SSE pellets around 1 mm thick, and (c) Raman spectroscopy of Si3N4@Al-LLZO.  

 

Similarly, EDS characterization was performed on Si3N4@Al-LLZO for obtaining its elemental 

mapping information. Figure 4.11 (a) shows the EDS spectrum and elemental mapping of 

Si3N4@Al-LLZO pellet. The spectrum shows the presence of Si and N, conforming the deposited 

layer is of Si3N4, and other elements such as La, Zr, and Al that is attributed to the components 

from Al-LLZO solid electrolyte. Also, the elemental mapping shows the uniform distribution of 

Si and N on the garnet surface, assuring the conformal coating and full coverage of deposited 

area by Si3N4 thin film. 

Additionally, AFM analysis was performed on dry polished bare (Figure 4.11 (b)) and Si3N4 

modified (Figure 4.11(c)) pellet samples to analyze the surface roughness by comparing their 

root mean square (RMS) values. From AFM analysis, the RMS values of 640.2 nm and 394.4 nm 

were obtained for bare and Si3N4@Al-LLZO SSE pellet samples. The higher RMS value for bare 

samples shows its uneven and rough dry polished surface which will lead to poor contact  

(c) 
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Figure 4. 11 (a) EDS spectrum of Si3N4@Al-LLZO samples showing presence of Si and N 

along with other elements from Al-LLZO, and AFM topography mapping of dry polished (b) 

bare garnet, and (c) Si3N4@Al-LLZO garnet. 

   

[277], and uneven current distribution [278, 279] at the interface when these samples are in 

contact with LMA. This will further result in electron penetration in SSE bulk on certain spots 

leading to infiltration of SSE by whisker growth of Li metal [280]. However, the lower RMS 

(a) 

(b) (c) 
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value observed for Si3N4@Al-LLZO samples ensures much more stable Li conduction at the 

interface and good interface contact which is conducive for long term cycling of SSBs [119]. 

The molten Li metal was brought in contact with Al-LLZO garnet SSE to test its surface Li 

wetting property. As shown in Figure (4.12 (a)), when molten Li was placed on the top of bare 

Al-LLZO garnet, it immediately curled to form a ball shape, revealing its lithiophobic surface 

property. On the other hand, when Si3N4@Al-LLZO was brought in contact with molten Li, the 

surface showed much better Li wetting as Li readily wets and spreads out on Si3N4 deposited Al-

LLZO garnet surface. This showed that Si3N4 deposition turned the garnet surface to lithiophilic.     

  

 

(a) (b) 

(c) (d) 

(e) (f) 
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Figure 4. 12 Wetting behavior and interface characterization of Si3N4@Al-LLZO pellets (a) 

Digital images and schematics showing wetting property of Li metal on bare and surface 

modified garnet pellet, (b) Reaction propagation on lithiated Si3N4 layer deposited on garnet 

pellet, Cross-section SEM images of Li/Al-LLZO interface (c, d) without and (e, f) with Si3N4 

interlayer; and (g) XRD spectrum showing formation of ternary phase alloys facilitated by Li 

metal and Si3N4 interlayer reaction.      

To further decipher the reason behind the Li wetting property of Si3N4@Al-LLZO, the reaction 

propagation test was performed. In this experiment, Li granule was placed and heated on the top 

of Si3N4 coated garnet surface. Then, as shown in Figure 4.12 (b), when Li started to melt at 

around 190 ℃, not only the Si3N4 coated area underneath the Li metal but also in proximity to it, 

started to change its color to black. This observation gave the visual assurance of the chemical 

reaction occurring between Li metal and interfacial Si3N4 layer. The reaction occurred not only 

(g) 
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under Li metal surface but it also propagated around the entire Si3N4 coated area, emphasizing 

the reaction was chemically and kinetically favored.  

Now, in order to visualize the impact of the lithiophilic Si3N4 layer at the Li/garnet interface, 

cross-section SEM images for bare and coated samples were taken. SEM images of coated 

garnet, Figure 4.12 (e, f) clearly shows the tight soldering between Li metal and Al-LLZO pellet 

as no gaps and voids are visible throughout the contact area. Whereas the bare garnet (Figure 

4.12 (c, d)) contact with Li metal is plagued with presence of large voids and gaps suggesting 

poor interface. This visually validated the effectiveness of coating Si3N4 lithiophilic layer at the 

interface to promote interfacial contact of Al-LLZO grains with Li metal. 

To understand the nature of chemical reaction at the interface and indicate the formation of 

intermediate product, XRD was performed after Li metal was infused on Si3N4@Al-LLZO. In 

this XRD analysis of Figure 4.12 (g), new peaks indicated by black-filled diamonds (♦) were 

observed. Also, as the sample for this XRD analysis consists of Al-LLZO substrate underneath 

the coated layer, the common diffraction peaks related to Al-LLZO were also observed. Further, 

these pronounced new peaks were indexed to lithium silicon nitride (JCPDS #40-1449), 

indicating the formation of tetragonal phase Li8SiN4 due to Li and Si3N4 reaction at the interface 

[281, 282]. The favorable kinetics for reaction between Li and Si3N4 to occur and formation of 

the ternary alloy phase Li8SiN4 is further verified by identifying peaks using Miller indices as 

reported in previous literature [283-290]. To be more specific the denoted peaks match the XRD 

data reported by Yamashita et al. in [291], Yamane et al. in [283], and JCPDS card # 40-1449. 

Similarly, studies by Yamane [283], and Ulvestad [284] et al. have analyzed the thermal 

promotion of reaction between Si3N4 and Li metal, forming different ternary lithium silicon 

nitride products. As in this work during processing heat was applied to infuse molten Li on Si3N4 
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layer, which further favors the occurrence of alloying reaction and formation of these ternary 

phase alloys. These alloys not only ensure intimate contact at the interface but also provides Li 

ion conduction tunnels as all phases of alloys formed by Li and Si3N4 reaction are shown to be 

good Li ion conductors with phases such as Li8SiN4 exhibiting ionic conductivity reaching as 

high as 5 × 10-2 S m-1 at elevated temperature of 400 K with lowest activation energy of 46 kJ 

mol-1 [283]. The alloy formed at the Li/ Si3N4@Al-LLZO interface were also ionically 

conductive which is apparent by the lithiophilic nature and decrease in charge transfer resistance 

(from EIS measurements) when Si3N4 interlayer is introduced. The chemical reaction that best 

describe this reduction reaction is given in equation (4.3) [284], which further explains the 

conversion reaction of Si3N4 film with Li metal at interface resulting the formation of Li8SiN4 

that promoted the interfacial contact. 

𝑛 𝑆𝑖𝑁𝑥 + 𝑦 𝐿𝑖+ + 𝑦𝑒− →  𝑛𝑎 𝐿𝑖3.5𝑆𝑖 + 𝑛 𝐿𝑖𝑏𝑆𝑖1−𝑎𝑁𝑥 + 𝑐𝐴 𝐿𝑖𝑆𝐸𝐼                (4.3)                  

4.2.2 Electrochemical characterizations 

4.2.2.1 SSE ionic conductivity analysis 

To analyze the ion conduction kinetics of as prepared Al-LLZO pellets, their ionic conductivity 

were calculated using EIS with Au layers sputtered as blocking electrodes. Figure 4.13 (a) shows 

the Nyquist plot for EIS analysis of Al-LLZO pellets sintered at low temperature of 1100 ℃. As, 

in this sintering temperature the Al-LLZO crystals have not densified enough, clearly two 

semicircles are visible, which indicates presence of both grain and grain boundary resistances. 

Whereas the EIS spectra for Al-LLZO pellets sintered at optimized sintering temperature of 1280 

℃ shows mainly the bulk response with negligible grain boundary contribution, ensuring high 

relative density of as sintered pellets (Figure (4.13 (c)). Similarly, Figure 4.13 (c) also shows the 

EIS measurements of Al-LLZO at temperature range of 22-60 ℃. It is further observed from the       
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Figure 4. 13 EIS analysis of (a) garnet Al-LLZO pellets sintered at lower sintering 

temperature of 1100 ℃, (b) plot showing bulk resistance response to increase in temperature 

for Al-LLZO pellets sintered at 1280 ℃ for 1h, (c) Al-LLZO electrolyte at temperature 

ranging from 22-60 ℃ with inset showing spectra from 45-60 ℃; and (d) Arrhenius plot 

derived from ionic conductivity measurement of Al-LLZO at different temperature.   
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Figure 4.13 (b) that the bulk EIS response value of Al-LLZO at low-frequency intercept 

decreases as temperature increases from 22 to 60 ℃. This follows the typical Arrhenius 

behavior, which is again validated by linearly fitted curve in the Arrhenius plot of Figure 4.13 

(d). This fitted curve’s slope gives the activation energy (Ea) for Li ion conduction calculated 

using Arrhenius equation (equation (2.15)). Also, the Li ion conductivity of Al-LLZO solid 

electrolyte pellet at 22 ℃ (RT) was calculated using equation 2.14. Thus, the Ea and Li ion 

conductivity (σ) of 0.34 eV and 2.81 × 10-4 S cm-1 was observed for garnet SSE, respectively.   

4.2.2.2 Li symmetrical and full cell 

Li symmetrical cell cycling test with different thicknesses of Si3N4 interfacial layer was carried 

out under constant current density of 0.1 mA cm-2 for optimizing the interlayer thickness. As 

shown if Figure 4.14, Si3N4@Al-LLZO coupled with Li metal was assembled to obtain Li 

symmetrical cells with Si3N4 thickness from 0, 20, 30 to 40 nm. The symmetrical cells with bare 

garnet (0 nm Si3N4) showed very high overpotential about ± 250 mV from the first cycle and 

short circuited after only 15 h of cycling time (Figure 4.14 (a)). Similarly, the cells with 20 nm 

thick interlayer showed stable Li plating/stripping only until 150 h, after which the overpotential  
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Figure 4. 14 Li symmetrical cell cycling stability tests at 0.1 mA cm-2 current density with 

different Si3N4 interlayer thicknesses of (a) 0 nm (bare Al-LLZO), (b) 20 nm, (c) 30 nm, and 

(d) 40 nm.     

began to destabilize and drastically increase, eventually reaching upto ± 127 mV (Figure 4.14 

(b)). While the cells with 30 nm deposited Si3N4 interlayer showed the superior cycling 

performance with stable plating/stripping and low overpotential of ± 80 mV for more than 700 h 

(Figure 4.14 (c)). Also, cycling of symmetrical cells assembled with 40 nm interlayer modified 

Al-LLZO showed increased voltage polarization and fluctuations after 100 h of Li deposition/ 

dissolution, indicating premature cell failure [292-295]. Thus, the thickness of Si3N4 interlayer 

was optimized to 30 nm, as it showed outstanding Li symmetrical cell cycling compared to cells 

assembled with other interlayer thicknesses.   

Next, the effectiveness of Si3N4 layer in decreasing the resistance at Li/Al-LLZO interface was 

analyzed. Similarly, to further access the Li plating/stripping enhancement after interface 

modification, Li symmetrical cells were cycled at different current densities and their 

performance was compared with cells assembled using bare Al-LLZO.       

(c) (d) 
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Figure 4. 15 Electrochemical stability analysis of Si3N4 modified Al-LLZO showing (a) 

Nyquist plots of Li-symmetrical cells for Al-LLZO with and without Si3N4 modification. (b) 

Critical current density (CCD) plot for Si3N4 modified symmetric cell. Galvanostatic cycling 

performance of Li symmetrical cells with and without Si3N4 interlayer at 0.05 mA cm-2, 0.05 

mAh cm-2 showing (c) initial few cycles and (d) long term cycling; and (e) Galvanostatic 

cycling performance of Si3N4 modified symmetric cells at constant current density of 0.1 mA 

cm-2. 

EIS measurements of Li symmetric cells with Si3N4 interface modification (Li/Si3N4/Al-

LLZO/Si3N4/Li) and without modified interlayer (Li/Al-LLZO/Li) showed that introducing 

Si3N4 at the interface reduces the total impedance (Al-LLZO electrolyte pellet + Li/Al-LLZO 

interface) from 2750 Ω cm2 for bare garnet to 525 Ω cm2 for interlayer modified cells (Figure 

4.15 (a)). The total bulk impedance of Al-LLZO was observed from EIS of Au/Al-LLZO/Au as 

356 Ω cm2 (Figure 4.13 (c)). After subtracting this bulk resistance value from the total 

impedance and considering interface on one side of symmetric cell, the interfacial area specific 

resistance (ASR) is calculated to be reduced from 1197 Ω cm2 to 84.5 Ω cm2. Similarly, critical 

current density (CCD) test for Li plating/stripping cycles were performed, which was confirmed 

to be 1 mA cm-2 for Li/Si3N4/Al-LLZO/Si3N4/Li cells (Figure 4.15 (b)). The significant reduction 

in interfacial ASR confirms the promotion of conformal contact between Li metal and Al-LLZO 

by introduction of Si3N4 interlayer which forms a thermally lithiated ternary phase alloy and 

inhibits evolution of insulating impurity layers such as Li2CO3, LiOH, etc. at the interface.    

Galvanostatic Li plating/stripping cycling stability experiments were performed on Li 

symmetrical cells to examine the enhancement of Li ion conduction across the interface 

facilitated by Si3N4 interlayer modification. First, the Li symmetrical cells were cycled at low 



111 

 

current density of 0.05 mA cm-2 reaching capacity of 0.05 mAh cm-2 (Figure 4.15 (c, d)). The 

initial few cycles for this current density cycling are compared in Figure 4.15 (c), which shows 

that the cell with bare garnet is marred with large overpotential > ± 100 mV, whereas that with 

Si3N4 interface layer promote stable cycling and overpotential suppression to ± 60 mV. Further, 

when these cells were cycled for long time period, the cell with bare garnet short circuits after 

only 35 h, whereas that with Si3N4 modification showed stable cycling upto 1000 h (Figure 4.15 

(d)), indicating stabilized interface enabled by interlayer introduction. Similarly, Li symmetrical 

cells were also tested at higher current densities of 0.1 mA cm-2 and 0.2 mA cm-2. As shown in 

Figure 4.15 (e), superior cycling upto 800 h was observed at 0.1 mA cm-2 for Si3N4 modified 

garnet with stable voltage at ± 80 mV (inset of Figure 4.15 (e)) compared to bare garnet which 

only lasted for 20 h incurring excessive voltage polarization of ± 250 mV.  
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Figure 4. 16 Li symmetrical and full cell test showing (a) galvanostatic plating/stripping 

cycles of symmetrical cells at high current density of 0.2 mA cm-2, (b) First few cycles for 

symmetrical cells at 0.2 mA cm-2, (c) Al-LLZO cross-section SEM image of short-circuited 

symmetrical cell; (d) Nyquist plot of Li/LFP full cells, and (e) Li/LFP full cell cycling voltage 

profiles for bare and Si3N4 modified garnet.  

 

When current density was further increased to 0.2 mA cm-2 (Figure 4.16 (a)), Li symmetrical 

cells with bare garnet showed unstable voltage profile with overpotential value reaching > ± 150 
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mV. This cell was only stable for ~ 15 h, whereas the cells with Si3N4@Al-LLZO electrolyte 

showed stable plating/stripping cycles upto 100 h with stabilized voltage of ~ ± 100 mV (Figure 

4.16 (b)). However, after 100 h the cells were shorted, showing the typical mechanism of short 

circuit failure in SSBs by Li growth in SSE as shown in Figure 4.16 (c). Table 4.4 shows the 

comparison of Si3N4 interlayer performance in this work with other reported interlayers. 

Table 4. 4 Performance comparison between different nitride and other interlayers at LMA/SSE 

interface for reducing interfacial resistance 

Materi

al 
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ss 
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It can be observed in Table 4.4, that at RT (22℃), the Si3N4 interlayer modified cells shows 

remarkably low interfacial resistance and reduced overpotential voltage. In addition, achieving 

the CCD of 1 mA cm-2 considering the electrolyte thickness and deposition process used, this 

work implies Si3N4 as excellent interlayer that can address the interface mismatch between LMA 

and garnet SSE. 
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Figure 4. 17 Full cell electrochemical testing showing (a) Schematic of full cell device 

structure for Li/Si3N4@Al-LLZO/LFP cells, (b) cycling performance at 0.2 C-rate in RT, (c) 

Galvanostatic charge/discharge voltage profile for different cycles (1st, 50th, and 100th ), and 

(d) Rate performance and capacity retention test at various C-rates.   

In order to demonstrate the practicality of this work by enabling potential use of this technique in 

high energy density LMBs, the Li/Si3N4@Al-LLZO/LFP hybrid full cells were assembled and 

tested following the device design as shown in Figure 4.17 (a). In Nyquist plot obtained from 

EIS test shown in Figure (4.16 (d)), the total ASR for full cells with Si3N4@Al-LLZO was < 500 

Ω cm2, whereas that for bare garnet was ~ 1600 Ω cm2 at RT. Similarly, when full cells were 

cycled at 0.2 C in RT, the cells with bare Al-LLZO displayed larger overpotential and unstable 

charging voltage curves within 10 cycles, suggesting short lived cycling. On the other hand, the 

Si3N4@Al-LLZO full cells showed stable and prolong charge/discharge cycling with enhanced 

specific capacity (Figure 4.16 (e)). Further, it is also observed that the full cells with/without 

Si3N4 interlayer delivered initial discharge capacities of 145.11/125.02 mAh g-1. Figure 4.17 (b) 

shows the long term cycling performance of Si3N4@Al-LLZO full cells with initial galvanostatic 

charge and discharge capacities of 146.25 and 145.11 mAh g-1, respectively, this is equivalent to 

CE of 99.2 %. After 100 cycles the cell capacity of 130 mAh g-1 was observed with CE 

maintenance ~ 100 %. The full cell with Si3N4@Al-LLZO electrolyte shows a well-defined and 

flat charge/discharge voltage plateau with minimal polarization voltage of 0.15 V observed in the 

voltage profiles of 1st, 50th, and 100th cycles tested at 0.2 C in RT (Figure 4.17 (c)).  
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The rate capability and capacity retention tests were also performed on Si3N4@Al-LLZO full 

cells in RT. As shown in Figure 4.17 (d), the cells showed discharge capacities of 153.8, 142.1, 

121.7 and 109.5 mAhg-1 at 0.1, 0.2, 0.5 and 1C, respectively. When the C-rate was drawn back to 

0.1 C, the cell showed retained capacity of 153.8 mAh g-1. This accounts for 100 % retention of 

initial capacity after cycling the cell at higher C-rates for five cycles each. Therefore, the stable 

charge/discharge voltage profile, minimum voltage hysteresis, long term cycling stability, 

suppressed capacity fade, and excellent capacity retention facilitated by the introduction of Si3N4 

interlayer at the Li/Al-LLZO garnet SSE interface confirms and validates the efficacy of this 

interlayer in establishing an intimate contact with enhanced charge transfer and low interfacial 

resistance. The Li wetting property of Si3N4 by favoring the alloy reaction when infused with 

molten Li, forming highly ion conductive ternary phase alloys at the interface are the grounds on 

which this process was developed and successfully implemented.             
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Chapter 5: Conclusion and Future work 

5.1 Summary and significance  

Advancement in two major LMB systems are successfully demonstrated in this dissertation 

work. First, the electrolyte additive engineering in liquid electrolyte based LMBs have enabled 

the suppression of dendrite growth in LMAs. Inclining towards superior nitrate anion 

electrochemical chemistry against Li metal and SEI layer stabilization potential of lanthanides, a 

novel electrolyte additive, gadolinium nitrate (Gd(NO3)3) have been introduced in ether solvent 

electrolyte based LMBs. The use of only 3mM of this additive have shown to tune the 

composition of SEI layer formed on Li metal during battery cycling. The additive’s nature to 

initiate the sacrificial reaction with Li metal to form the SEI prior to electrolyte reduction 

facilitated passivation of LMA and prevented electrolyte decomposition. From chemical state 

analysis of SEI layer, the existence of gadolinium compounds on Li metal surface layer after 

activation of it on LMA was observed. The incorporation of electrolyte additive compounds into 

the surface layer stabilized and passivated the composite film on the Li metal surface by 

forbidding the formation of highly negative electrostatic fields leading to nodular morphology of 

Li deposition. As a result, a dendrite free LMA was obtained which showed outstanding 

plating/stripping properties when assembled in symmetrical and full cells. For instance, nearly 4 

times increase in plating/stripping hours (h) was observed when Li symmetrical cells were 

cycled with use of additive in the electrolyte at 0.5 mA cm-2, reaching capacity of 1 mAh cm-2. 

Similarly, when Li symmetrical cells with electrolyte additive were cycled at high current 

density of 2 mA cm-2 and capacity 1 mAh cm-2, stable cycling with voltage stabilized at ± 58 

mV was obtained for 1200 h, whereas cells with no additive only lasted for 200 h with high 

voltage overpotential of ± 200 mV. Similarly, Li/LFP full cells with electrolyte additive 
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maintained 88.5 % of its initial capacity even after 400 cycles compared to 56.3 % capacity 

maintenance for cells without additive. Also, when charged at higher C-rates, the cells with 

electrolyte additive displayed an impressive capacity retention of 98.33%. Therefore, this 

superior cycling performance with reduced capacity fade for high cycle number validated the 

effectiveness of using Gd(NO3)3 as electrolyte additive. This work provides significant 

contribution in solving problems associated with LMBs by formulating an additive engineered 

electrolyte design to form stable SEI layer, promote nodular Li deposition, suppress Li dendrite 

growth, inhibit uncontrolled side reaction and reduce electrolyte decomposition. These findings 

shed light into the potential of nitrate salt-based metal cations electrolyte additives in achieving 

high energy density and safe LMBs. 

Similarly, the second work is based on developing SSBs by using SSEs which holds promise of 

realizing next-generation safe energy storage devices as long as these solid electrolytes are stable 

in the presence of LMA and high voltage cathode. However, the practical use of these SSBs has 

been hindered by poor solid-solid interfaces, especially between LMA and SSE, incurring high 

impedance and non-uniform current density at the interface. So, the objective of this work is to 

tackle this hurdle by accessing interfacial engineering technique for establishing superior contact 

at the interface that facilitates low interfacial charge transfer resistance and enhanced battery 

cycling performance. Thus, a facile and effective process of depositing silicon nitride (Si3N4) 

interlayer was introduced in this work to address the interfacial mismatch issue between LMA 

and garnet Al-LLZO SSE. The RF sputtered Si3N4 nanolayer on the Al-LLZO garnet SSE 

(Si3N4@AL-LLZO) exhibited a highly lithiophilic behavior evidenced by excellent wetting of Li 

metal on its surface. This interlayer promoted the alloying reaction with Li metal to form a 

highly Li ion conductive ternary phase alloy, Li8SiN4 on the Li/Al-LLZO garnet interface. The 
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ion conductive nature of thermally lithiated intermediate alloy formed at the interface was 

confirmed by the significant reduction of interfacial ASR from 1197 Ω cm2 to 84.5 Ω cm2 for Li 

ion conduction. This was also attributed to formation of smooth interface with inhibition of 

impurity layers (e.g., Li2CO3, LiOH) evolution. Further, the interlayer deposited Si3N4@Al-

LLZO SSEs was assembled into Li symmetrical solid-state cells and hybrid full cells, and their 

electrochemical performance was compared with cells using bare garnet. The Li symmetrical 

cells with Si3N4@ Al-LLZO cycled at low current density of 0.05 mA cm-2 showed stable 

plating/stripping cycles for 1000 h compared to bare garnet cells that short circuited after only 35 

h. This indicated the interface was stabilized during cycling by introduction of Si3N4 interlayer. 

When current density was increased to 0.1 and 0.2 mA cm-2, still superior cycling was observed 

for symmetrical cells with Si3N4@ Al-LLZO, showing stabilized voltage and longer cycle time 

compared to cells with bare garnet. Further, when the interface engineered SSE were employed 

in practical LFP/Li batteries, the first discharge capacity of 145.11 mAh g-1 was obtained 

compared to only 125.02 mAh g-1 for bare garnet full cells. Also, the Si3N4 interface engineered 

cells maintained the cell capacity of 130 mAh g-1 after 100 cycles with ~ 100 % CE, whereas the 

bare garnet cells were unstable after 10 charge/discharge cycles. This shows the efficacy of 

process of depositing these interlayers to homogenize the Li/SSE interface contact and enhance 

the interfacial Li ion transport with low resistance. The introduction of Si3N4 at the interface 

promotes the formation of lithiophilic interface, facilitating alloying reaction to form Li ion 

conductive phase alloys, which in turn contributes to development of intimate and conformal 

contact, both physical and chemical, between garnet type SSE and Li metal. The findings from 

this work provides important insights into significance of engineered interfaces for solving solid-

solid interfacial mismatch eventually for developing energy dense and safe solid-state LMBs.                                         
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5.2 Future work 

To further widen the extensiveness of this dissertation work, some of the suggested future works 

are essential which can prove vital under circumstances such as mass manufacture and product 

commercialization of LMBs. 

For the work of functional electrolyte additive engineering, computer simulations using 

algorithms such as first principal density functional theory (DFT) can be implemented to further 

understand the formation and effect of SEI layer on LMA when additives are used. The 

simulations can provide wide variety of information on Li transport on SEI layer, electrostatic 

field development in Li surface due to SEI layer, Li deposition behavior on LMA, etc. without 

exploiting large quantity of resources. Similarly, these powerful tools can also be used to predict 

new electrolyte additive materials by analyzing their effect on LMA which can open whole new 

avenues in LMB research. Also, the electrolyte additives can show a major role in changing the 

local environment and solvation shells of Li cations in the electrolyte which is needed to be 

deciphered in order to fully understand their effect on Li deposition. Advanced characterization 

tools such as nuclear magnetic resonance (NMR) can be used to further understand the solvation 

sheath and desolvation behavior of Li ion during Li deposition. 

Secondly, for the work on LMA/SSE interface engineering, although use of SSE in LMBs can 

solve safety issues associated with LE, the major remodeling is required in manufacture of this 

SSE to compete with 20 µm thin polymer separators currently in market for use in LIBs. 

Although great efforts have been made recently in the development of SSE materials with high 

Li ion conductivity, the material chemistry analysis are drawn mostly from thick bulky ceramic 

pellets. The performance of thus assembled SSBs is limited by these thick solid electrolytes and 

not only by high impedance at the electrode/electrolyte impedance. So, to compete with ~ 20 µm 
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thick polymer separators used in current LIBs, the ceramic solid electrolyte manufacturing 

techniques needs a major revolution. Therefore, to obtain these thin SSEs, advanced techniques 

such as co-sputtering deposition, wet-chemical thin film coating, chemical vapor deposition, etc. 

should be investigated. The development of SSE thin film coating techniques that well aligns 

with current manufacturing method for LIBs can also facilitate lean manufacturing of pouch type 

SSBs.  

Furthermore, as the electrochemical characteristics in this dissertation are tested using coin cell 

design which is reasonable for proof of concept and foundational study. These techniques and 

inventions should be employed to fabricate pouch cell type batteries in future providing more 

commercial and practical conditions. Similarly, extreme condition testing experiments such as 

wide temperature range tests, bending and puncture tests, extreme fast charging conditions, etc. 

should be investigated in order to ensure safe operation and meet commercialization goals.   
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