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Abstract  

 

This thesis aims to investigate the cold sintering of LLZO under ambient air conditions for 

battery applications. In this thesis, LLZO was milled to reduce particle size and enhance 

packing during pressure application. The as-received LLZO powderôs size and chemistry were 

analysed and compared with the milled and heat-treated powders. Milling reduced the average 

particle size (D50) from 127 Õm to between 2.3 Õm and 15.2 Õm. Additionally, the milled 

powder exhibited the formation of La2Zr2O7 and Li2CO3, visible in the Raman spectra, which 

were subsequently removed upon heat treatment. The removal of La2Zr2O7 is attributed to the 

reintegration of Li from the decomposition of Li2CO3 on the particle surface to form LLZO. 

The properties of Li6.25La3Al0.25Zr2O12 (LLZO) cold-sintered using water, 5M LiCl, and formic 

acid were compared before and after heat treatment. cold sintering LLZO under ambient air 

conditions using water and formic acid resulted in ionic conductivities of 1.99x10-8 and 1.33x10-

9 S/cm, respectively. Whereas, cold sintering utilising 5M LiCl resulted in one of the highest 

ionic conductivities of 2.74x10-5 S/cm found in literature, with only LLZO cold sintered using 

non-aqueous solvents such as dimethyl formaldehyde (DMF), or the aqueous solvent 5M LiCl 

plus heat treatment, which achieved higher conductivities of ~x10-4 S/cm and 3x10-5 S/cm, 

respectively. The main downside of using 5M LiCl was the mechanical instability of the sintered 

LLZO due to the moisture sensitivity of the LiCl salt, which remained within the cold-sintered 

pellet. The LiCl was removed upon heat treatment of the pellet.  

LiCoO2 (LCO) was cold-sintered to develop an anode layer to co-sinter a bilayer with LLZO. 

To cold-sinter the LCO and achieve mechanical integrity, two options were employed. First, a 

mixture of 20 wt% LLZO with 80 wt% LCO powder (LCO80) was used. Achieving a density of 

80.2%. Secondly, formic acid is utilised as a solvent, achieving a relative density of 84.8%. 

This is one of the few examples of cold sintering of LCO in the literature, and it yields a density 

only slightly lower than that of conventionally sintered LCO (87.4%). 

Attempts to conventionally sinter LCO/LLZO bilayers at both 1000 oC and 1200 oC failed due 

to thermal shrinkage and melting of the LCO, respectively. Whereas an LCO80/LLZO bilayer 

was successfully achieved utilising cold sintering. Secondary electron microscopy (SEM) 

revealed the LCO80/LLZO interface to be fused/well-bonded, but during the heat treatment 

process, layers began to separate due to interfacial stress. Raman spectroscopy also revealed 

the formation of LaCoO3 within the LLZO layer after the heat treatment, but no changes were 

noted within the LCO80 layer. To mitigate the layer separation, a buffer layer of 30 wt% of LCO 

and 70 wt% LLZO (LCO30) was inserted between the LLZO and LCO80 layers. This resulted 
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in no delamination between either of the two interfaces, illustrating a clear reduction in the 

stresses across the interfaces.  

Overall, cold sintering of LLZO can be a viable method to fabricate multilayer structures for 

battery applications, but requires further research to improve properties and density to make 

it a more viable alternative to currently used processes. 
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Chapter 1 Introduction  

 

The rapidly increasing demand for energy storage in portable electronics has necessitated 

advancements in energy storage solutions [1]. This need is met through the production of 

batteries, which are now widely used in developed countries and are integral to power tools, 

phones, laptops, and hybrid/full electric vehicles [2], [3], [4], [5]. Lithium-ion (Li-ion) batteries, 

in particular, exhibit high energy efficiency and enhance the quality of energy harvested from 

renewable sources [6]. Consequently, they play a significant role in reducing carbon 

emissions, making them a focal point of research. 

However, conventional Li-ion batteries have notable safety concerns, primarily due to the risk 

of ignition [7], [8]. This issue arises from the formation of lithium dendrites, which can cause 

short circuits within the battery. The resulting heat leads to the evaporation of the liquid 

electrolyte, which is flammable and can ignite [7], [8]. To address these safety issues, research 

is being directed towards the development of all-solid-state batteries that utilize various solid 

electrolytes, such as garnets [9], [10], [11], and NASICONS [12], [13]. 

Lithium Lanthanum Zirconate (LLZO) is a garnet material known for its high ionic conductivity 

(10-4 to 10-3 S/cm), chemical and thermal stability, energy density, structural integrity, and 

safety [14]. However, it has drawbacks, including air sensitivity, which leads to Li2CO3 and 

LiOH formation on its surface [15], [16], [17], [18], which causes a reduction in the ionic 

conductivity of the LLZO [19]. As a result, working with LLZO under ambient air conditions is 

challenging, so few attempts are focused on sintering under ambient air conditions.  

LLZO has been densified utilising different methods, such as conventional sintering [20], [21], 

[22] spark plasma sintering [23], [24], [25], [26] and cold sintering [27], [28], [29], [30]. Cold 

sintering greatly reduces the energy costs for the sintering of ceramic materials [31]. Cold 

sintering of LLZO in the literature involves using various aqueous solvents, such as water [32], 

LiOH [33], and nitric acid [34] which impacts Li+/H+ exchange similarly to air exposure. Only 

dimethylformamide (DMF) would not follow this pattern as a non-aqueous solvent [9]. Although 

DMF under vacuum provides the best cold-sintered properties, it poses health risks and 

requires a glovebox. Consequently, aqueous solvents have been chosen for cold sintering 

LLZO under ambient air conditions for this project. 

The existing literature on cold sintering of LLZO either controls the atmospheric conditions 

[30], [35], [36] or does not specify whether the atmosphere is controlled [27], [29], [37]. 

However, research into cold sintering of LLZO, where the entire process occurs in the 
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presence of air, is scarce. Our main objective is to determine the feasibility of achieving cold 

sintering under ambient air conditions. To achieve this, we investigate the impact of milling, 

solvent choice, Li2CO3 presence, and heat treatment of the powders on the densification and 

properties of cold-sintered pellets. We compare these results with conventionally sintered 

pellets and existing literature. 
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Chapter 2 Literature Review 

 

2.1 Batteries  

 

Batteries are a technology developed as a means to store energy, and as a result, are 

constantly being developed due to the rising demand for portable electronics such as phones 

and laptops, [2], [3] or a reduction in pollution, the development of electric cars [3], [4], [5]. A 

battery cell is typically composed of a cathode, an anode, and an electrolyte. Many modern 

batteries utilised in the current era for portable electric devices are Li ion due to their low 

maintenance [38], rapid charging [38], high energy density [25], and low discharge properties 

[25]. However, Li ion batteries have issues with dendrite formation [39], leakage, and the 

possibility of explosions. This is due to the organic electrolyte utilised, which can ignite as a 

result of thermal runaway, leading to safety concerns [40], [41], [42], [43]. As a result, all-solid-

state batteries (ASSBs) began to be developed to reduce safety risks [39]. 

As a result, for a battery to function properly, several properties are required of each of its 

components. Examples of these properties are energy density, chemical and thermal stability, 

which impact the functionality and efficiency of the battery. 

Thermal and chemical stability are important factors to consider when choosing materials for 

use in a solid-state battery, as heat build-up can occur as a result of Joule heating during ionic 

conduction [44], exothermic reactions [45], and poor interfacial contact between the electrolyte 

and electrodes [46]. Increasing temperatures within the battery can result in changes of phase 

through decomposition or interaction of electrolytes with the electrode materials [45]. This is 

important to note, as increasing temperatures could potentially cause exothermic reactions to 

occur, further increasing thermal energy within the system due to self-heating, which can result 

in the occurrence of thermal runaway [45]. This can potentially reach temperatures of nearly 

1000 ÁC with electrolyte materials such as Li1-xAlxGe2-x(PO4)3 (LAGP), which is sufficient to 

cause further decomposition reactions between electrolytes and electrodes [47]. For example, 

LAGP can react with LFPO at 500 oC to form Li3Fe2(PO4)3 and at 700 oC for several other 

cathodes such as NMC and LCO [48]. As a result, the development of thermal management 

is required to reduce or mitigate damage that would reduce the lifespan of the fabricated 

batteries. Methods of doing this are through the use of materials with higher thermal 

conductivity, such as LLZO [47] or the development of architectures to aid in the heat 

conduction and dissipation, such as the mixing of a thermally conductive solid inorganic 

electrolyte (SIE) into a solid polymer electrolyte (SPE) [47].  
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Another important property of a battery is its energy density, which refers to the amount of 

energy that can be stored per unit of mass or volume. This is a crucial property, as it reduces 

the volume of inactive material, which in turn can aid in reducing cell size while also improving 

battery portability. In SSB, this is achieved through the reduction in the thickness of the 

electrolyte layer, which isnôt responsible for energy storage, unlike the electrodes. Not only 

this, but the reduction in layer thickness also improves the ionic conductivity, as shown in 

Equation 1 where R is resistance (ɋ), t is the layer thickness (cm), ů is the ionic conductivity 

(S/cm), and A is area (cm2). As a result, thinner electrolytes not only reduce the mass of the 

battery but also increase ion transport through the cell, improving the energy density and cell 

performance. This is illustrated by a cell which had an electrolyte thickness of 500 Õm and the 

cathode composite content of 15 wt%, which resulted in an energy density of 100 Whkg-1
,
 

whereas reducing the electrolyte thickness to 100 Õm, increasing the cathode content to 39 

wt%, and increasing the energy density to 300 Whkg-1 [49]. As a result, thin layers of solid 

electrolyte material are desirable for use in a battery cell. 

 

Ὑ
ὸ

„z ὃ
 

Equation 1 

 

 

2.1.1 Cathodes 

 

The cathode of a battery is the positive electrode, which is responsible for incorporating 

Lithium into its structure during the discharge, storing and releasing these ions during the 

charging phase [50], [51]. For this to happen, the cathode is required to be electronically 

conductive to allow the electrons to flow in and out of the structure during use, while also being 

ionically conductive to allow storage and release of Li ions. Additionally, the material shouldn't 

exhibit high-volume expansion to minimize the likelihood of fracture or delamination at the 

interface between the cathode and electrode [7] or pulverisation of active materials [7]. Lithium 

Iron Phosphate (LiFePO4) is a potential material for use as a cathode in Li-ion batteries as a 

Co-free cathode. This is because it is environmentally friendly, safe, and the required materials 

are more readily available [52].  
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2.1.1.1 LiFePO4 (LFPO) 

 

2.1.1.1.1 Structure 

 

LiFePO4 is a material whose orthorhombic structure belongs to the olivine family and has the 

space group Pnma, illustrated in Figure 1 [53]. This structure is formed from corner-sharing 

FeO6 Octahedra along the BC plane while also sharing edges with one PO4 tetrahedra 

alongside two LiO6 octahedra, as shown in Figure 2 [53], [54]. The LiO6 octahedra form an 

edge-sharing chain through the material along the b-axis [53], [54]. During delithiation, the 

material converts to FePO4 while still retaining the olivine structure  [53], [55]. The extraction 

and insertion of Lithium ions in LiFePO4 only occur at a location where the active material is 

directly connected to the conducting matrix and electrolyte [55]. The Lithium ions travel along 

the b-axis, resulting in a morphological change across the a-axis and parallel to the c-axis [55]. 

 

 

Figure 1. LiFePO4 Olive structure  permission granted 
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2.1.1.1.2 Electrical Properties 

 

As a cathode material, one of the prerequisites is to have a decent ionic and electronic 

conductivity. While this is used as a commercial cathode material, the electrical conductivity 

is poor (Ḑx10-9) [53], [54]. The separation of the FeO6 octahedra by the PO4 tetrahedra results 

in a large reduction in the electrical conductivity of the material [56]. The electronic conduction 

mechanism is the smaller polaron hopping mechanism, where the electron transfers from the 

Fe2+ to the Fe3+ through a double exchange mechanism [56]. A polaron is an electron trapped 

that is not part of the ideal crystal structure, and as the electron is active over a few atoms and 

forms a cloud, it is known as a small polaron [57]. The formation of this polaron is a result of 

a Lithium vacancy and the formation of a Fe3+ ion for the material to remain charge neutral  

[56], [57]. This polaron hole is required to overcome an energy barrier for it to jump between 

the Fe3+ and Fe2+, which is increased due to the distance between neighbouring Fe ions in this 

material [56], [57]. This is only possible if the Fe3+ and Fe2+ ion orbitals are of the same spin 

[57].  

Research into overcoming the low electrical conductivity of LiFePO4 has resulted in several 

possible methods being devised. The first of these methods is the addition of a carbon coating 

or additives, as this would create an alternate path for the electrons to follow [57], [58]. This 

process is made easier by the ease with which carbon binds to the iron, and so a variety of 

carbon sources can be used [56]. The addition of carbon can increase the electrical 

conductivity by a magnitude of seven [56]. An issue that arises from the carbon coating usage 

is that it causes a reduction in the energy density of the material, as a result of the added 

carbon not contributing to the energy density of the material [53], [59], [60]. Therefore, the 

addition of carbon requires balancing the energy density and electrical conductivity for 

practical use. 

The second method is through doping the material with aliovalent ions [57], [58]. Previous 

research into the doping of LiFePO4 with different dopants showed an increase in the 

electronic conductivity, ranging from 2-8 orders of magnitude, alongside an increase in the Li-

ion diffusion coefficient [53]. The increase in conductivity that had previously been determined 

was questioned as some researchers believed that the increased conductivity was a result of 

the formation of conductive films, such as carbon or Fe2P [53], [56], [58]. Without the presence 

of the conductive coating, the use of doping was shown to provide minimal effect and is 

considered to add unnecessary extra cost [53]. Research conducted by Wagemaker et al [61] 

discovered that the super valent dopants situated themselves on the Lithium sites, which 

causes blockage in the lithium migration pathways. To maintain charge neutrality, Lithium 
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vacancies were formed, which led to an overall +2 on the iron sites and therefore maintained 

the electronic conductivity of the material [61].  

Like with the electrical conductivity, the ionic conductivity of LiFePO4 is low. This is related to 

the diffusion pathways of Lithium inside this structure, of which there are three [58]. The first 

is along the [010] direction, which is the preferred direction due to the lower activation energy 

required (0.55 eV) to migrate [58]. The second pathway is situated along [001] and the last is 

along the [101] direction, having activation energies of 2.89 eV and 3.36 eV, respectively[58]. 

Due to the large energy barriers and Lithium is unable to switch between the three pathways 

and so is considered to have a 1D Lithium conduction pathway [58].  

 

2.1.1.2 Lithium cobalt oxide (LCO) 

 

LCO is a layered oxide material with a rhombohedral R-3m space group, where the CoO6 

layers are separated by Li ions, as shown in Figure 2 [62]. The CoO6 layers are occupied by 

edge-sharing octahedra, and when fully lithiated, they have a hexagonal unit cell. Delithiation 

causes the LCO to become non-stoichiometric Li1-xCoO2 as the oxidation of Co3+ occurs to 

compensate for changes in the charge [62].  

The degree of delithiation results in changes in the crystal structure of the LCO, for example, 

after 50% of the lithium is lost, the structure changes from its hexagonal to monoclinic phase 

[62] causing microcracks to form as a result of electrostatic grinding [63]. This is a result of the 

CoO2 layers electrostatically repelling the other CoO2 layers due to the negatively charged 

oxygen interactions [64]. Consequently, the electrochemical capacity decreased from 280 

mAh/g to 140 mAh/g [62], meaning that the practical capacity of LCO is 140 mAh/g at 4.2V 

[63].  
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Figure 2. Crystal structure of LCO with R-3m space group [62] Permission granted. 

 

Attempts to limit the decomposition of LCO at high charge voltages have been made through 

either the coating of the powder or doping [65], [66]. Coating the LCO is a viable method of 

reducing the surface reactions using materials such as MgO [65], [66], Al2O3 [67], and ZrO2 

[68]. While these have demonstrated the ability to enhance the stability of the LCO at higher 

charge voltages, they also lead to a decrease in volumetric capacities because of the addition 

of electrochemically inactive layers of material [63]. 

The doping of the LCO with ions of larger ionic radii than Co3+, such as Mg2+ [65], [66], and 

Mn4+ [69], as these increase the distance between layers and therefore reduce structural 

variation during the delithiation [65]. By coating and doping with Mg2+, Shim et al [70] 

demonstrated the improvement in both the initial and retention capacity in the voltage range 

of 3-4.25V at 0.2C rate, heat-treated at 810 oC, which also produced the greatest level of 

doping into the LCO [65]. Tukamoto et al [48] illustrated that greater levels of doping result in 

a reduction in the capacity of LCO, dropping from approximately 150 mAh/g at Mg=0.01 to 

140 mAh/g at Mg=0.08. This is a small decrease in the capacity with less than 15 cycles, but 

by 30 cycles, the capacities are the same. They believed it is due to the reduction of Co3+ 

content but not the Co4+ content, which may be oxidised during Li loss [48]. While there was 

a small decrease in the capacity, the Mg doping causes a large increase in electronic 

conductivity, increasing from 1x10-3 S/cm to approximately 0.99 S/cm [48]. Their experiments 

determined that the primary charge carriers are holes and are atmosphere-dependent 

dependant indicating it is a p-type semiconductor [48]. This conductivity was illustrated to be 

related to the presence of Oxygen in the environment, as demonstrated by the Arrhenius plots 
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in Figure 3 (a). Another aspect that altered due to the Mg doping was the temperature 

dependence, as illustrated in Figure 3 (b). 

 

  

Figure 3. Arrhenius plots of (a) undoped LCO electronic conductivities of different O2 partial 

pressures and (b) undoped and Mg-doped LCO in air, replicated from [66] Permissions 

granted. 

 

Mn4+ doping of LCO was found to enhance capacity retention. At a current density of 50 mA/g, 

after 25 cycles, the capacity retention was 63.2%, 94.2%, and 91.7% for Mn contents of 0, 

0.025, and 0.05, respectively [69]. This is a result of reduced damage from the expansion and 

contraction of the LCO due to the increased distance between layers, as previously discussed. 

Similar to Mg, Mn doping also resulted in a reduction of the charge transfer resistance, going 

from 159.8 to 37.23 Ý [69]. 

 

2.1.2 Electrolytes 

 

2.1.2.1 Properties 

 

The electrolyte is the central section of the battery that is responsible for transferring ions 

between the electrodes, while acting as a barrier to stop electron passage. While traditionally 

the electrolytes were liquid, there has been a push towards solid-state electrolytes primarily 
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due to safety concerns [41], [42], [43]. This concern originates from the possibility of short-

circuiting due to Lithium dendrite formation, which results in high temperatures [71]. This can 

be dangerous, especially in liquid electrolytes, as the increased temperature can cause 

evaporation or ignition of the flammable electrolytes, which can result in an explosion [72]. 

Solid electrolytes, on the other hand, are more thermally stable and so greatly reduce the 

possibility of ignition occurring [8]. 

The requirements for an ideal electrolyte were detailed by Wei et al [73] as having a high ionic 

conductivity of x10-3 Scm-1 at room temperature, a low electronic conductivity of less than 10-

10
 Scm-1, low interfacial impedance between the electrolyte and electrode, good 

chemical/electrochemical stability, strong mechanical strength, good compatibility with 

electrode materials, ease of fabrication, and low cost. The high ionic conductivity is for rapid 

charging and discharging of the battery, resulting in the improvement of the battery and the 

rate capacity [73]. Whereas the very low electronic conductivity is due to the electrolyte acting 

as an electronic barrier, forcing electrons to take an alternative path to maintain charge 

neutrality. A high interfacial impedance would result in the reduction of the battery lifespan by 

reducing the loss of lithium as the battery cycles, and as a result, causes the formation of 

lithium dendrites [73]. The high interface impedance may lead to electrolyte degradation, 

therefore reducing the battery's lifespan. Similarly, the chemical and electrochemical stability 

of the electrolyte would reduce the reduction of the electrolyte or the formation of undesired 

secondary phases.  

The mechanical properties of the solid electrolyte are also more important than the liquid 

electrolyte due to physical changes that occur during battery operation. During cycling, the 

frequent volume changes occur within the electrodes, which can cause delamination and crack 

formation/propagation [49]. This low elastic modulus (E) would be useful for the stabilisation 

of the interface, as this would give the electrolyte some flexibility to deform as the electrodes 

expand and contract, therefore reducing the capacity loss through the cycles [74]. This would 

also reduce the number of cracks produced where Li deposition could occur, from which 

dendrites can form and propagate [74]. Dendrites are non-uniformly deposited Lithium that 

form on the anode and branch through an electrolyte, which can result in a short circuit [75]. 

Even without forming dendrites, Lithium immobilisation can occur due to reactions between 

the electrode and electrolyte, an example of which occurs in Si anode batteries due to 

reactions brought about by the frequent large volume changes in this anode, resulting in the 

pulverisation of the anode [76].  

Alongside the elastic modulus, another important mechanical property is the shear modulus 

(G) due to the impact it has on Li dendrite formation and propagation. Research done by 



 

11 | Page 
 

Monroe and Newman showed that the shear modulus of the solid electrolyte should be at least 

twice that of Li metal (3.7 GPa) [77].  

Like with the electrical insulation, dendrite suppression is important due to the potential for a 

short circuit to occur. The Monroe and Newman criteria are not the only factors to consider in 

dendrite propagation, as a study by Cheng et al [78] showed dendrite propagation through Al-

doped LLZO, which has a shear modulus of 12X that of Lithium. In this paper, it was shown 

that the dendrites preferentially grew intergranularly, eventually causing transgranular 

fractures to occur in the electrolyte [78]. This is believed to be due to pores forming at the grain 

boundaries found in previous work, and is related to the relative density of the material [79]. 

Therefore, the shear modulus of the grain boundaries is also an important factor for reducing 

lithium dendrite formation. 

The electrolytes are also required to have a wide electrochemical stability window versus the 

electrodes, with lithium being the most common baseline. This means that if the battery 

voltage exceeds this window, the material will undergo REDOX reactions, forming 

intermediary phases as a result, which will alter the battery properties [80].  

 

2.1.2.2 LLZO solid inorganic electrolytes (SIE)  

 

SIE is a common type of electrolyte that has been identified as a potentially viable option for 

solid-state batteries. As a general rule, these ceramics have high ionic conductivity, 

electrochemical window stability, thermal stability, and a high elastic modulus [81], [82]. While 

they have overall good properties, one of the most prominent issues is their high elastic 

modulus. When coupled with high-capacity anodes like silicon, it would likely result in 

fracturing and delamination at the electrolyte electrode interface [74], [76]. This results in the 

reduction of the battery efficiency as this creates extra barriers for the ions to work around, 

therefore increasing the impedance at the interface. One such SIE is the Lithium garnet LLZO, 

which is promising because of its high ionic conductivity, thermal and chemical stability, and 

its structural resilience [83]. 

 

2.1.2.2.1 Structure 

 

The general formula of garnets is represented as A3B2(XO4)3, where A = Ca, Mg, La; B = Al, 

Fe, Ge; and X = Si, Ge, Al [1]. The most commonly researched garnet for solid electrolyte 

purposes has the chemical formula Li7La3Zr2O12 (LLZO) [84]. As a result of the higher lithium 
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concentration, LLZO exhibits one of the highest lithium conductivities in the garnet group. The 

skeletal structure of this material features edge-sharing between the AO8 dodecahedron and 

the BO6 octahedron [85].  

LLZO has two phases, the first is the tetragonal structure, which is its default state at room 

temperature, and begins the phase transition to the cubic phase at a temperature of 

approximately 645 oC [86]. These two phases share the same basic skeletal structure, but 

changes in the Lithium distribution at the sites. Of the two phases, the cubic phase is the more 

desirable structure due to its higher ionic conductivity, increasing from 1.6x10-6 to 5x10-4 Scm-

1 [84]. While the conduction pathway of both phases produces a loop-like shape, as shown in 

Figure 4, the difference between the conductivity results from the Lithium sites occupancy 

being partially occupied in the cubic phase, whereas the sites are filled in the tetragonal phase, 

except the 16e site, which is empty, as shown in Figure 4 [87]. It should be noted that Lithium 

can be found on the 16e site, but remains there temporarily due to the nearby 16f and 32g 

sites, which are more thermodynamically stable [87]. As the temperature of the LLZO 

increases, the Lithium sites begin to shift closer to each other, and at 900K, the sites begin to 

connect and form a 3D Lithium migration pathway [87]. As the temperature increases further 

and the LLZO becomes cubic, the 3D conduction pathway becomes more stable, further 

improving the conductivity when compared to the 2D network, which was prevalent in the 

tetragonal phase [87]. 
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Figure 4. LLZO structure (a) Tetragonal, (b) transformed Tetragonal, (c) Cubic, (d-e) 

conduction pathway for tetragonal and cubic, respectively, (f) Lithium sites for both phases 

replicated from [87] Permission granted. 

 

As a result of the impact that the LLZO phase has on its properties, methods for distinguishing 

between the cubic and tetragonal phases are important. Raman spectroscopy is a method 

where there are clear differences between the tetragonal and cubic phases, as illustrated by 

Figure 5. This illustrates that the tetragonal phase contains more clearly defined peaks than 

its cubic counterpart. The peaks in the high-energy region (>550 cm-1) are related to the 

stretching of the ZrO6 octahedra, and a new peak forms at 750 cm-1 as the Ta content 

increases. This was attributed to the stretching of the TaO6 octahedron, as the peaks in this 

region were attributed to ZrO6 octahedra, and the Ta is substituted into the Zr sites [88], [89]. 

In the intermediate-energy region (300-550 cm-1), the peaks and bands are attributed to 

vibration modes related to the bending of the octahedra [89]. The cause for the loss of features 

within this region is that in the cubic phase, there are broad overlapping peaks of degenerate 

Raman modes from the increased symmetry of the cubic phase [89]. As a result, the lower 
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symmetry of the tetragonal phase produced a greater number of peaks. A similar effect is 

noted in the low energy region (<300 cm-1), which is attributed to the translational modes of 

mobile cations, resulting in a reduced number of peaks [89].  

 

 

Figure 5. Raman spectra of LLZO doped with 0.25-0.5 Ta and a tetragonal LLZO [88] 
Permission granted. 

 

Another complementary approach to Raman spectroscopy for distinguishing cubic from 

tetragonal LLZO is XRD, as illustrated in Figure 6. As the tetragonal phase exhibits lower 

symmetry than its cubic counterpart, its XRD pattern unveils a more complex series of peaks. 

In the transition from a cubic to a tetragonal phase, the lattice symmetry is altered by the 

elongation of the c-axis while the a and b-axes remain equal. This anisotropic expansion 

results in the splitting of diffraction peaks as the geometric conditions for constructive 

interference (as dictated by Braggôs law) are altered. Essentially, the originally degenerate 

peaks in the cubic phase split into multiple peaks due to the changes in the lattice parameters 

[37]. 
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Furthermore, techniques such as Rietveld refinement allow for a quantitative analysis of these 

patterns. By fitting the entire diffraction profile with models representing both phases, 

researchers can estimate the relative proportions of cubic and tetragonal LLZO in a sample. 

This becomes important for the optimisation of material properties for use in energy storage 

applications. 

 

 

Figure 6. XRD pattern of LLZO after final calcination step, (a) simulated pattern (JCPDS 80-

0457), (b) Al-free tetragonal LLZO in Al-free crucible, (c) LLZO doped with 0.5 wt% Al2O3 in 

Al-free crucible, (d) LLZO doped with 0.9 wt% Al2O3 in Al-free crucible, (e) undoped sample 

in Al2O3 crucible. Image reproduced from [90] with permission. 

 

2.1.2.2.2 Effect of dopants 

 

The primary issue is that the phase change occurs at temperatures exceeding 900 K, which 

is undesirable for room-temperature applications. Therefore, research has been done into 

ways to stabilise the cubic phase at room temperature. This resulted in the discovery of various 

dopants such as Aluminium(Al) [41], [91], Gallium(Ga) [9], [41] and Tantalum(Ta) [11], [92] 

which stabilise LLZO in the cubic phase.  
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One of the more commonly used dopants in LLZO is Al due to the availability of the material. 

Rangasamy et al [91] showed that the optimal level of Li and Al in LLZO to become completely 

cubic is 6.24 and 0.24 moles, respectively. Within the crystal structure, the Al ions 

predominantly settle in the Li sites, with the most energy-efficient site being the 24d site [93]. 

This means that the Al can slightly limit or reduce the lithium mobility in LLZO by blocking off 

potential paths [94], [95]. This results in the Al-doped LLZO having a lower ionic conductivity 

when compared with other dopants, as shown in Table 1.  

 

Table 1. Table of Electronic Properties of LLZO Materials 

Material Formula Phase 

Room temperature 

Ionic conductivity 

(S/cm) 

Relative 

Density 

(%) 

Reference 

Li7La3Zr2O12 Tetragonal 2.3x10-5 98 [96] 

Li7La3Zr2O12 Tetragonal 2x10-6  [94] 

Li7La3Zr2O12 Tetragonal 5.77x10-6 95 [97] 

Li7La3Zr2O12 Tetragonal 3.12x10-7  [98] 

Li7La3Zr2O12 Tetragonal 
1.3x10-6 (Sol gel 

method) 
73 [99] 

Li7La3Zr2O12 Tetragonal 
5.3x10-6 (Citrate 

Nitrate method) 
66 [99] 

Li7La3Zr3O12 Tetragonal 5.67x10-5 93 [100] 

Li6.24Al0.24La3Zr2O11.98 Cubic 4x10-4 98 [91] 

Li6.19Al0.27La3Zr2O12 Cubic 9.4x10-6 85 [79] 

Li6.19Al0.27La3Zr2O12 Cubic 0.34x10-3 98 [79] 

Li6.1Al0.3La3Zr2O12 Cubic 2.11x10-4 - [101] 

Li6.25Al0.25La3Zr2O12 Cubic 
1.81x10-4 (Al2O3 

Crucible) 
89 [102] 

Li6.25Al0.25La3Zr2O12 Cubic 
4.48x10-4 (Pt 

Crucible) 
96 [102] 

Li6.4Ga0.2La3Zr2O12 Cubic 1.31x10-3 - [41] 

Li6.95Mg0.15La2.75Sr0.25Zr2O12 Cubic 1.4x10-3 - [9] 

Li6.5Ta0.5La3Zr1.5O12 Cubic 6.45x10-4 - [92] 

 



 

17 | Page 
 

LLZO has an electrochemical stability window of 6V vs. Li and should be resistant to the 

injection of both electrons and positive holes [103]. Whereas other research has shown that 

the value of this window is lower than being as low as 0.05-2.91 vs. Li [104]. Han et al. [104] 

notes that at LLZO began breaking down into Li6Zr2O7, Li2O2, and La2O3 above 2.91V, which 

would result in a change in properties, though his theory is that this breakdown is part of the 

reason behind the high interfacial resistance. Thompson et al. [103] has suggested that the 

value of 6V is for the intrinsic electrochemical stability and that it should not be confused with 

the chemical stability, which is more relevant in the context of battery operation, such as with 

the paper by Hans et al. [104].  

 

2.1.2.2.3 Impact of air exposure 

 

One of the major challenges to working with LLZO is its air sensitivity, which results in the 

rapid formation of LiOH and Li2CO3 [17], [19], [92], [105]. The reaction mechanisms of the 

Li2CO3 formation were investigated by Xia et al [92] by submerging the LLZO in water and 

exposing the LLZO to humid air. By utilising Fourier transform infrared spectroscopy (FTIR), 

they determined that LiOH.H2O formed during the submersion in water by the presence of a 

peak at 3569 cm-1 due to a reaction between the LLZO and water through the Li+/H+ exchange, 

as shown in Equation 2 and Equation 3. Upon exposure to air for one week, the LiOH peak 

disappears and the intensities of the C=O bonds at 1438 and 863 cm-1 increase, indicating 

that the LiOH.H2O is consumed to form the Li2CO3, as illustrated in Equation 4 [92]. This creates 

a core shell structure of the unreacted LLZO and the Li2CO3. Xia et al [92] determined that this 

protonated layer was 25 Õm by utilising Raman spectroscopy, whereas Brugge et al [19] 

estimated this layer was 1.35 Õm after 30 min submersion in water. 

 

ὒὭȢὒὥὤὶȢὝὥȢὕ ὼὌὕ

ᴼὒὭȢ ὌὒὥὤὶȢὝὥȢὕ ὼὒὭὕὌ 

Equation 2. [92] 

ὒὭὕὌὌὕᴼὒὭὕὌȢὌὕ  Equation 3. [92] 

ςὒὭὕὌȢὌὕ ὅὕ ᴼὒὭὅὕ σὌὕ  Equation 4. [92] 

 

 

Cheng et al [17] revealed that LLZO powders with large grain sizes formed more Li2CO3 after 

both short (24h) and long (6 months) term exposure. They believe this was caused by a 

different sintering mechanism, which results in Al-deficient grain boundaries in the large grains. 
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In contrast, the small grains contain a greater concentration of Al. This means that since Al is 

on the Li sites, there is less Li exposed to the moisture, and as a result reduces the formation 

of LiOH and Li2CO3 [93]. 

This Li+/H+ exchange greatly impacts the ionic conductivity of the LLZO samples by removing 

Li ion charge carriers from the LLZO lattice and by acting as a blocking layer, both of which 

limit the Li ion transport [9], [17], [19]. Brugge et al [19]  determined that the Li+/H+ exchange 

heavily impacts the grain boundary resistance (3.5X102 Ýcm to 5x105 Ýcm), which had 

increased by three orders of magnitude, whereas the bulk resistance increased by one order 

of magnitude (8.6x102 Ýcm to 2.4x103 Ýcm) after 30 mins in 100 oC water. This indicates that 

the Li+/H+ exchange primarily occurs at the grain boundary [19]. 

Lu et al [106] researched the impact of protonation on the structure of LLZO and how it impacts 

the ionic conductivity. They achieved this by using density functional theory (DFT) and DFT-

based modelling dynamics (DFT-MD) [106]. They discovered that protonation causes a phase 

transition from the Ia-3d to I-43d as they settle in the octahedral sites. The I-43d was also 

discovered to form from tetragonal LLZO when aged in air at temperatures below 150 oC and 

at room temperature for 3 years [107]. Orera et al [107] determined that due to the splitting of 

the tetrahedral sites into 12a and b sites, where the Li preferentially sits in the 12b site with a 

3x occupancy. Alongside this, the H ion preferentially approaches an empty tetrahedron and 

forms O4H4 units by the vacancy [107].  This unit provides thermal and compositional stability 

to low-temperature proton-exchanged LLZO [107]. Another impact protonation has on the 

LLZO structure is that it causes a shift in the Zr location from the centre of the O6 octahedron 

by a maximum of 0.15 ¡, resulting in the loss of the inversion symmetry in the LLZO unit cell 

[107]. 

The protonation causes two main effects, which impact the ionic conductivity of the LLZO. The 

first is that as the H+ settles in the octahedral sites, which are typically where the Li+ reside, 

this causes the Li+ to move to the more stable tetrahedral sites [106]. This greatly increases 

the activation energy required to initiate Li+ migration and therefore reduces the ion mobility, 

as a result, reduces the ionic conductivity. On the other hand, the H+ ions in the octahedral 

site cause the widening of the Li+ migration pathways, therefore facilitating ion movement. 

Overall, they conclude that the presence of protons in the structure can produce competing 

effects that impact the ionic conductivity [106]. When coupled with the loss of charge carriers 

due to proton exchange, this results in the reduction of the ionic conductivity, but provides 

possible avenues to improve ionic conduction by redirecting the H+ to the tetrahedral sites 

instead, by finding the right dopant [106]. Therefore, limiting proton exchange is desirable for 

maintaining the conduction properties of LLZO. 
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2.1.2.2.4 Mechanical properties  

 

Most of the papers released concerning the research of the mechanical properties of LLZO 

were authored by the Sakamoto group of Michigan University and focused mainly on the Al-

doped LLZO fabricated utilising hot pressing [108], [109]. In one of their papers, they 

researched the effect that relative density has on the properties of Al-LLZO, in which they 

showed the relationship between Vickers hardness, fracture toughness, and ionic conductivity 

with the relative density of the material [79]. This research showed that the fracture toughness 

of Al-LLZO is inversely proportional to the relative density due to the reduction of pores 

situated at the grain boundary, and these pores deflect the cracks away from the direction of 

greatest force, resulting in a higher fracture toughness [79]. This trend with the fracture 

toughness is seen in another one of their papers, where the relative density increases by 4% 

and results in the fracture toughness decreasing by 0.22 MPa/m1/2 [110].  

Both the ionic conductivity and Vickers hardness increase with relative density until 96%, 

where it plateaus at a value of 9.1 GPa [79]. The reason behind the increasing value of 

hardness is the reduction of sample porosity while the grain boundary size remains at a 

relatively consistent value (2.7-3.7 Õm), which makes it more likely for the indenter to come in 

contact with a pore within the sample [79]. On the other hand, another one of their papers 

showed a decrease in hardness with increasing relative density [110] as shown in Table 2. The 

reason for this comes from the influence grain size has on the LLZO hardness in line with the 

Hall-Petch relationship [110]. According to this relationship, the smaller grain size results in a 

higher hardness due to the grain boundaries restricting the movement of dislocations. 

Therefore, the increasing grain size of the LLZO in the paper by Sharafi et al. [110] results in 

reduced hardness due to increased dislocation mobility. 
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Table 2 Mechanical properties of Al-doped LLZO hp=hot pressed 

Material Formula Hardness(H) (GPa) 

Young's 

Modulus (E) 

(GPA) 

Shear Modulus (G) 

(GPa) 

Relative 

Density (%) 

Fracture 

Toughness  

(MPa/m1/2) 

 

Paper 

Li6.91La3Zr1.98Al0.13O12 
8.5 Ñ 0.4 (800nm 

depth) 

145.6 Ñ 7.3 

(800nm depth) 
 93 0.99+0.05 [10] 

Li6.19Al0.27La3Zr2O12 4.7 Ñ 0.2 (vickers) 135  85 2.37 [79] 

Li6.19Al0.27La3Zr2O12 
8.1+0.8 

(nanoindentation) 
135  85 2.37 [79] 

Li6.19Al0.27La3Zr2O12 9.1 (vicker) 140  98 0.97 [79] 

Li6.19Al0.27La3Zr2O12 9.1 (nanoindentation) 140  98 0.97 [79] 

Li6.25Al0.25La3Zr2O12 hp-

1100 oc 
9.88 + 0.49   96+0.5 0.82+0.07 [110] 

Li6.25Al0.25La3Zr2O12 hp-

1200 oc 
8.05+0.52   97.7+0.5 0.61+0.05 [110] 

Li6.25Al0.25La3Zr2O12 hp-

1250 oc 
7.74+0.46   98.1+0.5 0.60+0.06 [110] 

Li6.25Al0.25La3Zr2O12 hp-

1300 oc 
7.42+0.48   99.4+0.5 0.6+0.04 [110] 

Li6.17Al0.28La3Zr2O12  154.5 61.4 98.9  [11] 
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2.2 Sintering 

 

Sintering of materials is an essential process in the manufacturing of products within industry. 

This fundamental process involves the densification of a green body by applying a high 

temperature to fabricate ceramic products, such as the Venus of Doln² VŊstonice [111], [112], 

[113], [114], one of the oldest known examples of ceramic sintering is from approximately 

25,000 years ago. Initially, ceramics were porous and more fragile, but humans gradually 

improved the process. By approximately 10,000 BC, clay pots were produced for water 

storage as techniques for improving purity and microstructural control advanced [115]. This 

demonstrates that the density of ceramics enhances the functionality of the produced 

products, whether mechanically, chemically, or electronically, making it a crucial factor in 

ceramic production. 

Traditionally, the primary method of sintering involves the use of high temperatures, 

approximately 75% of the melting temperature [116]. High temperatures provide the energy 

necessary for mass transport, resulting in reduced pore presence. However, this process is 

energy-intensive and can present challenges depending on the desired product and materials 

[117]. For example, the co-sintering of lithium lanthanum zirconate (LLZO) and lithium cobalt 

oxide (LCO) or systems using metallic and polymeric materials can be problematic due to 

differences in thermal expansion coefficients or decomposition temperatures [118], [119], 

[120]. 

There are several categories of sintering based on the temperature range in which the 

sintering occurs. These categories include high-temperature sintering (1200ÁC-1800ÁC), low-

temperature sintering (900ÁC-1000ÁC), ultra-low temperature sintering (400ÁC-700ÁC), and 

cold sintering (room temperature-300ÁC) [118] One issue with high-temperature sintering 

methods is that while ceramics typically have high melting points, materials such as copper, 

which is conductive but has a low melting point, are usually not co-sintered together [118]. 

With the development of methods like cold-sintering and liquid-assisted sintering, which 

reduce the required temperature, it is now possible to achieve the co-fired sintering of these 

materials. 
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2.2.1 Driving forces of sintering 

 

The driving force for the densification of materials is the reduction of Gibbs free energy by 

reducing the interfacial energy between the particles, therefore improving thermodynamic 

stability. This is due to fine particles having a high surface area, which in turn results in a 

greater number of exposed atoms/molecules at the solid-vapour interface, causing a greater 

value of Gibbs free energy [121].  

The second driving force for sintering is pressure over a curved surface, also known as 

sintering stress, which determines the rate of material transfer [122]. To increase the rate of 

transfer, the radius of curvature should be on the micron scale or smaller [121]. This is one of 

the primary reasons why ceramic processing typically uses fine particles to produce well-

densified products [121].  

This sintering stress arises due to the variation of the chemical potential of atoms and 

vacancies while under a curved surface [122]. This difference results in a chemical potential 

gradient, which is what drives the diffusion of material to reduce the free energy of the system, 

and therefore, this is a vital driving force in the sintering processes [122]. 

The angle between the surfaces at the point of contact is known as the dihedral angle, and 

during sintering, this has an impact on pore behaviour. An example of this in two dimensions 

is when a pore has a dihedral angle of 120 o, the number of grains surrounding impacts 

whether the pore is stable due to the curvature of the grains. This is due to the movement 

towards the centre of the curve to become straight, as shown in Figure 7, and therefore, there 

is a critical number of grains required to reduce pore size. If the number of grains is less than 

6, the grains are convex and therefore shrink, whereas if the number is greater than 6, the 

grains are concave and therefore grow [122]. 
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Figure 7 Pore stability in two dimensions for a dihedral angle of 120 o [122] permission 
granted. 

 

2.2.2 Mass transport mechanisms 

 

These driving forces cause mass transport to occur during the sintering process, and the major 

mass transport mechanisms are lattice diffusion, grain boundary diffusion and surface 

diffusion [122].  

 

2.2.2.1 Lattice diffusion 

 

Lattice diffusion occurs through the movement of point defects within the crystal lattice of the 

materials. There are two main mechanisms for mass transport within the lattice transport which 

are vacancy and interstitial diffusion [122]. In the vacancy mechanism, atoms hop into the 

vacancy sites, which can allow for tracking of either the vacancy or the atom. This allows for 

the determination of diffusion coefficients using Equation 5, where Da is the atomic diffusion 
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coefficient, Dv is the vacancy diffusion coefficient, and Cv is the concentration of vacancies in 

the material. 

 

Ὀ ὅὈ  Equation 5 [122] 

 

The atomic and vacancy diffusion coefficients, while related, are different due to atoms 

requiring a vacancy to diffuse through the material, whereas the vacancy can trade places 

with one of the surrounding atoms [122]. If the vacancy flux does not have an equal and 

opposite flux of atoms pores may begin to form due to the accumulation of such defects [122]. 

This can occur due to the interdiffusion of two different atoms with a large difference in their 

diffusion coefficients [122]. 

Interstitial diffusion can occur if the atom is small enough to fit between the atoms in the crystal 

lattice in the interstitial sites. These small atoms can hop into neighbouring interstitial sites 

when the energy is provided. Similar to vacancy diffusion, atomic diffusion can be determined 

by Equation 5 but replacing vacancy values with their interstitial counterpart, as shown in 

Equation 6. 

 

Ὀ ὅὈ Equation 6 [122] 

 

Another form of interstitial movement can occur through the interstitialcy mechanism, which is 

a result of a lattice distortion which becomes too energetically unfavourable for interstitial 

movement [122]. As a result, the interstitial can take the place of a neighbouring interstitial 

atom, although they are not required to be the same atom [122]. 

The constant motion of the atoms and vacancies leads to the elimination of vacancies at the 

pores, grain boundaries, interfaces and dislocations [123]. The motion of these vacancies aids 

in the particle adhesion through the movement of the vacancy from the particle neck to the 

surface, increasing neck thickness [123]. On the other hand, the densification occurs due to 

the movement of the vacancy from the neck surface to the particle grain boundary [123]. This 

results in vacancy elimination at the grain boundary and the shrinkage of the sintered material 

[123].  
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2.2.2.2 Grain boundary diffusion 

 

Grain boundaries are the disordered border between regions of ordered crystalline lattices 

known as grains. This border has high concentrations of defects due to the misalignment of 

the lattices. Despite grain boundaries being incredibly narrow, they are an active mass 

transport pathway which promotes material densification [123]. The activation energy of this 

diffusion process is believed to be between surface and volume diffusion [123]. This process 

is often thought of as the main diffusion mechanism in the sintering of metals. 

Grain boundary diffusion is dependent on the area of the grain boundaries per unit volume, 

especially as the surface area is reduced and surface diffusion importance is diminished [123]. 

This occurs due to the fusion of the particles at the contact points between the particles, and 

this results in the formation of a large number of grain boundaries in the intermediate stage of 

the sintering process [123]. During the sintering process, particles are transported through the 

grain boundaries to the neck surface between particles [123]. Following this, the grain 

boundaries act to remove vacancies, and when coupled with surface diffusion, distribute mass 

over the particle necks [123].  

The diffusion rate of the grain boundaries is dependent on the Arrhenius relationship with the 

exponential temperature dependence, as shown in Equation 7 where ÖDB is the nominal grain 

boundary width, QB is the activation energy, DBO is the frequency pre-exponential [123]. 

Typically, the width of the grain boundary is unknown and so assumed to be 5-10 atoms wide. 

 

‬Ὀ Ὀ‏ Ὡ ᶻ  
Equation 7 [123] 

 

During sintering, grain growth occurs due to atoms moving across the grain boundary, 

resulting in the expansion of the grains. Whereas the densification occurs due to the atoms 

travelling along the grain boundary. As a result, it can be difficult to differentiate the two 

processes, which have very similar dependencies. Therefore, grain growth and densification 

occur simultaneously during the sintering process [123]. 

 

2.2.2.3 Surface diffusion  

 

A particle surface may contain a variety of defects such as surface vacancies, surface atoms 

and atoms on a terrace corner (kink) as shown in Figure 8. Once enough energy is provided 
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to the system, atoms can begin moving between defects, for example, jumping from a kink or 

surface atom into a vacancy. The energy provided can cause the bonds to break between the 

atoms, then the atom begins to move over the surface until it reaches another site, such as a 

surface vacancy or kink. This process is only the repositioning of the atoms on the particle 

surface and so does not result in shrinkage [123]. Despite the motion of the atoms being 

random, the atoms tend to move from convex to concave surfaces as a means to reduce 

defect concentration on the surface [123].  

 

 

Figure 8 Surface of a crystalline material with the presence of defects such as vacancies, 

extra surface atoms, terraces and kinks [123]. Permission granted. 

 

Overall, surface diffusions are most dominant during the heating of the powder to the sintering 

temperature. This is due to the low activation energy relative to the other mass transport 

processes. This process is dominant when there is a high surface area and minimal presence 

of grain boundaries. As a result, the reduction of the surface area as the particle neck expands 

and grain boundaries form between particles means the rate of surface diffusion decreases, 

and other diffusion processes become dominant [123]. 
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2.2.3 Conventional/solid state sintering 

 

Conventional sintering is one of the oldest and widely spread methods of densifying ceramics 

within industry. To conventionally sinter a powder, it is usually compressed into the desired 

form, where the powder undergoes plastic deformation, which aids in the rearrangement and 

compaction of the powder. Then the material is heated up to 75% of its melting point, at which 

point several diffusion processes begin to occur [116]. In the early stages, as the temperature 

is increasing, the particles begin necking, which is when bridges begin to form between 

neighbouring particles, and eventually, a reduction in surface diffusion as the surface area 

declines [124], [125]. This step is known as consolidation, as densification processes have yet 

to occur, and is dominated by surface diffusion [124], [125]. 

As the temperature increases, Ostwald ripening occurs, where the smaller particles in a solid 

or liquid solution are absorbed into the larger particles and result in grain growth [125]. 

Alongside this, grain boundary diffusion becomes the dominant mass transfer mechanism 

during the intermediate phase of sintering. During this stage, the grain boundaries act as 

highways for atoms to travel and get deposited in the pores while the grains grow as the atoms 

jump over the grain boundaries, resulting in shrinkage as the densification begins [125]. The 

Ostwald ripening process begins as a means for the material to reduce the interfacial 

resistance [125]. As the grain growth continues at the interfaces between particles, there is a 

reduction in pore volume. In the final stage of the sintering process, the primary diffusion 

process is lattice diffusion as the high temperatures provide the energy for the atoms to 

overcome the atomic bonds within the lattice. Once a higher density is reached, the 

effectiveness of grain growth for the densification is reduced and eventually begins to decline 

[124]. Finally, as the sintering process finishes, the micro-pores close through surface diffusion 

[116], [124].  

During this process, volatilisation of the material constituents may occur, resulting in a change 

in the stoichiometry as evidenced by the formation of La2Zr2O7 in LLZO as the lithium is ejected 

[126]. As a result, co-sintering of materials produces an array of challenges as considerations 

of sintering and melting temperatures, material compatibility, physical material shrinkage and 

thermal stability must be considered before the process begins.  

To improve the final density of conventionally sintered samples, small particles are commonly 

used due to the high surface energy these particles have, but in attempts to reduce energy 

requirements for conventionally sintering a sample, there has been research into improving 

the green density of the sample after pressing [127]. One of the main methods to improve the 
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green density of materials and tailor pore architecture is through multimodal particle size 

distributions. Of these multimodal systems, bi- and tri-modal PSD are the most prevalent, 

using two or three distinct particle sizes, respectively. Furnas [128] illustrated that the 

percentage pore space was greatest when the ratio of small to large particle sizes was highest, 

where at a ratio of 1, the pore space was 40% whereas at 0.0001, the value was approximately 

17% for a bimodal system [128]. This illustrates that a wide particle size distribution results in 

an improvement of the green density and therefore reduces the degree of shrinkage required 

during densification. This is a result of the smallest particles filtering into the gaps between the 

larger particles. Furthermore, by increasing the number of modes also caused a further 

decrease in pore percentage, as the quad modal systems, where the percentage pore space 

was calculated to be 4% at a size ratio of 0.0001 [128]. Despite the decrease in the green 

density at low size ratios, the density would more rapidly increase as the size ratio increased, 

resulting in the bimodal system producing the lowest pore space when the ratio is greater than 

0.01 [128]. 

To produce the greatest green density, the optimal size ratio was determined to be 

approximately 7:1 (coarse:fine), as this would allow for a high green density without 

compromising the large structural framework [129]. This is because at this ratio, the smaller 

particles can fill in the gaps between larger particles without the framework created by the 

larger particles [129]. On the other hand, trimodal systems can reach high green densities with 

size ratios of 49:7:1, which allows for the greater filling of pore space across three size scales, 

achieving theoretical values of density of approximately 90% [129]. 

Increasing the initial green density of a sample results in a reduction in the required shrinkage 

[130]. Due to the grain boundary mobility being highly dependent on thermal energy, the wide 

particle size distribution can aid in grain coarsening by allowing the smaller particles to be 

absorbed into the larger particles, amplifying the Ostwald ripening effect with the bimodal 

system [131]. When using a trimodal system, the intermediate particle size can aid in reducing 

excessive grain growth by spreading the driving forces across the multiple size populations 

[132]. Despite this, the high temperatures used in conventional sintering can override the 

impact of the PSD effects, although this can lead to small improvements in uniformity and 

grain coarsening. 

During conventional sintering, pore elimination occurs through grain boundary and lattice 

diffusion, which can be impacted by using a bimodal distribution. This is due to the smaller 

particles filtering between the larger particles, filling the pores, and forming a path between 

the larger particles, aiding in the mass transport [133]. This allows for more rapid densification 

of a sample due to increased diffusion paths, but also an uneven rate of densification due to 
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local populations where there is a significant difference in size [133]. Overall, multimodal 

distributions require achieving a balance between the more rapid densification and local 

stresses created by uneven densification. 

 

2.2.4 Liquid phase sintering 

 

Liquid phase sintering was one of the methods employed to reduce the energy consumption 

through the addition of 20 wt% solvent or a flux additive. For this sintering process, the liquid 

phase is required to be able to remain in the particle mixture long enough for the sintering to 

be completed [134]. The usage of a liquid phase greatly increases the diffusion and mass 

transfer mechanisms when compared to the solid-state [134]. Typically, this liquid phase 

consists of the congruent melting of a minor component or through the formation of a eutectic 

that melts at a low temperature between the main component and an additive [134].  

During liquid phase sintering, the degree of densification is determined by the capillary forces 

between the particles due to particle wetting [134]. To achieve the desired capillary pressure 

between particles, fine particles are used. There are two phases in liquid phase sintering 

observed, which are rearrangement and solution-precipitation [134].  

During the rearrangement stage, the capillary forces between the particles cause a rapid 

redistribution of the solid powder, increasing the rate of sintering [134]. The densification rate 

increases as the solubility of the solid material in the liquid phase increases [134]. As this 

dissolution of the solid phase occurs, it results in the rounding of the particles, further aiding 

in the rearrangement of the particles in the mixture [134]. The particle rearrangement process 

is rapid and dependent on the liquid phase spreading rate. The uneven distribution of the liquid 

phase and the particles results in the formation of solid clusters [134]. Once these clusters 

have formed, the liquid can be released, which leads to further rearrangement in other regions 

[134]. To reduce the energy of the system, the liquid phase tends to occupy and flow to the 

smaller grains and pores preferentially [135]. If the dihedral angle is high, it results in poor 

wetting of the powders, compact swelling and extrusion of the liquid phase from the powder 

compact [135]. 

There is a second stage of rearrangement, which involves the packing of the formed clusters 

or particle fragments, and is slower than the first stage [134]. With polyhedral particles, low 

dihedral angles can favour the penetration of the liquid phase into the grain boundaries [134]. 

If the ratio of the surface energy between the solid-solid to solid liquid is high (>1.8), then the 

dihedral angle approaches 0o [135]. This can cause further fragmentation of the particles, 
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which then allows for further rearrangement and improved packing [134]. This stage often 

provides the greatest contribution to the densification in the liquid phase sintering [134]. A wide 

range of microstructures is developed due to differences in grain shape and size. The range 

of pore shapes and sizes means there is a range of different capillary actions and conditions, 

further altering the microstructure [135].  

There are several variables that can impact the efficiency of rearrangement, for example, 

irregularly shaped large particles. This is because they can provide a rigid skeleton that would 

interfere with the rearrangement [135]. Another variable would be if the particles achieved high 

solid-state densities before the liquid phase was formed. Solubility of the material in the liquid 

phase would result in the densification being nearly entirely a result of the rearrangement 

process [135]. Finally, as the volume of solvent present as this is evaporated out decreases, 

the liquid phase increases, the solid-solid contacts and therefore the rigidity of the structure 

[135]. 

The second stage is the solution-precipitation stage, and requires the solid phase to be soluble 

in the used liquid phase [135]. During this phase, grain growth also takes place, aiding in the 

removal of pores [135]. The particle arrangement becomes an important factor, and there are 

three processes involved in the densification of the sample. The first of these processes is 

contact flattening, which is the result of capillary forces between the particle contact points 

[135]. This causes the preferential dissolution of the particle contact points and subsequent 

removal to other areas in the sample. As this flattens the contact point, further rearrangement 

occurs, and the particles move closer to each other, resulting in densification of the sample 

[135].  

The second of these processes is the solution precipitation stage, which occurs due to the 

preferential dissolution of the smaller grains [135]. As these smaller grains are dissolved, the 

larger grains begin to grow due to the process known as Ostwald ripening. The growing grains 

start filling the areas left by the dissolving smaller grains and present pores, resulting in further 

densification of the sample [135]. 

The third process is neck growth, which is due to solid-state diffusion, which involves both 

shape change and centre-to-centre movement. Due to the increased speed of diffusion 

mechanisms in the liquid phase, this process is generally less prevalent except in systems 

where the solid material is insoluble [135].  

Overall, liquid phase sintering can aid in the reduction of energy costs when compared with 

conventionally sintered samples, but is more energy intensive than cold sintering as discussed 

in section 2.2.5. 
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2.2.5 Cold Sintering 

 

Cold sintering is an extremely low-temperature method to densify materials by employing a 

transient solvent (<20 wt%), uniaxial pressure and temperatures below 300 oC [136], [137]. 

Compared to a wide variety of sintering methods, such as conventional sintering and SPS, the 

energy efficiency is greatly increased due to the lower temperatures [138]. This reduced-

energy approach can limit secondary phase formations that can occur at higher temperatures. 

There are two stages in the densification process during cold sintering: particle rearrangement 

and dissolution-precipitation [139]. In the particle rearrangement stage, the powder is mixed 

and wetted by the transient solution as illustrated by Figure 9 (a), (b). The transient solution 

begins to dissolve the ceramic powder, preferentially targeting the sharper edges of the 

particles, which smoothens the particle surface. This reduction in surface roughness 

minimises interparticle friction and mechanical interlocking, further improving packing 

efficiency. This partial dissolution, in conjunction with the solvent functioning as a lubricant, 

enhances packing density upon the application of pressure. As a result, this reduces the 

friction between particles and therefore facilitates the rearrangement of particles when the 

uniaxial pressure is applied therefore improving the powder consolidation [140], [141].  

Unlike in the liquid phase sintering particle rearrangement stage, this stage is more 

mechanically driven as the solvent volume is low enough for small amounts of dissolution and 

lubrication. This is illustrated by Gonzalez-Julian et al [142] who researched the mechanisms 

when the solution volume is too low to promote the dissolution-precipitation processes. This 

was determined by calculating the stress exponent (n) of their system when cold sintering ZnO 

with water or acetic acid, and achieved values of 4.55 and 2.68, respectively. What these 

indicated was that the densification mechanisms that occurred were plastic deformation (n>3) 

and/or grain boundary sliding (n=1 or 2) [142]. These values are significantly greater than the 

stress exponent for liquid-phase sintering (n=1), and to date, no value has been determined 

for cold sintering. This indicates that, in the event of a low solvent volume, the primary 

densification mechanism in the cold sintering of ZnO is mechanical. However, they also state 

that where there is sufficient solution volume, the dissolution-precipitation mechanism could 

potentially be the dominant one [142]. It has also been shown that grain boundary diffusion is 

not the only control mechanism, but is likely to be a mixture of several different mechanisms, 

including liquid phase sintering, dislocation motion and grain boundary sliding [142]. This was 

determined through calculating the stress exponent (n), which can be used to indicate the 

sintering mechanism, with grain boundary diffusion having a value of n=1, but the values found 

for each sample were larger than two [142].  
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Figure 9. Illustration of the cold sintering process [141] permission given 

 

The second stage is known as the dissolution precipitation phase. In this stage, the dissolution 

that was beginning in the rearrangement stage further increased due to the mixture of the 

application of pressure and heat. In both instances, the increased dissolution occurs due to 

an increased number of collisions at the solid-liquid interface due to the reduced volume and 

increased energy within the system. During this stage, the local pressure is created on the 

liquid phase between the particle interfaces. This causes a chemical potential through the 

liquid phase, which increases the mass transport as the solution becomes supersaturated, 

and so the dissolved material diffuses through the liquid phase into open pores induced by 

capillary forces between particles [112]. 

The presence of the transient solvent reduces the activation energy required, making mass 

transport easier through a combination of particle movement and ion diffusion throughout the 
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solution. The importance of the powder dissolved into the solution was demonstrated by 

Andrews et al [141], where they found the addition of Zn-Ac powder into the solution 

significantly reduced the required temperature of cold sintering of ZnO, regardless of the 

utilised pressure, therefore reducing the energy demand of the cold sintering process. 

According to Guo et al [143] there are different mass transfer mechanisms in play during cold 

sintering, depending on the type of interface. The first of these is pressure-solution (or liquid-

enhanced) creep, which is a well-documented phenomenon and is recognised as the main 

densification mechanism in cold sintering [143], [144]. Pressure-solution creep is a geological 

process where materials at the grain boundaries and contacts are dissolved and transported 

to areas of lower stress and slowly deform while under pressure. There are three events in 

pressure solution creep: dissolution, diffusion and precipitation. The dissolution of the material 

primarily occurs at the sharp edges and contact points between the particles [144]. This is due 

to the contact points between grains experiencing greater stresses than those applied. This 

increases the chemical potential at these locations, resulting in a reduction of the activation 

energy for material dissolution. As the dissolution occurs, a chemical gradient is formed 

between the contact point and the neighbouring areas where the local stress is much lower. 

The liquid phase provides high diffusivity pathways for mass transport, while the chemical 

gradient provides the driving force. To equalise the chemical gradient within the liquid phase, 

the dissolved material uses the diffusion pathways to transfer mass from the regions where 

there is a high chemical concentration (e.g. grain contacts) to regions of lower concentration 

(e.g. pore space) [143].  

The precipitation process is driven by the evaporation of the transient solvent, which induces 

supersaturation or the pressure differences in the solvent (e.g. grain contacts and pore space) 

[139], [142]. Precipitation of the solutes preferentially occurs in areas of low stress, such as 

pore spaces. This is because the areas of low stress are where the dissolved solute 

preferentially diffuses towards. As a result, it eventually becomes energetically favourable for 

the solute to begin precipitating in these low stress regions and therefore increasing the 

densification of the material [145]. It has been shown that during the evaporation process, the 

main materials removed are water and carbon dioxide (if the solution is organic, e.g. acetic 

acid), but small amounts of OH are also released [111]. 

The second mechanism was the Marangoni flow, which occurs at the liquid-liquid interface 

[143]. The Marangoni flow describes the mass transport of materials along the liquid-liquid 

interface created through the formation of a surface tension due to gradients in chemical 

concentration and temperature [143]. This surface tension gradient results in the flow of the 

fluid away from the regions of low surface tension to regions of high surface tension. This 
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occurs to balance the surface tension of the liquid phase and ultimately spreads the solvent 

over the particles [143]. Within cold sintering, there are two means of forming the concentration 

gradient, the first means is the increased concentration at the particle surface due to 

dissolution of the particle [143]. The other means is the increase in localised pressure within 

the solvent, leading to non-uniform concentrations within the solvent as the distance between 

particle surfaces reduces [143]. 

The third mass transport mechanism is diffusiophoresis across the solid-liquid interface [143]. 

Diffusiophoresis is the transport of colloidal particles due to changes in the chemical gradient 

of the dissolved solute [143]. This process can be driven either by a spontaneous electric field, 

which is known as electrophoresis or through particle interactions, such as van der Waals, 

which is known as chemiphoresis [143]. This is a result of chemical gradients, as the particle 

surface or where the solvent is evaporating out in the diffusion of these particles through the 

solvent until a concentration balance is achieved.  

 

2.2.5.1 Impact of material solubility on cold sintering 

 

One of the main parameters that affects the cold sintering of various materials is the solubility 

of the powder in the utilised transient solvent. The types of transient solvents are split into 

three categories: water, aqueous solvents and non-aqueous solvents. 

 

2.2.5.1.1 Cold sintering utilising water as a transient solvent  

 

Water is the most abundant solvent on this planet and can dissolve a variety of different 

materials. Materials that can be congruently dissolved in water are easily cold sintered in some 

instances, atmospheric pressure or increased temperature is not a requirement, for example, 

NaCl [146], [147] and Li2MoO4 [148]. Li2MoO4 was one of the earliest materials to be 

experimentally cold-sintered [120]. By utilising cold-sintering, the required temperature was 

dropped from 540 oC to room temperature, greatly reducing energy costs [31].  

Hong et al [147] illustrated that cold sintering of NaCl at room temperature only required 4 wt% 

water and the application of 50 MPa for 10 mins to achieve a density of 88.4% [147]. This is 

an improvement over the dry-pressed sample, which achieved a density of 80%. At pressures 

greater than 150 MPa, the achieved dry-pressed density overtakes the cold-sintered value, 

achieving densities of 98.5%-99.3% and 94.3%-94.6%, respectively [147]. A similar trend was 
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found in Li2MoO4, and this was attributed to the trapped water within the cold-sintered pellets 

[149]. It was discovered that the presence of water promoted the homogeneity of the NaCl 

samples and, as a result, produced higher Qf values when compared to the dry-pressed 

samples. 

 

2.2.5.1.2 Cold sintering utilising aqueous transient solvents  

 

To widen the capability of cold sintering to those that do not congruently dissolve in water, the 

use of other transient solvents was investigated. This includes altering the acidity/alkalinity of 

the solvent or adding salts that limit undesirable processes, such as Li+/H+ in LLZO [19], [92] 

or leaching Ba2+ from BaTiO3 [150]. Funahashi et al [111] compared the properties of ZnO cold 

sintering using both water and acetic acid as the transient solvents. What was discovered was 

an increase in the density from 65% to 90% when changing from water to 1M acetic acid, 

when cold sintered with an initial pressure of 387 MPa for the consolidation, followed by 

sintering at 238ÁC with 77 MPa. Not only was the density of the sample increased, but the 

grain sizes had also increased from ~0.55 to 2.1 Õm, which are comparable to conventionally 

sintered samples (1400 oC) [111].  

Gonzalez-Julian et al [142] analysed different solvent chemistries and how they impacted the 

densification of the cold sintering ZnO at 250 oC. They determined the process was dictated 

by the water absorption at the particle surfaces. This is because the absorbed water improved 

the particle packing due to friction reduction, dissolved the Zn2+ and O2+, the formation of 

defects at the grain boundaries due to the diffusion of H+ and OH+ ions into the ZnO crystal 

structure, resulting in the formation of defective diffusion paths between grains and the 

elimination of carbonates [142]. These effects were further enhanced by the addition of acetate 

into the water and therefore increasing the pH, resulting in the reduction of the sintering 

temperature from 250 oC to approximately 25 oC [142]. This is due to the highly defective grain 

boundaries in the ZnO greatly reduce the activation energy of atomic diffusion [142]. 

On the other hand, cold sintering of materials where the powder is dissolved incongruently, 

such as BaTiO3 [150], [151], [152] and as a result, causes the formation of undesired 

secondary phases. Barium titanate is determined to be thermodynamically unstable in water 

and undergoes hydrolysis, resulting in the leaching of Ba2+ ions and results in the formation of 

rutile TiO2 [152]. Alongside this, CO2 that has dissolved into the water from the atmosphere 

reacts with the leached Ba2+ to form solid BaCO3. This is undesired as it causes a reduction in 

the dielectric properties and, therefore, utilising water is not preferable.  
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To reduce the leaching of Ba2+ and the formation of BaCO3 during cold sintering, altering the 

utilised solvent was attempted. This was achieved by utilising a solution of 0.1M Ba(OH)2/TiO2 

where the Ba2+ ions still reacted with the CO2; no TiO2 was detected by XRD [153]. The 

application of 180 oC and pressure of 430 MPa results in a uniform distribution of the Ba and 

Ti ions within a carbonate-rich glassy phase [153]. This phase can be removed by heat treating 

at 900 oC for 3h, which also improved the density by approximately 3% [150] [153]. 

LLZO is another material that dissolves incongruently when mixed with water, as determined 

by leaching studies [154], [155]. What this determined was that LiOH was formed through the 

leaching of Li ions through a Li+/H+ exchange, as shown in Equation 8 accompanied by an 

increase in the pH [154]. Al was also determined to be leached out, but unlike Li leaching, Al 

leaching was hypothesised to be more related to the distribution in the LLZO opposed to the 

presence in the powder. This belief was due to  the Al which was primarily leached from the 

LLZO grain boundaries of the two samples that were used immediately after collection 

(calcined LLZO#2 and sintered LLZO#2) whereas, the only sample that indicated no Al 

leaching was heat treated before the leaching process (calcined LLZO#1) and so the Al was 

more evenly distributed in the Li sites of the LLZO powder [154]. 

 

ὒὭὒὥὤὶὕ ὼὌὕᴾὒὭ Ὄὒὥὕ ὼὒὭὕὌ  Equation 8. [154] 

 

Zhang et al [156] cold-sintered LLZO using water as the transient solvent to determine the 

optimal parameters for cold sintering when the LLZO was prepared using a molten salt 

method. What they determined was that a temperature of 250 oC and a holding time of 45 mins 

provided the greatest density of 64.4% and achieved an ionic conductivity of 9.13x10-6 S/cm. 

Zhang et al [156] hypothesised that this is a result of low density, the Li+/H+ exchange and the 

diffusion of Al from the corundum crucible, resulting in the reduced lithium sites.  

On the other hand, Li et al [27] illustrated that the optimal parameters for the cold sintering of 

the LLZO in water were at 200 oC under 615 MPa pressure, reaching a density of 

approximately 88% and achieving an ionic conductivity of 1.2x10-8 S/cm before annealing and 

4.3x10-7
 S/cm after annealing at 900 oC. This is lower than the optimal value determined by 

Zhang (9.13x10-6 S/cm) [156] despite similar parameters. It is unknown what the cause of this 

reduced ionic conductivity is, especially since greater densities are expected to produce 

greater conductivities [156], [157]. A possible cause would be the environmental conditions of 

storage and processing, but this is indeterminable, as these conditions are not mentioned in 

the literature. This is a possibility due to the impact of air exposure on the conductivity of the 

LLZO as the sample [19] and the increased grain boundary conduction in the Li et al samples 
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[32]. Data produced by Brugge et al [19] illustrates that the heat treatment of the exposed 

LLZO powder does not completely regenerate the powder and results in a decrease in ionic 

conductivity by three orders of magnitude. 

Wang et al [34] experimented with the cold sintering of the LLZO using nitric acid, which 

created an environment with a greater concentration of H+. The cold sintered pellets achieved 

a density of 87.7% utilising 350 oC under 350 MPa held for 5h, followed by baking for 100 oC 

for 6h [34]. This resulted in an ionic conductivity of 3.38x10-9 S/cm, which is the lowest noted 

conductivity found in literature for cold-sintered LLZO. Upon exposure to air for 24h, the 

conductivity increased to 1.08x10-4 S/cm, which contradicts the behaviour of LLZO. The initial 

reduction of the ionic conductivity is a result of the leaching of Li from the LLZO crystal 

structure and limiting the mobility of the charge carriers. The increase in the ionic conductivity 

upon exposure to air is a result of the formation of Ŭ-Li5AlO4, which is a highly hygroscopic 

material and begins to increase in conductivity after exposure to water [34]. This indicates that 

the use of highly acidic conditions coupled with long sintering times does not result in the 

desired properties of LLZO for solid-state batteries. 

Research into the cold sintering of LLZO using lithium salts, similar to BaTiO3, has been 

explored to mitigate lithium loss into the solvent. The transient solvents employed were 2M 

LiOH [33] and 5M LiCl [32], achieving ionic conductivities of 1.78x10-5 S/cm and 3.6x10-5 S/cm, 

respectively. Both Zhang [33] and Li [32] confirmed that these solvents significantly enhanced 

grain boundary conduction, indicating that lithium salt aqueous solutions can be effective 

solvents for the cold sintering of LLZO while maintaining ionic conductivities. This 

effectiveness is attributed to the solventsô ability to limit the Li+/H+ exchange and the 

volatilisation of Li+ during the heat treatment [33]. This was potentially a result of any Li 

containing phases remaining within the cold-sintered pellets decomposing and creating a Li 

rich atmosphere, which has previously been shown to limit the volatilisation of Li+, therefore, 

reducing the formation of La2Zr2O7 [126] and maintaining the conductivity of LLZO. 

 

2.2.5.1.3 Cold sintering non-aqueous transient solvents 

 

Use of non-aqueous solvents is sometimes desired due to material reactions with water, such 

as the Li+/H+ exchange with LLZO [32], [154], [155], [156], defect formation in ZnO [142], and 

leaching of Ba2+ in BaTiO3 [150], [151], [152], [153]. This is demonstrated by Seo et al [158], 

where they created a slurry for the drop casting of the LLZO powder with LLZO powder, 

polypropylene carbonate (PPC), LiClO4 in a mass ratio of 95.3:3.2:1.5 in the solvent mixture 

consisting of acetonitrile and DMF (1:5 by wt). Then, 100 oC for 1h at a pressure of 300 MPa 
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is applied to the LLZO mixture under an Ar atmosphere, therefore greatly reducing the impact 

of moisture on the LLZO. This resulted in an ionic conductivity of 1x10-4 S/cm with a relative 

density of greater than 85%. This is currently the highest achieved ionic conductivity of cold-

sintered LLZO, further illustrating the impact of the H+ ion has on the LLZO conductivity.  

 

2.2.5.2 Impact of particle size 

 

The impact of particle size on cold sintering is not well-documented in the literature. As a 

result, several theories have emerged regarding the optimal particle size and distribution for 

cold sintering. Mormeneo-Segarra et al [159] studied the impact of particle size on the cold 

sintering of Li1.3Al0.3Ti1.7(PO4)3 (LATP) and revealed that reduction of particle size from 1.2 to 

0.4 Õm increased the relative density from 79% to 81.2%, but as the particle size decreased 

further resulted in limited density variation. Another material that revealed an increase in 

relative density with decreasing particle size was Lithium molybdate. While the smaller size 

produced higher density, they concluded that the larger particle size was preferable, as the 

smaller particle size resulted in greater warping and non-uniform densification [160]. 

On the other hand, Wang et al [29] illustrated that higher calcination temperatures and, as a 

result, particle size, produced higher relative densities, although the cause for this was never 

expanded upon. They concluded that the increasing particle size resulted in a decrease in 

specific surface area, meaning that less solvent was required to coat the powder for cold 

sintering fully, therefore, limiting the production of Li5AlO4, which influences the final density 

[29].  

 

2.2.5.2.1 Impact of multimodal systems  

 

During cold-sintering, the activation energy of the grain boundary mobility is reduced due to 

the presence of the liquid phase and the increased stresses at the particle-to-particle contacts. 

Introducing a bimodal distribution of particles results in the dissolution of the smaller particles 

due to the greater surface energy.  This dissolution facilitates the neck formation while 

simultaneously using larger particles to form a framework, improving structural rigidity [161]. 

This allows for longer maintenance of the stress gradients integral to the cold-sintering 

process. By introducing a third, intermediate particle size, the internal stress gradient can be 

smoothened, enabling more uniform grain growth across the samples.  
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The wide particle size distribution created by the bimodal system also creates an 

interconnected pore network. This pore network enables the diffusion of materials with high 

chemical gradients and a variety of particle sizes, thereby enhancing the capillary movement 

of the fluid due to the greater chemical gradients. This allows for greater mass transport of 

dissolved material through the transient solvent to regions where there is a low chemical 

gradient, such as pores where precipitation is more energetically favourable. This was 

illustrated by Ndayishimiye et al [162], who determined that the cold sintering of ZnO with a 

bimodal distribution greatly decreased the activation energy from 215 kJ/mol to 43 kJ/mol 

when compared to conventionally sintered samples. Another example of the bimodal 

distribution improving cold-sintered samples was researched by Serrano et al. [163], who 

examined the influence of particle size distribution on densification and material properties of 

ZnO. Utilizing a bimodal distribution comprising nanoparticles (20ï100 nm) and microparticles 

(0.2ï1 Õm), their study elucidated the impact of particle scale on the structural integrity and 

functional characteristics of cold-sintered ZnO. Here, they determined that when cold sintering 

only the nanoparticles, the density was ~86 %, whereas when only using the microparticles, 

the density of ~95 %. 

Overall, multimodal PSD improves the cold sintering densities by enhancing the green density, 

providing a sacrificial phase with smaller particles to maintain structural rigidity in conjunction 

with the larger particles, and facilitating mass transport through capillary action. 

 

2.2.5.3 Impact of temperature 

 

The temperature of the cold sintering process is shown to impact the densification of a variety 

of samples. Literature shows that increasing the temperature of the cold sintering process 

typically increases relative density, but increasing the temperature too much becomes 

detrimental to the final density. This is observed in papers by Andrews et al [27] and Zhang et 

al [37] where the densities begin reducing at 200 and 250 oC, respectively. This is believed to 

be due to the solvents evaporating out of the mixture too rapidly, and the liquid phase is integral 

to the densification process [37]. Despite this, the maximum temperature can change 

depending on the utilised system, as experiments by Wang et al [29] showed increasing 

densities up to 350 oC using nitric acid, beyond which no further experiments were 

documented. This is also seen with the cold sintering of ZnO using acetic acid as the transient 

solvent between temperatures of 125-300 oC, increasing the density from ~91% to ~97.5% 

[137].  
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2.2.6 Spark plasma sintering (SPS) 

 

Spark plasma sintering is another method utilised in the consolidation of a variety of materials. 

This is achieved through the application of pressure and a pulsed DC current under a low 

atmospheric pressure in a vacuum or under Ar [164], [165] and this process is illustrated in 

Figure 10. The application of the DC current causes joule heating at the contact points 

between the particles [165]. The temperatures can reach several thousand degrees 

momentarily, resulting in the evaporation and melting of the contact points, creating necks 

between the particles [165]. Diouf et al [164] utilised atomised copper to determine the 

densification mechanisms of the SPS process. Utilising the displacement rate (mms-1) vs 

temperature (oC), they determined that the earliest densification mechanism was the 

rearrangement of the particles during the pressing when below 100 oC. Between 100-400 oC 

was the localised deformation resulting in a low-level degree of necking between particles. 

When the temperature was between 400-650 oC, further densification occurred as the particles 

were deformed, and greater packing was achieved. The final stage of densification between 

650-900 oC, where the primary densification mechanism was the mass transport, as the 

individual particles are no longer identifiable in the SEM images [164]. 

 

 

Figure 10. (a) Spark plasma sintering (SPS) apparatus, and (b) the visualisations of the current 

flow within the pressed particles image, replicated from [166] permissions granted. 
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SPS was utilised in the densification of LLZO under various conditions, and these illustrate 

that high densities can be achieved using this process. The data indicates that the required 

temperature can be reduced by applying greater pressure by Laptev [167] and Ibbotson [168] 

while still maintaining a high relative density. As a result, allowed the co-sintering of the LLZO 

with LCO while avoiding the reaction of LCO with the graphite [167]. Xue et al [26] produced 

samples that achieved greater ionic conductivities than those determined by Ibbotson [168] 

despite both powders being fabricated at 800 oC and Xue using a lower pressure. This may 

be a result of the Ta ions filling the Zr sites in the LLZO, as opposed to the Al, which fill the Li 

sites, resulting in an obstacle in the Li ion conduction, even with the assumption that the 

relative density is lower [169]. 

 

Table 3. Table of conditions for SPS of LLZO samples from the literature. 

Material 
Temperature 
( oC) 

Pressure 
Time 
(mins) 

Relative 
density 
(%) 

Conductivity 
(S/cm) 

0.5LCO-
0.5Li6.54Al0.02La3Zr1.6Ta0.4O12 

[167] 
675 440 MPa 10 95 - 

0.5LCO-
0.5Li6.54Al0.02La3Zr1.6Ta0.4O12 

[167] 
675 50 MPa 10 78 - 

Al-doped LLZO [170] 750-1050 13kN 30 94-99.9 4.9x10-4 

Li5.5 ga0.5La3Zr2O12 [25] 800-950 3/6kN 5-10 81 5.81x10-5 

Li6.5La3Zr1.5Ta0.5O12 [26] 800 40 MPa 5 - 2.9x10-4 

Li6.4Al0.2La3Zr2O12 [168] 800 150 MPa 3-4 98-99 8.7x10-5 

 

The ability to rapidly co-sinter materials at lower temperatures than the conventionally sintered 

samples make SPS a possible method to fabricate LLZO/LCO multilayer structures. Despite 

the lower temperatures utilised, due to high localised temperatures due to joule heating, SPS 

can undergo undesired reactions such as forming La2Zr2O7 due to the reduction of LLZO, 

which in turn causes Li to be ejected [23], [168], [170], [171]. As this is one of the most common 

contaminants within SPS LLZO, Yamada et al [23] investigated why the pyrochlore was 

formed. Similar to conventional sintering, this was a result of Li loss, but they discovered that 

this was due to the oxidation of the graphite anode, which occurred by removing O2 

-
 from the LLZO lattice. This resulted in a charge imbalance within the LLZO, resulting in the 

ejection of Li+ to maintain charge neutrality [23]. Further research revealed that this Li-loss 

also occurred in samples sintered using gold foil but contaminated with Li2CO3 [23]. This is 

due to the Li2CO3 being reduced to amorphous carbon and Li2O, where the carbon is then 
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oxidised further and again drawing out the oxygen from the LLZO [23]. They also confirmed 

that without Li2CO3 on the LLZO particle surface and presumably using a gold foil as the 

anode, effectively stopped the formation of La2Zr2O7 [23]. This shows that controlling the 

surface phases of the LLZO can have a significant impact on the final product when using 

SPS to densify LLZO, but also that it is a possible method for co-sintering multilayer structures. 

 

2.2.7 Co-sintering of LLZO multilayer structures 

 

Co-sintering of the multilayer structures presents challenges due to several factors, including 

chemical stability, differential thermal kinetics, which may cause warping, cracking, or 

delamination across the interface [158], and when the grain boundary interface energy is high 

relative to the interfacial energy between the two material layers, the interface can roughen to 

balance the surface energies [158].  

Cold sintering and spark plasma sintering both have been shown to have the capacity to co-

sinter LLZO with the cathode material by Seo et al [158] and Laptev et al [167], respectively. 

Seo et al [158] cold sintered a battery cell utilising tape casting to prepare the electrodes 

composed of the carbon nanofibers (CNF), polypropylene carbonate (PPC), acetonitrile 

(ACN), dimethylformamide (DMF), lithium perchlorate (LiClO4), and LiFePO4/Li4Ti5O12 for the 

cathode and anode, respectively [158]. The method employed by Seo et al [158] was to create 

a polymer salt bridge between the electrolyte and electrolyte layers composed of PPC and 

LiClO4. The salt bridge was designed not only to reduce the stress over the interface but also 

to reduce the grain boundary resistance [158]. This composition results in a cell close to 20 

ɋcm2 which is lower than all other solid-state batteries (ASSB), regardless of whether a 

polymer was utilised or not [158]. They determined that the ASSB can deliver 140 mAh/g, 105 

mAh/g, and 85 mAh/g for 0.1C, 1C, and 2C, respectively [158]. Meaning that the cold-sintering 

process can produce higher capacities and rates of performance when at room temperature 

than other ASSBs utilising LLZO electrolytes [158].  

Laptev et al [167] utilised SPS at 675 oC for 10 mins while pressed at 450 MPa with a titanium, 

zirconium, and molybdenum (TZM) alloy as the die to co-sinter LLZO/LCO bilayer. They 

confirmed that by sintering under these conditions, the LCO did not react with graphite, which 

decomposed at temperatures greater than 700 oC according to Equation 9. The surface 

storage capacity of 0.8 mAh/cm2, although this is reduced when sintered at 50 MPa, which 

dropped to 0.4 mAh/cm2 [167].  
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ςὒὭὅέὕ ὅ ὒὭὕ ςὅέὕὅὕ  Equation 9 [167] 

  

  

2.2.8 Comparison of cold, conventional, and spark plasma sintering  

 

One of the main incentives for the research into the improvement of sintering methods is the 

reduction of processing time and energy costs, alongside the capacity to mix other materials 

into the ceramic product, for example, a polymer-salt bridge between material layers to reduce 

interfacial resistance [158]. This is achieved through several different methods, such as 

applying a pulsed DC current to create high temperatures at the particle contact points 

temporarily, such as with SPS [172], [173] or through particle dissolution of particles in a 

solvent while pressure and heat are applied, such as with cold sintering [139], [174]. A study 

on the energy efficiency of different sintering methods was conducted using BaTiO3, and 

clearly illustrated that cold sintering had the lowest energy consumption of 30kJ/g in Table 4. 

As a result, research has been done for a wide variety of materials, as previously mentioned. 

 

Table 4. Comparison of energy consumption of different techniques for sintering BaTiO3 [31]. 

Sintering process Energy consumption (kJ/g) 

Solid state/conventional 2800 

Liquid phase 2000 

SPS/FAST 1050 

Microwave 540 

Fast firing 130 

Cold sintering 30 

  

Not only this, but cold sintering also allowed for the co-sintering of several materials together, 

such as ceramic powders alongside other materials, including copper, which would improve 

the conductivity of the material [118]. Additionally, cold sintering enabled the co-sintering of 

ceramics with polymers [158], layered ceramics [158], and composite ceramics [32]. Another 

advantage of using cold sintering is the reduction of reactions that can impact the properties 

of the ceramic materials, such as parasitic layers [112], [175] and grain coarsening [141]. 

Another major advantage of the cold sintering process is the reduced energy requirements, 

resulting from both the decreased temperature and time requirements, which makes the 

process more cost-efficient [31], [141]. This can be seen in LLZO, where conventionally 

sintered pellets are sintered for 6h [176], [177] and at a temperature of 1230 oC [177], whereas, 
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in cold-sintering, they were sintered for 1.5-3h [9] at 120 oC [9] which is a significantly lower 

temperature and time. 

When doing cold sintering on LLZO, the low temperature of the process does not result in the 

Li ejection, which means that the formation of the pyrochlore La2Zr2O7 [178] does not occur, 

whereas this phase is formed during conventional sintering [179] and SPS [23], [170]. This is 

an important detail, as this by-product causes a reduction in the ionic conductivity by acting 

as a blocking layer, and so is undesirable in an electrolyte [19] [92]. Whereas, when 

conventional sintering, the addition of excess Lithium precursor during the fabrication and/or 

use of the mother powder as a sacrificial powder is commonplace to prevent the Lithium loss 

occurring. Due to this, cold-sintering is preferable for maintaining phase purity of the pellet, 

assuming the mother powder is phase pure.  

While cold sintering does not go through Lithium ejection due to the low temperatures utilised 

during sintering, it does have issues with the formation of Li2CO3 [180]. Previously existing 

Li2CO3 acts as a barrier for the sintering process itself, and the ionic conductivity of the garnet 

[3]. Currently, little literature has been found on the cold sintering of LLZO, and none focusing 

on methods to counter the impact of Li2CO3 on cold sintering. To counter this, in conventional 

sintering, the addition of other materials that react with Li2CO3, such as SiO2 [3]. During the 

sintering process is shown to improve the pellet density by 28% and reach the ionic 

conductivity of 3.84x10-4 S/cm, although this occurs at temperatures greater than 450 oC and 

so would not assist in cold sintering.  

One downside of using cold sintering is that the low temperature can result in amorphous grain 

boundaries in materials such as BaTiO3 [181]. Due to this, post-annealing would be required 

to properly crystallise these grain boundaries and improve the material properties [181]. 

Whereas this is not an issue in conventional sintering, as the high temperatures and sintering 

time allow for the complete formation of the grains and their boundaries. 

Overall, cold-sintering is a viable method to reduce time and energy costs compared to other 

sintering methods, while simultaneously providing an avenue to co-sinter with other layers of 

other materials. This could result in a reduction of steps required to produce a battery cell 

while keeping costs low. To further reduce potential costs, research into the cold-sintering of 

LLZO under ambient air conditions may prove valuable, and so provides the basis for this 

thesis. 
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2.3 Aims and objectives 

 

This thesis aims to develop cold sintering of LLZO under ambient air conditions to produce 

LLZO components for future solid-state batteries. Within this thesis, there are three main cold 

sintering sections with objectives as stated below; 

 

1. Cold sintering of LLZO 

O1. Compare and contrast the cold sintering densities achieved through different 

powder preparation and solvent methods. 

O2. Demonstrate the feasibility of producing LLZO with room temperature ionic 

conductivities in the high x10-5 Scm-1 and >90% density under ambient air 

conditions.  

O3. Compare properties of the cold-sintered pellets against conventionally sintered and 

spark plasma sintering (SPS). 

 

2. Cold sintering of anode materials 

O4. Develop parameters to effectively cold sinter cathode materials such as LiCoO2 

(LCO) and LiFePO4. 

O5. Compare the microstructural differences between samples cold sintered utilising 

2M LiOH, 5M LiCl, water, and formic acid. 

O6. Determine the viability of each cathode material for use in bilayers through analysis 

of mechanical stability, density, and chemical stability. 

 

3. Sintering of multilayer materials for SSB battery components 

O7. Determine the viability of fabricating multilayer structures utilising cold sintering, 

conventional sintering, and SPS. 

O8. Analyse the chemical and mechanical stability of the multilayer structures after the 

sintering process and subsequent heat treatment. 

O9. Develop methods to mitigate undesired changes that occur during the processing. 
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Chapter 3 Methods  

 

The materials used within this project are shown in Table 5 with their chemical name, formula, 

supplier, purity, and particle size.  

 

Table 5 List of chemicals  

Formula Chemical 
Name 

Purity (%) Particle size  
(Õm) 

Supplier 

Li1.4Al0.4Ti1.6(PO4)3 Lithium 
Aluminium 
Titanium 
Phosphate 

96  Johnson 
Matthey 

LiCl Lithium 
Chloride 

   

LiCoO2 Lithium Cobalt 
Oxide 

98 1-20 Alfa Aesar 

LiFePO4 Carbon-coated 
Lithium Iron 
Phosphate 

 1-15 Pi-Kem 

LiFePO4 Uncoated 
Lithium Iron 
Phosphate 

 1-15 Pi-Kem 

Li6.25Li3Al0.25Zr2O12 Lithium 
Lanthanum 
Zirconate 

99.9 75-225 Toshima 
Manufacturing 

Co. 

LiNi0.83Mn0.06Co0.11O2 Single-crystal 
Lithium Nickel 
Manganese 
Cobalt Oxide 

99 1-10 Johnson 
Matthey 

LiNi0.6Mn0.2Co0.2O2 Polycrystalline 
Lithium Nickel 
Manganese 
Cobalt Oxide 

99 2-25 Johnson 
Matthey 

LiNi0.5M1.5O Lithium Nickel 
Manganese 
Oxide 

99 1-15 Johnson 
Matthey 

LiOH Lithium 
Hydroxide 

   

HCOOH Formic acid 98  Fisher scientific 

 

The table shows that there are two types of LiFePO4 (LFPO), and LiNi(1-X-Y)MnXCoYO2 (NMC). 

The two LFPOs are coated and uncoated, which were bought in to determine the impact that 

carbon coating has on the cold sintering process. The two NMC materials are the single crystal 

LiNi0.83Mn0.06Co0.11O2 (NMC83) and the polycrystalline LiNi0.6Mn0.2Co0.2O2 (NMC622). 
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Currently, three solvents are used for the cold sintering of the LFPO and Li6.25Li3Al0.25Zr2O12 

(LLZO). These solvents were 5M LiCl, 2M LiOH, formic acid, and deionised water. 

The process for the cold sintering, sample preparation, and characterisation of the LLZO and 

LFPO is shown in Figure 11.  

Due to the air sensitivity of the LLZO, the powder was first separated into a 20 g portion, then 

placed into a sample bag, and then sealed in a vacuum-sealable bag. Following this, the 

sealed bags were stored in a desiccator. These steps are taken to limit LLZO exposure to air 

during storage. 

 

3.1 Cold sintering 

 

3.1.1 Cold sintering and heat treatment of LLZO  

 

The cold sintering of the LLZO was achieved by grinding 0.5 g of the powder in a mortar pestle 

for 5 minutes, followed by mixing 0.05 ml of water/5M LiCl/formic acid for 4 minutes. The 

powder mixture was then transferred to a half-inch die and placed under 649 MPa, utilising 

15-ton hydraulic presses equipped with heated platens. While under pressure, the pellet was 

heated to 200-240 oC with a heating/cooling rate of 45 oC/min for 30 mins. The temperature 

range was selected based on experimental findings by Li et al [27], which demonstrated that 

200 oC yielded the highest density of cold-sintered LLZO. In-house experiments further 

confirmed that increasing the temperature improved densification; however, the upper limit of 

240 oC was determined by the capabilities of the machine used. Similarly, the time and 

pressure parameters were chosen based on initial work by Li et al [27], whereas the heating 

rate remained constant as it was pre-set by the machine.  

When utilising the PI-KEM press with a heating jacket, the cold sintering of the LLZO was 

achieved by grinding 0.5 g of the powder in a mortar pestle for 5 minutes, followed by mixing 

0.05 ml of water/5M LiCl/formic acid for 4 minutes. The powder mixture was then transferred 

to a half-inch die and placed under 770 MPa. While under pressure, the pellet was heated to 

250 oC with a heating/cooling rate of 5 oC/min for 60 mins. The modification to the use of PI-

KEM was implemented to mitigate damage to the heating platens, as analysis indicated that 

the applied pressures were contributing to their degradation. The adjustment to a heating rate 

of 5 oC /min was made to enhance the dissolution process of LLZO within the solvents, 

therefore facilitating sample densification as the temperature increased to 250 oC. 
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Furthermore, the sintering duration and pressure were later modified to optimise the density 

of the LLZO pellets, while simultaneously allowing sufficient time for LiCl to migrate to the edge 

regions.  

The transient solutions used for the cold sintering of the LLZO were water, 5M LiCl and formic 

acid. Distilled water was selected as one of the solvents as it is the most prevalent aqueous 

solvent available and the most common transient solvent used to cold sinter LLZO. Therefore, 

it acts as a good reference point against other literature. 5M LiCl was selected as a solution 

due to the highly hydrophilic nature of the salt, meaning that it easily dissociates in water, 

which could saturate the solution with Li+ ions and subsequently reduce the Li+/H+ exchange 

that can occur during the cold sintering process. Finally, the formic acid was selected due to 

the acid reacting with the Li2CO3 on the LLZO surface, removing a potential barrier to 

densification. It is also a weaker acid compared to other counterparts such as hydrochloric 

acid, and as a result, should have lower reactivity with the LLZO while still facilitating 

dissolution, precipitation reactions, and particle rearrangement. 

The heat treatment of the cold-sintered pellets was carried out for 2 hours at 800 oC under N2. 

When determining the density of the pellet, the geometric method was used. The workflow is 

schematically illustrated in Figure 11. The reason for the heat treatment process was to 

remove the built-up Li2CO3 and LiOH on the pellet surface. The temperature was selected as 

Li2CO3 typically decomposes at 720 oC [182], [183], [184], [185], to stop the reformation of the 

Li2CO3 and LiOH during the cooling of the LLZO powder, the entire heat treatment process 

was completed under an N2 atmosphere. Within the LCCSP samples, the heat treatment 

process was utilised to remove the remaining LiCl to reduce mechanical damage when 

exposed to air. 

To limit air exposure of these pellets, they are vacuum-sealed and stored within a desiccator 

with the same procedure as the LLZO powder.  

 

3.1.2 Cold sintering and heat treatment of LFPO  

 

The cold sintering of LFPO followed a similar process to the LLZO, but used 0.1-0.3 ml of 2M 

LiOH as the transient solvent, and the heating and cooling rate was 5 oC/min. The parameters 

were selected initially based on the experimental data by Seo et al [186], but these parameters 

were altered to improve the sintering process due to failures to maintain the structure of the 

pellets. 
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The cold-sintering parameters were selected as a basis due to the intent to co-sinter the LFPO 

with LLZO. The heat treatment of the LFPO was performed to remove the carbon coating on 

the powder, as it was considered a possible reason for the pellet failure. As a result, the 

temperature selected was 600 oC as the carbon would begin getting oxidised at approximately 

550 oC [187] for 6h while in air. An N2 atmosphere was attempted due to the oxidation of the 

LFPO under air conditions under the same conditions. 

 

3.1.3 Cold sintering of LCO 

 

The cold sintering of only LCO began with mixing 0.5 g of LCO in a mortar and pestle alongside 

10 wt% of the used solvent (2m LiOH, water, formic acid, or 5M LiCl). Following this, the 

mixture was transferred to the die. 

The mixture was then added to a half-inch die and placed under a 250 MPa which remained 

at room temperature for 10 minutes. This was followed by an increase to 250 oC at a rate of 

10 oC/min and remained at that temperature for 60 minutes. Finally, the sample was cooled to 

room temperature at a rate of 10 oC. These values were chosen in an attempt to replicate 

results from Wu [50] but upon failure to achieve structural integrity, the parameters were 

altered to be more similar to those used for LLZO. 

 

The cold sintering of 20 wt% LLZO (0.1 g) with 80 wt% LCO (0.4 g) (LCO80) was initiated by 

mixing the powders in acetone using a mortar and pestle for 20 minutes until the mixture was 

dry. This step was completed to reduce the particle size of the LLZO while mixing the two 

components throughout the sample. Once the mixing was completed, 10 wt% deionized water, 

2 M LiOH, or 5 M LiCl was added to the powder and mixed for 5 minutes. This process was 

adapted from work done by Li et al [27] to produce a bilayer material with the cold-sintered 

LLZO.  

To cold sinter LCO80, the parameters selected were the same as those used for cold sintering 

LLZO, as these were adapted from work by Li et al [27]. Therefore, improved structural integrity 

when compared to most samples without the LLZO.  
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Figure 11. Experimental process for cold sintering utilising the Specac 25-ton and 15-ton 

hydraulic presses equipped with heated platens as a flowchart. 

Characterisation
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Impedance 
spectroscopy 
(LCCSP and 
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sample prepared for Characterisation

Sample polished down to 1 micron using 
grit paper and diamond paste (CSP and 

LCCSP)

Sample fractured and/or cut into a bar 
shape using wire saw (all samples)

Heat treatment

Held at 800oC for 24 hours under N2 Atmosphere (LCCSP and CSP only)

Sintering the pellet

Mixture transferred to ½ inch die then pressed under 649MPa and held at a temperature 
of 200oC for 30 minutes

Mixing Solvent with Power

0.5g Al-LLZO mixed with 0.05ml water 
(CSP)/5M LiCl solution (LCCSP)

0.5g LFPO mixed with between 0.1-0.3ml 
5M LiCl solution.
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3.2 Pellet characterisation  

 

3.2.1 X-ray diffraction and Raman spectroscopy 

 

X-ray diffraction (XRD) and Raman spectroscopy were utilised to analyse powder and bulk 

samples after cold sintering and heat treatment. The XRD determined the presence of 

impurities after cold sintering and heat treatment of the LLZO LFPO samples. The diffraction 

data were gathered using the Panalytical Aeris over a 2ɗ range of 10-100Á using Cu KŬ 

radiation (ɚ =1.5408¡) with 30 kV and 40 mA. The ı o divergence slit, a 0.15 Ni filter, and 

0.02Rad soller slits. Finally, the diffraction data were analysed using the PDF-4 software to 

determine and confirm the identity, and the material planes and Highscore plus were utilised 

to determine peak intensities for the determination of the Lotgering factor and the 2ɗ values 

to calculate the unit cell parameters.  

The Raman spectroscopy data were gathered using the Renishaw Invia Raman microscope 

using a green 514 nm laser at 20 mW. Spectra were gathered within the range of 50-4000cm-

1 with a beam power of 50%. This was utilised as a fingerprinting technique, and so the 

analysis mainly consisted of comparing gathered data with that found in literature. The green 

laser was selected to reduce the occurrence of fluorescence during the use of the Raman 

spectra, and the power used was the maximum available without causing issues with the 

produced Raman spectra. 

 

3.2.2 Scanning electron microscopy 

 

Scanning electron microscopy (SEM) was performed on fracture surfaces and polished cold-

sintered LFPO and LLZO samples to determine the microstructure, particle size, and any 

differences between the samples. Pellets were polished using grit paper (P1200, P2500, 

P4000) and isopropanol to remove undesired debris and finished using diamond paste (3 and 

1 Õm) in an oil-based lubricant to limit proton exchange between the LLZO and water-based 

lubricants. 

Samples were mounted on a stub using carbon tape and coated with ~10 nm of carbon before 

SEM to avoid charging. SEM images/data were collected using an FEI Inspect F50 operating 

with a spot size of 3.5 and an accelerating voltage of 15 kV. EDX maps and spectra were 
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collected with the same voltage and spot size and analysed using the Aztec software. The 

SEM images were then analysed using the Fiji image analysis software. 

 

3.2.2.1 Particle size measurements 

 

Particle size measurements were taken manually by utilising the ImageJ software to analyse 

the SEM images. This is achieved by measuring the particles along their longest particle axis. 

Following this, the average particle sizes were correlated in Excel, then averaged to determine 

the D50 value and produce particle size distribution graphs. This was chosen to contrast with 

the results gathered by the Mastersizer to determine which would produce the most accurate 

results. 

 

3.2.2.2 Secondary phase detection 

 

To investigate compositional variations within the SEM samples, back-scattered electron 

(BSE) imaging was utilised. Heavier elements in the sample scatter electrons more effectively, 

resulting in brighter regions in the BSE images compared to lighter materials. To further 

characterize these secondary phases, energy-dispersive X-ray spectroscopy (EDS) was 

utilized. This was conducted either in the form of elemental mapping to visualize concentration 

distributions or as point analysis to estimate atomic percentages at specific locations, therefore 

providing detailed information on the material composition. 

 

3.2.3 Impedance spectroscopy 

 

Samples were prepared by polishing both sides of the pellet with P1200 to P4000 SiC grit, 

followed by coating with gold on both sides to act as a blocking electrode. The coating was 

performed using an Agar Manual Sputter Coater AGB7340, for 5 minutes at 30 mA on both 

sides. Before the coating, tape was used to cover the pellet sides to prevent short-circuiting. 

The impedance data were collected by an Agilent E44980A in the frequency range 20Hz-

2MHz at 0.1V in air at room temperature. Some samples were measured using a cryocooler 

under the same conditions, but under vacuum. Within the cryocooler, the temperature was 

reduced to 125 K, and impedance measurements were taken at 25 K intervals.  
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The data was analysed using the Zview4 software by calculating the geometry factor and then 

correcting the produced data. The total conductivity was estimated by using the circle fit 

method, achieved by determining the location of the high intercept using the circle fit function 

in Zview. The reciprocal of the high intercept value is then calculated to estimate the 

conductivity of the sample. To calculate the conductivity of the Mò peak, first, the capacitance 

of the sample was calculated using Equation 10 where C is capacitance and Mò is the 

maximum height of the Mò peak. To determine the capacity of the Zò peak Equation 11 was 

utilised where Zò is the max height of the peak and ɤpeak is the peak frequency (Hz). The 

calculated capacitance value would then be used to indicate the type of conductivity being 

measured using research by West et al [188] as the basis. Typically, the type of conduction for 

the Mò peaks was determined to be the bulk, and the Zò was the grain boundary. Following 

this, Equation 12 was used to calculate the conductivity, where ů is the component conductivity 

(Scm-1). Using the data from the cryocooled sample, an Arrhenius plot was produced, and an 

equation for the line of best fit was determined and used to calculate the conductivity of the 

grain boundary and bulk at room temperature. 

 

ὅ ρȾςz ὓͼ Equation 10 

ὅ ρȾὤͼz ςz ‫  Equation 11 

„ ‫ ὅz Equation 12 

 

3.2.4 Nano-indentation 

 

The samples were prepared in the same manner as the SEM, except they were mounted on 

a stub. This was achieved through heating the stub to > 80 oC, securing the sample with a 

melt-on/off resin, and lightly pressing the sample so that it was parallel with the stub surface. 

Indentation tests were performed to characterise the contact hardness of the cold-sintered 

pellets. Experiments were performed using a Nanotest Vantage equipped with a Berkovitch 

indenter tip. 25 indentations were carried out in a 5x5 grid with a maximum load of 300 mN 

and a loading/unloading rate of 1mN/s. The spacing between the indents ranged from 40-200 

Õm, depending on the indentation depth of the initial indents. The spacing was a minimum of 

10x indent depth to minimise the effect of the indent stress. This was used to estimate the 

elastic modulus and contact hardness of the sintered pellets. The graphs were produced in 

Excel using data provided by the Nanotest Vantage during the indentation process. 
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3.2.5 Micro-CT 

 

The samples for MicroCT were prepared using a wire saw to cut the cold-sintered pellets into 

bars of roughly 1cm x 1mm x 1mm. MicroCT data were collected in a Zeiss Xradia 620 Versa 

to analyse the internal microstructure of the different cold-sintered pellets. The Zeiss Xradia 

620 Versa uses a tungsten transmission source at 160kV, a current of 156 ɛA, and an output 

of 25W. The Dragonfly software was utilised for the analysis of the MicroCT by segmenting 

the different regions within the pellet structures. Once the segmentation had been completed, 

meshes of the individual regions of interest were created and used as images. 

 

3.3 Sources of error  

 

3.3.1 Experimental errors (milling) 

 

In the process of the milling process, there will be powders that do not get milled as a result 

of settling or getting immobilised. This results in inconsistencies between different batches. 

 

3.3.2 Particle measurement 

 

3.3.2.1 SEM 

 

The particle size measurements were conducted along the longest axis of each particle, 

resulting in an average particle size skewed towards the larger end of the spectrum. 

Additionally, these measurements were taken in a two-dimensional projection plane of a three-

dimensional powder, introducing a degree of geometric error.  
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3.3.2.2 Mastersizer 

 

One significant error encountered with the Mastersizer during particle measurement is the 

calculation of agglomerate sizes rather than individual particle sizes. This results in measured 

particle sizes being larger than the actual individual sizes. Although ultrasonicating can be 

employed to reduce agglomeration, it has been observed that this method can also increase 

the particle size in samples, as seen with LLZO (Lithium Lanthanum Zirconium Oxide). 

Another source of error is the presence of residual particles from previous measurements that 

were not adequately cleaned from the machine. These residual particles can skew the results, 

causing the measured particle sizes to reflect the size of these contaminants. To mitigate this, 

the machine must be thoroughly cleaned until no powder is visible in the removed water or the 

camera within the Mastersizer. 

Variations in the input refractive index can significantly affect scattering behaviours, 

introducing errors in particle size determination. The LLZO samples utilized a refractive index 

value of 1.4, as reported by Ji et al [189]. However, this value pertains to Nb-doped LLZO 

rather than Al-doped LLZO, which may alter the refractive index and consequently impact the 

determined particle size. 

 

3.3.3 Cold sintering 

 

One potential source of error in the fabrication of pellets is the presence of secondary phases 

on the surfaces of both pellets and particles, especially with LLZO. To mitigate the formation 

of these secondary phases, all powders and pellets were stored in vacuum-sealed bags within 

a desiccator, reducing air and moisture exposure. Throughout the processing, the powder was 

continuously exposed to both air and moisture. This exposure was intentional, as the objective 

was to assess the viability of cold sintering under ambient air conditions without implementing 

additional controls. 

During the initial pressing of the pellet, the pressure continues to drop as the particles 

rearrange. This pressure drop persists beyond the initial stage for reasons that are currently 

unknown. This phenomenon can be mitigated by releasing and then reapplying the pressure. 

Additionally, a pressure drop occurs during the sintering process due to pellet shrinkage. 

Post-sintering, the pellets occasionally exhibited a wedge-shaped geometry. To mitigate the 

effects of this irregular shape, thickness measurements were conducted at four cardinal points 
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on each pellet. These measurements were then averaged to obtain a representative thickness 

value. However, this method introduces potential errors, as calipers may not capture the 

thinnest section of the pellet due to the slope at the measurement points. To further reduce 

this error, measurements were taken at the pelletôs edge. 

Another source of error arises from the environmental conditions in the laboratory during the 

sintering process. Specifically, humidity can significantly impact the process, particularly when 

using 5M LiCl, which is highly hydrophilic and prone to absorbing moisture. Water, being a 

viable solvent for cold sintering, readily reacts with surface moisture. Controlling this variable 

is challenging, as the objective is to conduct the process in ambient air. However, the entire 

procedure is carried out in a sealed environment to minimize the influence of atmospheric 

conditions, such as humidity, during the sintering process. 

 

3.3.4 Conventional sintering 

 

During the sintering process, lithium loss from LLZO results in its decomposition into La2O3 

and La2Zr2O7 due to thermal ejection. This phenomenon is a well-documented challenge when 

working with LLZO at elevated temperatures. To mitigate lithium loss, a common approach 

involves the use of a sacrificial powder. The role of this powder is to facilitate lithium loss, 

therefore creating a Li2O atmosphere that minimizes further lithium depletion and provides a 

source of lithium to reintegrate into the LLZO pellet.  

Post-sintering analysis of these pellets reveals that segments of the pellets fracture off, 

resulting in material loss. Consequently, the calculated densities are inaccurate due to the 

incorrect mass used in the calculations. This also introduces another source of error, 

particularly when determining the pellet diameter. To mitigate this impact, the fragments are 

added to the scale. However, this method presents challenges as the segments may crumble, 

or it may be difficult to differentiate which fragment belongs to which pellet. 

 

3.3.5 Density  

 

The presence of secondary phases within the pellets is a source of error in the determination 

of the density. Examples of this are the presence of LiOH and Li2CO3, which have 1.46 g/cm3 

and 2.11 g/cm3
, respectively, which is much lower than the LLZO theoretical density of 5.139 
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g/cm3, as indicated by Li et al [32] when determining the density of the cold-sintered LCO80. 

Alongside this, there is potential for salts and any new phases related to them, especially in 

the case of the hydrophilic LiCl, to be discussed in section 5.2.1.8. For the cold-sintering 

experiments, these are considered to be negligible due to the low volume/mass of these 

secondary phases.  

Within the conventionally sintered samples, La2Za2O7 would be another possible secondary 

phase produced. This is like within the secondary phases in the cold-sintered samples; this is 

considered negligible in the conventionally sintered samples. On the other hand, in the SPS 

samples, the La2Zr2O7 creates a significant impact on the density as indicated in the XRD of 

the SPS pellets, although the densities of these samples were not calculated. 

During the measurement of the pellet mass, the scale exhibited continuous fluctuations within 

Ñ0.0005 g. These inconsistencies could be attributed to external factors such as vibrations on 

the worktop or drafts within the laboratory environment. Despite ensuring the stability of the 

bench and enclosing the sample to mitigate atmospheric influences, the fluctuations persisted. 
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Chapter 4 Milling of LLZO 

 

The focus of this chapter is on pre-preparing the LLZO by milling the powder using ball, 

attrition, and planetary milling. The objective of the milling was to improve the powder packing 

density and so increase the final density of the sintered pellets.  

 

4.1 Milling methods 

 

The experimental procedure for the milling and cold sintering of the LLZO is shown 

schematically in Figure 12. This began with the milling of the as-received LLZO powder 

through three separate methods: hand grinding, ball milling, and attrition milling. The hand 

grinding was done in an agate mortar and pestle for 10 minutes before mixing in the cold 

sintering solvent.  

The ball milling was carried out utilizing a Puwer Glen Reston ball mill in a polyethylene jar 

with yttrium-stabilised zirconia (YSZ) milling media and isopropanol. 20 g of LLZO powder was 

added to the jar and then milled at 80 RPM for 2h (BM2) and 24h (BM24(1) and BM24(2)).  

The attrition milling was conducted in a Szegvari attritor mill, in a jar with yttrium-stabilised 

zirconia (YSZ) milling media and isopropanol. 20 g of LLZO powder was added to the jar and 

then milled at 250 RPM for 1h (AM250), and 350 RPM for 0.5h (AM350/0.5) and 1.5h 

(AM350/1.5(1) and AM350/1.5(2)). These parameters were selected to provide insight into the 

impact of the particle size and morphology when compared to the high (AM350) and medium 

(AM250) energy scales under different timescales, but due to time constraints, the desired full 

range of 250-350 RPM for 0.5-1.5h was not completed. 

Both ball and attrition milled powder were then emptied into a glass beaker, and then both the 

jar and milling media were rinsed with isopropanol to extract any remaining powder. Following 

this, the isopropanol and powder are then left in a furnace at 80 oC for approximately 24h.  

The BM24(1) and AM350/1.5(1) processes were repeated to improve the milling processes 

due to errors in the experimental procedure and were labelled as BM24(2) and AM350/1.5(2), 

respectively. These samples remain separate due to characterisation showing differences in 

the chemistry and size, which is discussed in later chapters. 

All the above methodologies were carried out in air. 
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Dry milling of the LLZO powder was conducted at Johnson Matthey using a Fritsch 

Pulverisette 7 planetary mill. The experiment involved four sets of powder: two in an NϜ 

atmosphere and two in air. Each set had one sample milled for 1h and another for 8h. To 

maintain the N2 atmosphere within the milling jar, the air-tight milling jar was sealed in a 

glovebox. The samples were milled at 150 RPM, with the 1h samples undergoing three 

intervals of 20 minutes of milling followed by 10 minutes of rest, and the 8-hour samples 

undergoing 24 intervals of 20 minutes of milling followed by 20 minutes of rest. 

Following the milling process, each of the powder types was heat-treated in a YSZ crucible at 

800 oC for 2h with a heating rate of 2.5 oC/min under an N2 environment. 

 

 

Figure 12. Experimental methods used for the preparation of cold-sintered LLZO. 
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4.2 Results  

 

4.2.1 Microstructure of milled LLZO 

 

4.2.1.1 Particle sizes measured by Mastersizer 

 

The LLZO particle sizes after processing were determined by using a Mastersizer, with the 

measurements obtained shown in Figure 13. The D50 particle size in order of smallest to 

largest is shown to be 3.5 Õm ball milled for 24h (BM24), second set of attrition milled at 350 

RPM for 1.5 hours (AM350/1.5 (2)), attrition milled at 250 RPM for 1 hour (AM250), attrition 

milled at 350 RPM for 0.5h (AM350/0.5), hand ground, ball milled for 2h (BM2), first set of 

attrition milled at 350 RPM for 1.5h (AM350/1.5(1)) and 129 Õm as-received. The ranges of 

the particle sizes determined by D90-D10 in order of smallest to largest was 9.35 Õm for 

AM350/1.5(1), BM24, hand ground, BM2, AM250, as-received and 238 Õm AM350/1.5(1). 

The attrition-milled powder exhibited the widest range of particle sizes, indicating inconsistent 

milling and potential agglomeration, especially in AM3501.5(1), where the range was 237.9 

Õm. On the other hand, AM350/1.5(2) showed the smallest range among all powder types, 

with a range of 9.4 Õm. This discrepancy between the two AM350/1.5 sample sets highlights 

a significant source of error in the LLZO attrition mill processing. The error resulted from an 

improper experimental setup with the rotating impeller of the machine positioned too high in 

the milling pot. Consequently, the milling media could pass below the impeller, reducing energy 

transferred to the media and minimizing milling in the powder that sifted to the bottom of the 

pot. Another potential source of error was the movement of powder to areas where milling 

would not occur, such as the top of the milling pot. For AM350/1.5(2), these errors were 

corrected, drastically reducing the D50 particle size from 119 to 3.4 Õm. 

In contrast, ball-milled powder yielded a more consistent particle size, especially after 24h. 

The range between D10 and D90 for each ball-milled powder was 11.7 and 3.48 Õm, 

respectively. Unlike attrition milling, the second round of LLZO powder milling for 24h resulted 

in a slight increase in particle size measured by Mastersizer compared to the initial milling 

values.  Overall, the ball-milled samples followed the expected trend, and no significant source 

of error was determined. 
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 Figure 13. Particle sizes of as-received LLZO of the ball and attrition-milled LLZO powder, 

determined using a Mastersizer. 

 

The particle sizes of milled LLZO (Figure 13) were compared to those achieved by dry 

(solventless) ball milling in both N2 and air atmosphere (Figure 14). Data in Figure 14 Shows 

that the sample milled in air for 1h produced the highest D50 value at 15.2 Õm, even when 

compared to ball and attrition milled powders, except AM350/1.5(1) (Figure 13). On the other 

hand, the sample in N2 for 1h held a value of 8.44 Õm, which places it as the fourth largest of 

the milled particle sizes.  

The two 8h samples achieved the two smallest average particle sizes measured by 

Mastersizer from all the milled powder, with an air atmosphere sample being the smallest at 

2.3 Õm and having a particle size range of 26.1 Õm. whereas the sample milled in N2 for 8h 

produced a particle size of 3.19 Õm and has a range of 28.8 Õm. The measured particle size 

range between the D10-D90 is smaller in both BM24 and AM350/1.5(2) samples, with ranges 

of 24.5 and 9.35 Õm, respectively. This shows that, like the other milled powders, the dry milled 

powders also have not achieved a homogeneous size and, as a result, may produce a small 

bimodal distribution when being cold sintered. 
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Figure 14. Mastersizer LLZO particle sizes were dry milled for 1 and 8h in N2 and 1 and 8h in 

air. 

 

4.2.1.2 Particle sizes and shape measured by SEM 

 

4.2.1.2.1 Particle shape 

 

To examine the effects of LLZO milling in more detail, the milled LLZO materials were 

examined by SEM. The as-received LLZO powder in Figure 15(a) exhibits a clear bimodal 

distribution of particle sizes. Larger particles >100 Õm appear thin but wide, with sharp, angular 

edges and a rough aspect ratio of 2:1 (Figure 15(a)). In contrast, smaller particles <10 Õm are 

less angular and overall exhibit a lower aspect ratio of ~3:2-1:1. As a result, achieving an 

accurate representation of particle size distribution becomes difficult to achieve using SEM. 

Ball milling of the LLZO powder in air significantly reduced particle size, even with as little as 

2h of milling (Figure 15(b)). SEM imaging reveals a more uniform spread of particle sizes 

compared to the as-received powder, although there is still a noticeable size range of 0.5-110 

Õm. Compared to the as-received powder, the BM2 has a lower aspect ratio of approximately 

3:1 (Figure 15(e), light green arrow). The fractured surfaces indicate that the fracturing 

predominantly occurs along the grain boundaries (Figure 15(e), dark green arrows). On the 
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other hand, the smaller particles <3 Õm in size are irregularly shaped with an aspect ratio of 

2:1, indicating that the fracturing of some of the powder is intragranular. 

After ball milling for 24h in air, the LLZO powder was further reduced in size, as shown in 

Figure 15 (c,f). SEM of these particles shows that some of the particles have fractured both 

along grain boundaries (intergranular) and through the grain (intragranular). Generally, the 

particles after milling remained angular and irregularly shaped. Even in the longer 24h milling 

time, none of the LLZO particles showed signs of any significant particle 

adherence/agglomeration.  

 

   

   

Figure 15. LLZO powders imaged by SE SEM. (a) As received LLZO powder, (b) powder ball 

milled for 2h, and (c) powder ball milled for 24h in isopropanol under an air atmosphere, (d) 

as-received particle surface, (e) BM2 particle fragments, (f) BM24 particle fragments. Dark 

green arrows indicate particles fractured along grain boundaries; light green arrows indicate 

particles fractured through grains. 

 

The LLZO samples prepared by attrition milling exhibited characteristics similar to the ball-

milled samples, with the powders generally displaying angular, irregular shapes and an aspect 

ratio of 1:2. As observed in the as-received powder, AM350/1.5(1) demonstrated a bimodal 

distribution in Figure 16 (c) and (f), with the larger particles averaging 100 Õm in size. The 

powder in AM250, illustrated in Figure 16 (d), showed a higher degree of particles with aspect 

(a) (b) (c) 

(d) (e) (f) 
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ratios of 1:3, indicating fragments of powder from intragranular cracking, as opposed to the 

other samples, which had aspect ratios of approximately 1:1-1:2, which are typically more 

rounded, indicating intergranular cracking. 

 

   

   

Figure 16. SEM images of LLZO powder attrition milled at (a) 250 RPM 1hr (AM250), (b) 350 

RPM 0.5h (AM350/0.5), (c) 350 RPM 1.5h (AM350/1.5(1)), (d) AM250 fragments, (e) 

AM350/0.5 fragments, (f) AM350/1.5(1). 

 

Figure 16 Presents SEM images illustrating the morphology of LLZO particles subjected to 

three distinct attrition-milling conditions: 250 RPM for 1h (AM250), 350 RPM for 0.5h 

(AM350/0.5), and 350 RPM for 1.5h (AM350/1.5). The images reveal that the smaller particles 

in all three conditions exhibit a morphology akin to fractured shards, indicative of fragmenting 

through the powder grains. In contrast, the larger particles maintain an irregular and angular 

shape. Figure 17 shows that the smaller particles tend to adhere to the larger ones, and 

agglomeration has occurred in all the dry milled samples, although least when milled for 8h in 

N2.  

LLZO powder was milled at Johnson Matthey using a planetary mill at 150 RPM for 1-8h under 

an air/N2 atmosphere and analysed utilising SEM. What this revealed was that the fracturing 

of the powders occurred through both inter- and intra-granular as indicated by the dark green 

(b) (c) (a) 

(e) (f) (d) 
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arrow and light green arrow in Figure 17. Alongside this is the clear increase in particle size 

homogeneity after 8 hours of milling for both air and N2 atmospheres.  

 

  

   

Figure 17. As-received LLZO dry milled at 150 RPM (a) 1h in air, (b) 1h in N2, (c) 8h in air, 
(d) 8h in N2. 

 

Overall, the particle morphologies remained similar regardless of the milling method utilised, 

with the primary difference being the particle size. 

 

4.2.1.2.2 SEM particle size 

 

The range of particle sizes in the milled LLZO samples was measured directly by SEM imaging 

as described in 3.2.2.1. Figure 18 shows a histogram plot of the percentage of particles in size 

(a) (b) 

(c) (d) 
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bands with a 0.1 Õm bin width. For all milling conditions, the majority of milled particles were 

less than 10 Õm. The as-received powder had 69.5% of particles 0-10 Õm range, with a more 

even spread of particle sizes across the <30 Õm size range shown in Figure 18. This is contrary 

to the data provided by the Mastersizer and Toshima Manufacturing Ltd. due to the reasons 

specified in section 4.2.1.2.1.  

 

 

Figure 18. Graph of percentage in 0.1 Õm particle size range for each of the as-milled and as-

received powders determined through SEM alongside the estimated cutoff line for 

Mastersizer.  

 

The shape of the particle size histogram in Figure 18 for the as-received powder was 

noticeably different compared to the other sample types. This was not only due to the larger 

particle sizes but also due to the spread of the particles, resulting in a wide but short peak 

ranging over 0.8-18 Õm with a 1.9% as maximum peak intensity. This was expected due the 

the limited representation that the SEM can achieve for the number of larger particles in 

comparison to the smaller particles. As a result, there isnôt a second peak formed due to the 

larger particles. 

Unlike the as-received powder, BM2 exhibited a more concentrated particle size spread within 

the 0-10 Õm range. BM2 had the lowest percentage of particles within this range at 63.1%. 
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This likely stems from less energy being introduced into the milling system, therefore reducing 

the degree of fracturing in the as-received powder. This trend reasonably aligns with the 

Mastersizer data, where BM2 represents the third-largest particle group. Whereas the 

AM3501/5(1), which were determined to have large particles comparable to the as-received 

powder in Figure 13 and were expected to have a similar particle size distribution. Figure 18 

reveals that 89.1% of the AM3501/5(1) particles are below 10 Õm, which significantly reduces 

the perceived particle size of the powder. This value aligns with powders having much smaller 

particle sizes, such as BM24 (98.7%) and AM250 (99.2%).  

Figure 18 demonstrates that BM24 and AM250 samples exhibit similar plot shapes. These 

plots were characterised by being relatively tall and thin, with the greatest concentration of 

particle sizes at 0.8+0.1 Õm for both samples. The primary difference between the shapes is 

that BM24 is slightly wider and taller. This concentration of particles is corroborated by the 

D50 values determined by the SEM, which show that BM24 and AM250 have the lowest 

particle size at 1.39 Õm and 1.05 Õm, respectively. 

On the other hand, the BM2, AM350/0.5, and AM350/1.5(1) plots demonstrate a lower max 

intensity alongside a wider spread of particles, which results in a higher D50 when compared 

to BM24 and AM250. This is especially prevalent in the BM2, where only 63.1% of the particles 

are less than 10 Õm and resulting in the second highest D50 at 2.02 Õm. AM350/0.5 and 

AM350/1.5(1) were determined to have D50 of 1.76 Õm and 1.6 Õm, respectively  
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Figure 19. LLZO particles were determined using SEM particle size analysis for as-received 

powder and BM2/24, AM(250)/(350/0.5)/(350/1.5). 

 

Comparing the SEM measurements (Figure 19) to the Mastersizer data (Figure 13), the SEM-

based particle size determination yields a much lower D50 value compared to the Mastersizer. 

This is due to the resolution of the technique; the SEM size measurements have many more 

particles identified in the <1 Õm range compared to the Mastersizer (Figure 13). This results 

in a shift of the D50 to lower values as the Mastersizer does not record values below 0.46 Õm 

due to limits in the machine, due to a decrease in the signal-to-noise ratio, which therefore 

reduces the instrument accuracy. This is illustrated in Figure 14, and as a result, the D50 

values are consistently lower than their Mastersizer counterparts. In the case of the as-

received LLZO powder, the D50 value was reduced from 129 Õm to 8.4 Õm, and for 

AM350/1.5(1), it was reduced from 119 Õm to 1.6 Õm. This bias is exacerbated by the 

limitations in analysing larger versus smaller particles in SEM images, further highlighting a 

significant source of error in particle measurement methods. 

To conclude, SEM and Mastersizer measurements identify that milling is an effective way to 

reduce LLZO powder average particle sizes and increase total particle surface areas. These 

will enable more efficient packing of particles and more surface area to react during cold 

sintering. However, increased surface area also potentially makes the side reactions more 

probable.  
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Also, a comparison of the particle sizes indicates that the actual average particle size is 

between the two estimated values, as the SEM would provide a better estimate of the smaller 

particles but struggles more with large particles. On the other hand, Mastersizer provides a 

better insight into the large particles, but due to machine limitations does not register particles 

smaller than 0.46 Õm. 

 

4.2.1.3 Phase Identification 

 

To investigate the stability of the LLZO during the milling procedures, the milled powders were 

characterised by Raman, XRD, and SEM-EDX. Figure 20 shows typical Raman spectra taken 

from the as-received LLZO, ball-milled samples BM2 and BM24, and the attrition-milled 

samples Am350/0.5, AM3501.5(1), and AM250, and by comparing the Raman spectra with 

Figure 5, indicates that each sample is cubic in structure as expected. All spectra identified 

the presence of Li2CO3, including on the as-received LLZO, with an increased Li2CO3 peak on 

the surface of the AM250 milled powder, indicating that the AM250 is more contaminated. The 

milling process also resulted in the formation of La2Zr2O7 on the surface of the powder, 

identified as a Raman peak at 300 cm-1, and for three samples with strong pyrochlore peaks, 

also a weaker Raman peak at 689 cm-1 [190]. This is believed to be due to these three samples 

(BM24, AM350/1.5(1), and AM250) having greater energy input into the powder, and so, 

providing the energy required for lithium extraction during the milling process. This is typically 

a result of the Li+/H+ exchange during the milling, as the isopropanol is not anhydrous, meaning 

it has absorbed water from the air, alongside the following drying process, causing the loss of 

lithium and the accompanying collapse of the surface layer of LLZO [191]. The La2Zr2O7 

pyrochlore is more prevalent in powder samples where the milling inputs more energy into the 

process, as shown by the difference between BM2 and BM24, further illustrating that the 

increased energy is correlated with Li loss.  

XRD of the milled LLZO powders (Figure 21) identified no pyrochlore phase diffraction peaks, 

consistent with a thin surface layer (on the particles) whose volume fraction is below the 

detection threshold for the XRD used.  
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Figure 20. Raman spectra of as-milled LLZO powders compared to as-received LLZO powder. 

Peaks consistent with Li2CO3 (blue arrow) and La2Zr2O7 (red arrows). 
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Figure 21. XRD of as-milled LLZO powders compared to as-received LLZO powder. 

 

To determine if the growth of La2Zr2O7 pyrochlore depends on milling environment, as-received 

LLZO powder was dry milled in both air and N2. Unlike with samples milled in isopropanol, the 

dry milled samples showed no indication of the formation of La2Zr2O7 in Raman analysis (no 

mode at 300 cm-1), as shown in Figure 22. This indicates minimal loss of Li+ from the particle 

surface during the dry milling process, which corroborates the study by Zheng et al [191] who 

suggested an increase in La2Zr2O7 formation from LLZO during wet milling. They noted that 

when ball milled at 175 RPM for 3h, as opposed to 150 RPM for 1-8h, it provided sufficient 

energy to cause Li+ ejection, a process which has only previously been reported on heating 

LLZO to 1000 oC [182], [183], [184], [185]. This provides insight into the higher energy systems 

causing increased Li ejection than those utilised in-house, although the parameter difference 

is small. So, since no resting period is mentioned, it is possible that the temperature inside the 

mill pot did not dissipate, and increased any leaching that may occur within the isopropanol, 

but that is unconfirmed, and so is a potentially faulty hypothesis. 
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Figure 22. Raman of dry milled LLZO under air and N2 atmosphere for 1 and 8h compared to 

as-received LLZO powder. Peaks consistent with Li2CO3 (blue arrow) are marked. 

 

To further investigate the source of La2Zr2O7 formation, some of the LLZO was dry milled for 

8h in N2, and then left in the drying furnace at 80 oC for 1 h to 4 days. The Raman analysis of 

these powders in Figure 23 showed that La2Zr2O7 pyrochlore and Li2CO3 formed when the 

powder is exposed to 80 oC air for as little as 1h, and reveals that the cubic structure of the 

LLZO remains due to the lack of peak splitting occurring. Longer drying periods further 

exacerbated secondary phase formation, with the Li2CO3 and La2Zr2O7 Raman peaks 

systematically growing in intensity with 80 oC air drying time (Figure 23). This indicates that 

the rate of proton exchange increases, removing Li from the LLZO lattice and causing the 

increase in the Li2CO3, which then results in the collapse of the LLZO lattice into La2Zr2O7. 

Considering the period in which the wet milled powder is drying in the furnace is up to one day 

(Figure 23). It is plausible that the drying phase accelerates pyrochlore formation during the 

evaporation of isopropanol and potentially increases any leaching caused by this solvent. 

However, this would be more consistent among the powders, as opposed to being more 

prevalent in the high-energy milled samples. 
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Figure 23. Raman of N2 dry-milled LLZO powder before and after being stored in an 80 OC 

drying furnace between 1h-4 days. 

 

To establish whether the soaking of the LLZO with isopropanol results in the formation of 

La2Zr2O7 pyrochlore, as-received LLZO powder was added to IPA and water. The LLZO 

powder remained in the solvents for 1 day before drying for 0.5-1 h at 80 oC. Neither IPA nor 

water solvents resulted in the formation of pyrochlore detectable by Raman after being 

submerged in the solvent for one day. This indicates that the liquid solvent is less likely to 

cause the formation of the secondary phase due to solvent interactions. This does not mean 

that a mixture of particle agitation during milling and the solvent is not a potential cause, as 

this would increase local temperatures and facilitate the loss of Li. This illustrates that the 

drying process is likely one of the main causes of pyrochlore formation due to the elevated 

temperatures accelerating the Li+/H+ exchange with resulted in the decomposition of LLZO as 

illustrated in Figure 23.  
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Figure 24. Raman spectra of as-received LLZO powder before and after soaking in IPA and 

water for 1 day. 

 

Considering the presence of Li2CO3 throughout the LLZO samples, Raman analysis confirmed 

that both dry-milled samples in N2 atmosphere had greatly reduced Li2CO3 formation (Figure 

22) compared to those samples milled in air (Figure 22). An airtight Raman cell was used to 

seal the powder under N2, but this cell caused issues in focusing the laser on the powder. As 

a result, the seal was broken, so the analysis could be achieved. The minor Li2CO3 peaks in 

these samples may therefore be either due to short-term exposure of LLZO to air during the 

Raman process after releasing the N2 atmosphere, or pre-existing Li2CO3 on the as-received 

powder. The Raman spectra of the powder showed that the Li2CO3 peak formed after 15 

minutes and that its relative intensity increased up to the final measurement.  

Figure 23 shows that keeping LLZO in 80 oC air for as short as one hour results in the formation 

of Li2CO3 on the LLZO powder surface. As the time increases to one day, the intensity of the 

peak nearly doubles, and after four days, the Li2CO3 peak has the highest intensity of all peaks. 

On the other hand, Figure 25 shows the growth of Li2CO3 in 7.5-minute intervals due to the 

scanning time of the Raman spectrometer and the comparison of the as-received powder and 

the LLZO powder dry milled for 1h. The cause for the variation between the as-received 

powder and the dry-milled powder is that the milling process exposes LLZO surfaces. While 

the powder was dry milled in air, the jar was airtight and so limited carbonation would occur 

on the surface. The dry-milled powder showed a small increase in the Li2CO3 peak intensity 

after each 7.5-minute interval, with 15 minutes when the peak was first noted. 
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Figure 25. Raman of LLZO powder dry milled for 8 hours in N2 was measured in 7.5-minute 

intervals when exposed to ambient air conditions. 

 

4.2.1.4 Further Phase Analysis by SEM-EDS and XRD 

 

Backscattered electron (BSE) imaging of the milled BM24(2) and AM350/1.5(2) LLZO samples 

revealed a plate-like secondary phase with darker contrast than the LLZO bulk, as illustrated 

in Figure 26(a), indicating a lower average Z-number phase. The morphology of this phase 

was cuboidal, with very high aspect ratio platelets. To aid in the identification of the secondary 

phase, energy-dispersive X-ray spectroscopy (EDS) mapping was conducted illustrated in 

Figure 26(b) and (c). The results indicate that the secondary phase is an oxide with only 

minimal carbon presence. The EDS secondary phase showed limited Zr, La, or Al presence, 

which indicates that Li is the only viable cation. Thus, potential identification of the particles 

includes LiOH and Li2CO3 due to LLZO reactions with moisture and CO2, respectively [15], 

[16], [192]. This plate-like secondary phase also appears to be growing from the LLZO 

particles, indicating that it is not a precipitation reaction from the IPA used in the milling of the 

powder. 
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Figure 26. (a) BSE image of a secondary phase in the LLZO BM24(2) sample. (b) EDS map 

of Oxygen and contrast-enhanced EDS maps of (c) Carbon, (d) Lanthanum, (e) Aluminium, 

and (f) Zirconium. 

 

The X-ray diffraction (XRD) patterns of AM350/1.5(2) and BM24(2) exhibit two additional weak 

peaks at 20.6 o and 32.4 o in the LLZO powders, as shown in Figure 27 unlike in Figure 21. It 

is currently unknown why these occur only in these samples but not their AM350/1.5(1) and 

BM24(1) counterparts, as milling parameters are identical. The primary difference between 

the two AM350/1.5 is the particle size due to improvements to the methods as discussed in 

section 4.1. On the other hand, the only noted difference in the BM24 samples was the 

presence of the secondary phase.  

(a) (b) 

(c) 

(d) (e) (f) 

O KŬ1 

C KŬ1_2  

La LŬ1 Al KŬ1 Zr LŬ1 
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Figure 27. XRD of the 2nd set of milled LLZO powder described in section 4.1 compared to 

the as-received LLZO powder. The locations of the second-phase peaks are marked with 

arrows. 

 

Comparing the data from EDS mapping (Figure 26) and XRD (Figure 27), Li2CO3 is excluded 

due to the absence of specific XRD peaks and the limited presence of Carbon in the secondary 

phase. On the other hand, LiOH is a possibility as neither lithium nor hydrogen would be 

detected by the EDS. The Presence of LiOH becomes more plausible due to the secondary 

phase growing from the LLZO particles, and is known to form in the presence of moisture [16], 

[17]. This would also provide a potential reason why the plate-like phases were detected in 

AM350/1.5(2) and BM24(2) but not in the other powders. This is because SEM analysis of the 

powders was significantly delayed compared to AM350/1.5(2) and BM24(2), which results in 

the powders being exposed to air for a longer period and allows more LiOH to be converted 

into Li2CO3, which potentially causes the breakdown of the plate-like phase.  

Figure 28 shows the extra peaks with potential impurities such as LiOH, LiOH.H2O, and Li2O. 

This shows that the secondary phase is neither Li2O nor LiOH.H2O, as none of the peaks align. 

On the other hand, the [001] and [101] peaks of the tetragonal LiOH align with the two 

unidentified peaks at 20.5 o and 32.9 o, respectively. Therefore, the most likely identification of 

the secondary phase in the LLZO BM24(2) and AM350/1.5(2) milled samples is tetragonal 
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LiOH, consistent with the strong O X-ray signal, dark contrast in BSE images (low Z) (Figure 

26), and rectangular plate-like shape. Chen et al [193] and Li et al [194] also reported evidence 

of LiOH secondary phase in the form of rectangular plates, a length of ~1-10 Õm and a 

thickness of 100-200 nm, respectively. These are formed through the drying of a LiOH solution 

[193] and the reaction between Li2O2 and H2O [194]. The formation mechanism of platelike 

LiOH exclusively within the BM24(2) and AM350/1.5(2) powders remains to be elucidated, 

with other samples, such as BM24(1), not exhibiting its presence.  

 

 

Figure 28. XRD of possible impurities of the BM24(2) LLZO powders, compared to the as-

received powder. Additional peaks at 20.5 o and 32.9 o are highlighted with arrows. 

 

4.2.2 Heat treatment 

 

The presence of surface Li2CO3 on the surface of the LLZO particles after milling (Figure 21), 

and the presence of LiOH secondary particles in the AM350/1.5(2) and BM24(2) milled 

samples (Figure 27) will affect any subsequent cold sintering processes by blocking transient 

solvent access to the LLZO lattice sites, therefore inhibiting the dissolution processes. Hence, 

the usage of heat treatments was investigated to reduce these phases and improve the quality 

of the milled LLZO powder. The milled LLZO powders were heat-treated in a N2 atmosphere 

at 800 oC for 2 hours.  
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The heat treatment of the milled LLZO powders at 800 oC and 2h in a N2 environment 

effectively reduced surface Li2CO3 and La2Zr2O7, respectively, as illustrated in the Raman 

analysis of the heat-treated powder (Figure 29) compared to the as-milled LLZO (Figure 20). 

The reduction of Li2CO3 was anticipated as Li2CO3 typically decomposes at ~720 oC [182], 

[183], [184], [185] however, the removal of La2Zr2O7 pyrochlore phase was unexpected. One 

possibility is that the decomposition of the Li2CO3 allows Li+ ions to reintegrate into the 

La2Zr2O7 crystal lattice, reforming the LLZO, and since the formation of La2Zr2O7 is not shown 

to occur before 1000 oC [182], [183], [184], [185] the 800 oC wouldnôt cause further Li+ loss. 

Previous work indicates that 950 oC is used to synthesize LLZO using La2Zr2O7 as a precursor 

[195]. Due to this, it remains uncertain if the decomposition of the LLZO can be reversed at 

800 oC. The La2Zr2O7 present after milling is likely a thin layer at the surface of the particles, 

as indicated by its presence as modes in Raman (Figure 29) but not as peaks in XRD. This 

morphology, therefore, may facilitate faster kinetics for the reaction to form LLZO.  

 

 

Figure 29. Raman spectra of milled LLZO powders heat-treated at 800 oC for 2H in N2 

atmosphere.  

 

The heat-treated milled LLZO powders were examined by XRD. The XRD spectra shown in 

Figure 30 indicate that a weak La2Zr2O7 peak at 28.5 o is present in the BM2 powders heat-

treated at 800 oC. The annealing temperature of 800 oC is below the reported value of 1000 

oC formation temperature of the La2Zr2O7 [182], [183], [184], [185]. It is currently unknown why 

100 300 500 700 900 1100 1300 1500

In
te

n
s
it
y
 (

A
.U

.)

Raman shift (cm-1)

BM24

AM250

AM350/0.5

AM350/1.5(1)

BM2
As received LLZO powder

Li2CO3

La2Zr2O7



 

80 | Page 
 

this has formed on the BM2 but not on the other powders, as the heat treatment conditions 

were the same for all the powders.  

No diffraction peaks consistent with LiOH were detected, indicating the decomposition of this 

phase after the heat treatment of the LLZO powder (Figure 30). This corroborates the thermal 

decomposition of LiOH, which occurs at temperatures above 426.85 oC [196], [197]. 

 

 

Figure 30. XRD of as-received, ball, attrition, and dry milled LLZO powders after heat 

treatment at 800 oC for 2h in N2.  
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4.2.2.1 Lattice parameters 

 

XRD was utilised to determine the lattice parameters of both as-milled and heat-treated LLZO 

powders, as shown in Figure 31. This illustrates that the LLZO reference has a lattice 

parameter of 12.96 ¡. This is the lowest value of the lattice parameter calculated for the milled 

powders, including the as-received powder (12.97+0.01 ¡). The cause for the increase of the 

lattice parameters in the LLZO is attributed to Li+/H+ exchange, as the introduction of H+ ions 

into the LLZO lattice causes the replacement of the strong Li-O bonds with weaker O-HéO 

bonds [106]. The dash (-) illustrates the covalent bond between the protons and the oxygens 

at the 12a sites, whereas the dots (é) show the weak interactions between the protons bonded 

to the 12a sites and the oxygens on the nearby 12b sites [106].   

 

 

Figure 31. Calculated lattice parameters of 0.25 Al-doped LLZO reference, as-received LLZO 

powder, as-milled and heat-treated LLZO powders (800 oC, 2h, N2). 

 

Comparison of the lattice parameters reveals that the as-milled LLZO powder consistently had 

values greater than 13 ¡. This suggests that defects were introduced into the structure during 

the milling and/or drying process, which, due to the presence of LiOH and Li2CO3, is most 

likely a result of the Li+/H+ exchange. When the samples are heat-treated, the lattice 

parameters are all reduced to below 13 ¡, which indicates that the decomposition of LiOH and 

Li2CO3 on the powder surfaces results in the reintegration of the Li+ back into the LLZO lattice. 

Despite the reintegration of the Li+ ions, the lattice parameters donôt return to the value before 

the milling, indicating that the process wasnôt entirely reversed, which corroborates data by 
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Brugge et al [198], who researched this using focused ion beam secondary ion mass 

spectrometry (FIB-SIMS).  

 

4.2.2.2 Particle size and shape 

 

The milled powders were heat-treated to remove or reduce the presence of undesired 

secondary phases, such as LiOH and Li2CO3. SEM was used to analyse the particle shape 

and size of the heat-treated powders to compare with the as-milled LLZO powders. The heat 

treatment of the milled powder results in the particles becoming more rounded, regardless of 

the sample type, as shown in Figure 32 and Figure 33, as a result of surface diffusion. 

Additionally, the heat treatment exposed the grain boundaries of polycrystalline particles 

whose average grain size (Figure 32(d), red arrow) increased to 12.8 Õm compared to 6 Õm, 

which is estimated from fracture surfaces in the milled powders (Figure 32(a), white arrow) for 

the AM250 and BM2, respectively.  

 

  

(a) (b) 
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Figure 32. BM2 (a)SE images before, (b) BSE images after heat treatment (800 oC, 2h, N2), 

and AM250 (c) BSE images before, (d) SE after heat treatment (800 oC, 2h, N2). The white 

arrow shows fracture surface grains, red arrow shows grains exposed by heat treatment. 

 

The heat treatment of the AM350/1.5(2), which contained the LiOH secondary phase, resulted 

in particle fusion, leading to some degree of larger agglomerated grains, as shown in Figure 

33 by the orange arrows. BSE images also revealed secondary phase particles present with 

a lighter contrast and therefore potentially higher Z number than LLZO; however, topographical 

contrast can also be present in BSE imaging of small particles. Two secondary phase crystal 

morphologies were apparent: smaller 0.55 Õm sized cubic (Figure 33, white arrows) and plate-

like hexagonal particles (Figure 33, cyan arrow). There are two main possibilities for the 

identity of this cubic phase. The first is crystalline Li2O, which could form due to the 

decomposition of LiOH and Li2CO3, as shown in Equation 13 and Equation 14, respectively. 

The issue with this phase is that there is no indication of a hexagonal phase forming as a result 

of this decomposition. The second potential cubic phase is La2Zr2O7, and the hexagonal La2O3, 

which forms from the decomposition of LLZO due to Li loss. The La2Zr2O7 is more probable 

due to the hexagonal secondary phase and the presence of a similar phase located in the 

spark plasma sintered LLZO, as discussed in section 6.2.1.2. 

 

ςὒὭὕὌί ὬὩὥὸOὒὭὕί ὌὕὫ  Equation 13 [199] 

ὒὭὅὕ ὰᴼὒὭὕί ὅὕ Ὣ  Equation 14 [200] 

 

(c) (d) 
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Figure 33. BSE images of AM350/1.5(2) (350 RPM, 1.5h) (a) before, and (b) after heat 

treatment (800 oC, 2h, N2). Black arrows show LiOH secondary phase, white arrows show 

cubic phase, cyan arrow shows the hexagonal phase, and orange arrows show particle 

necking/fusion. 

 

The heat treatment of AM350/1.5(2) and BM24(2) successfully removes the LiOH crystals 

from both the ball-milled and attrition-milled samples Figure 33. This outcome was expected, 

as LiOH begins converting to Li2O between 500 ÁC and 600 ÁC [201]. After heat treatment, 

some AM350/1.5(2) powder was left exposed to air for a month to observe if the plate-like 

LiOH phases would reform. No plate-like phases were observed in the SEM images in Figure 

34, indicating that either the milling process and/or the drying process exacerbated the growth 

of LiOH crystals only in the AM350/1.5(2) and BM24(2), rather than purely exposure to 

moisture in the ambient air conditions.  

 

(a) (b) 
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Figure 34. Heat treated (800 oC, 2h, N2) AM350/1.5(2) LLZO powder (a) before, (b) after 

exposure to air for one month. 

 

The heat treatment of milled powders induces morphological changes, such as particle 

rounding and necking (Figure 33, orange arrows), as a result of activated surface diffusion 

mechanisms. These processes facilitate atomic mobility, resulting in the reduction of surface 

energy and promoting interparticle bonding as typically seen in the early stages of sintering. 

Figure 35 illustrates that the D50 particle size of every milled powder increased due to the 

formation of loose agglomerates. This is especially prevalent in the AM250 powder, which 

increased from 5.21 to 68.6 Õm. The cause for the large increase in D50 for the AM250 relative 

to the other powders is unknown. One possibility is indicated by Zhao et al [100], which is that 

the greater Li2CO3 contamination in the AM250 indicated by Figure 20 may act as a sintering 

aid at 800 oC. This is caused by the decomposition of the Li2CO3 into Li2O, which melts and 

causes surface tension over the particle and adheres the particles together as the heat is 

applied, resulting in low levels of particle fusion. Ultrasonication was applied to the powder for 

6 mins and resulted in the reduction of all powders, indicating the breaking up of the loose 

agglomerates.  

 

(a) (b) 
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Figure 35. Comparison of the as-milled, heat-treated (800 oC, 2h, N2) and heat-treated LLZO 

powder after ultrasonicated for 6mins. 

 

4.3 Summary and conclusions 

 

In this chapter, a variety of milling conditions were utilised to reduce the size of the LLZO 

particles, and these particles were then analysed to gain further understanding of the chemical 

and microstructural changes that occur during the processing of the powder. 

To conclude, the best conditions for milling LLZO to effectively reduce particle size while also 

limiting chemical changes were achieved by milling it using a planetary mill for 8h under a N2 

atmosphere. This is particularly important for conventional sintering processes, where smaller 

particle sizes provide the highest surface energy and, therefore, the greatest densification.  

During the milling process of LLZO, crystalline LiOH was discovered to have formed, which 

would impact the ionic conductivity of the material once cold-sintered, either through the loss 

of charge carriers or H+ ions acting as a barrier in the Li+ ion diffusion pathways. As a result, 

potential causes were analysed, and the main cause is believed to be the drying process, 

which was also found to exacerbate La2Zr2O7 formation. This was not observed in the dry-

milled samples, confirming that the energy input from the milling process was not the cause. 

Due to limits in the available equipment, it remains undetermined whether a mixture of the 

solvent and the energy input from the milling also exacerbated the formation of LiOH and 

La2Zr2O7. 
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Further, the heat treatment of the powder is expected to improve the densification process 

through the reduction or elimination of the LiOH/Li2CO3 surface layer, which acts as an 

impediment to densification and reduces ionic conductivity, and by reducing kinks and ridges 

on the powder surface, which will aid in particle rearrangement. 

Current limitations in the milling of LLZO are the introduction of defects through the milling 

and drying process. While methods of mitigating environmental effects are available through 

the control of the atmosphere during the process, and the use of anhydrous solvents. These 

methods were not consistently available for the thesis, and so, directly comparable milling 

processes with and without access to moisture were unable to be attempted. 
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Chapter 5 Cold sintering of LLZO 

 

This chapter concerns the cold sintering of LLZO under ambient air conditions and how this 

impacts material properties. Cold sintering was chosen as the main fabrication method due to 

the capacity to co-sinter different materials, increased energy efficiency when compared to 

conventional sintering due to lower temperature and processing times, and its potential for the 

fabrication of an all-solid-state battery. However, to date, there is limited research carried out 

on the cold-sintering process for LLZO-based materials. To optimise the process, here the 

transient solvent, milling method, particle size, and surface conditions have been investigated 

for their effect on the densification of LLZO, followed by an assessment of the mechanical and 

electrical properties of the pellet. The results are then compared with property data gathered 

for conventional and spark plasma sintering of LLZO.  

 

5.1 Cold sintering methods  

 

Specac 25-ton and 15-ton hydraulic presses equipped with heated platens, or a PI-KEM press 

with a heating jacket, were used for cold sintering. 0.5 g of LLZO powder was measured out, 

then mixed with either 10 wt% of deionised water, formic acid, or 5M LiCl until the mixture 

appeared dry and powdery. This mixture was then added to a İ inch (1.27 cm) diameter 

stainless-steel die, a pressure of 640-770 MPa was applied to the mixture, and the sample 

was heated to 200-250 oC a heating rate of 10 oC/min. This temperature was held for 30-60 

minutes and air-cooled to room temperature. Some pellets were then heat-treated under a N2 

atmosphere for 8 h at 800 oC.  
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5.2 Results  

 

5.2.1 Cold sintering  

 

5.2.1.1 Cold sintering of as-received powders using various transient solvents 

 

Cold sintering of LLZO was investigated using three different solvents: deionized water, 5M 

LiCl, and formic acid. The purpose was to determine whether the environmental conditions 

would impact the properties of the cold-sintered pellets. For example, the use of 5M LiCl aimed 

to assess whether a solvent with a high Li+ concentration could reduce Li+/H+ exchange, 

therefore improving the conductivity and densification of the pellets. In contrast, formic acid 

was used to determine whether the increased concentration of H+ increased the Li+/H+ 

exchange in comparison with deionised water and therefore decreased the ionic conductivity. 

Table 6 presents the relative density of each cold-sintered LLZO samples under the same 

parameters while using different solvents. Notably, the samples sintered using water exhibited 

the highest calculated density (88%), whereas 5M LiCl (82.5%) and formic acid (81.4%) 

exhibited similar but lower densities, in agreement with Li et al [32] who cold-sintered LLZO 

with water (87%) and 5M LiCl (80%). Despite the minimum relative densities for LLZO 

electrolytes being 90% [90] before the ionic conductivities rapidly drop due to grain boundary 

blocking. To date, the highest achieved relative density when cold-sintering is 87.7% when 

using nitric acid as the transient solvent [29]. This indicates that there are issues when cold 

sintering LLZO, which likely stems from the incongruent dissolution that LLZO goes through 

in the used solvents, which has been shown to impede the cold sintering process [139], [143]. 

For example, water [202], nitric [29], and formic acid [202] preferentially dissolve Li and Al 

ions. This is due to the dissolved material forming an amorphous layer that blocks the lattice 

sites while inhibiting mass transport between the aqueous phase and the crystalline phase 

[144]. 

The lower density of the LiCl may be a result of the reduction of the dissolution of the lithium 

from the LLZO, which may imply that the formation of LiOH in the solution could be an 

important factor in the cold sintering of LLZO in aqueous solvents. Zhang et al [28] researched 

the changes in LLZO when cold sintering with both LiOH and water, which revealed that 2M 

LiOH produced a density greater by 3.1% (67.1% and 64%, respectively). They believed that 

LiOH improved the density and grain growth by disrupting an equilibrium in the solid-liquid 

phase, therefore reducing the Gibbs free energy of the system and resulting in increased grain 
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growth [28]. This may explain the reduction of the cold sintered density when using formic 

acid, as the LiOH would be consumed by the formic acid, forming lithium formate (Li(COOH)) 

and water in a neutralisation reaction shown in Equation 15. 

 

ὒὭὕὌὌὅὕὕὌOὒὭὅὕὕὌὌὕ Equation 15 

 

Table 6. Cold sintering densities of LLZO pellets fabricated using different solvents. 

Pressure 

(MPa) 

Temperature 

( oC) 
Solvent 

Solvent 

volume 

(ml) 

Pressing 

time 

(min) 

heating 

rate 

( oC/min) 

Powder 

type 

Relative 

Density 

(%) 

770 250 5M LiCl 0.05 60 10 
As-

received 
82.46 

770 250 Water 0.05 60 10 
As-

received 
88.00 

770 250 
Formic 

acid 
0.05 60 10 

As-

received 
81.35 

 

 

To investigate the possibility of leaching further, as-received LLZO powder was suspended in 

formic acid for four days, observed under SEM, and compared to the original state, as 

illustrated in Figure 36. When LLZO powder was mixed with formic acid, bubbling indicated 

that gas evolved, possibly due to the reaction with Li2CO3 (present at the surface of the LLZO) 

to create Li-formate, CO2(g), and water (Equation 16) [203]. SEM images of agglomerates of 

LLZO after soaking in formic acid (leaching) reveal a much rougher surface with smaller and 

more abundant surface particles (Figure 36). This suggests that formic acid has reacted with 

the LLZO, resulting in the growth of particles on the pellet surface to reveal the primary particle 

dimensions (<5 Õm), which is slightly smaller than the estimated grain size of the as-received 

powder (6 Õm), shown in Figure 32. The BSE images reveal a consistent phase over the 

powder surface. Within the literature, the primary reaction product noted between LLZO and 

formic acid is the lithium formate. 

      

ὒὭὅὕ ςὌὅὕὕὌ  ὌὕᴼςὒὭὅὕὕὌȢὌὕ ὅὕ  Equation 16. [203] 
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Figure 36. BSE images of (a) as-received LLZO powder surface, (b) LLZO powder surface 

after submersion in formic acid for four days. Missing labels 

 

To determine if the surface retained the LLZO structure, XRD was performed on samples 

soaked in formic acid for 1h, and 4 days (to exaggerate any effects). Although some of the 

most intense peaks of LLZO may still be identified after 1h soaking in formic acid (Figure 37), 

the LLZO reacts with formic acid and forms a second crystalline phase. Soaking for 1h in the 

formic acid creates a surface that may create a blocking layer, like Li2CO3, that inhibits Li-ion 

conduction at the grain boundaries [32]. After 4 days, the LLZO is indicated to be consumed 

by the formic acid in the XRD in Figure 37. This has not been noted within any literature 

regarding the interactions of LLZO and formic acid. The majority of the papers comment on 

the formation of Li(COOH) caused by the leeching of the lithium from the LLZO lattice [204]. 

Whereas Schnieder et al [202] confirmed the presence of La(AlO3), La2Zr2O7 and the formation 

of unspecified secondary phases. 
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Figure 37. XRD of as-received LLZO powder after submersion in formic acid for 4 days, and 

another sample for 1h. 

 

In addition to the SEM and XRD, Raman analysis in Figure 38 also shows that formic acid has 

a strong impact on LLZO, whereas water has no effect. This indicates that the formation of the 

secondary phase is a result of the reaction between formic acid and LLZO. The most likely 

secondary phase would be lithium formate (Li(CHO2)3) due to the reaction between Li2CO3 

and formic acid [203] or the preferential leaching of lithium from the LLZO [154]. To date, 

Schnieder et al [154] is the only paper found that discusses the leaching of LLZO using formic 

acid and potential secondary phases. The XRD that Schneider et al [154] completed on the 

leached LLZO revealed the formation of La2Zr2O7, La(AlO3), and an unidentified secondary 

phase. This secondary phase was possibly LiOH, but as the peaks do not correlate with LiOH 

and instead may be a formate based on the comparison of PDFs of lithium and lanthanum 

formate, but this is not confirmed, as they do not discuss possible secondary phases. 

Comparing XRD patterns (Figure 39) and Raman (Figure 38) against literature [205], 

determined that the lithium formate phase is not prevalent. Marins et al [206] measured Raman 

spectra of rare earth (Ln=La, Nd, Pr) formates, which closely correspond to the Raman 

spectrum measured at site 2 in Figure 38. The peaks 131 and 159 cm-1 are attributed to ŭ(tr-

O), and the 244 and 780 cm-1 peaks are attributed to (tr-O), although this was attributed to 

praseodymium formate, and peaks at 1409 cm-1 and 1576 are attributed to the symmetric and 
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asymmetric stretches of RCOO- [206]. This illustrates that the phase detected by Raman 

(Figure 38) is lanthanum formate (La(HCO2)3). 

 

 

Figure 38. Raman analysis of as received LLZO powder before and after submersion in formic 

acid for 1h and drying, and water after submersion for 1 day and drying. 

 

Figure 39 compares the XRD pattern from the LLZO soaked in formic acid for 4h, compared 

to the phases noted by Wang et al [34], polymorphs of lithium formate, lanthanum formate, 

and secondary phases such as Li2CO3 and La2Zr2O7. The non-LLZO peaks are neither Ŭ nor 

ɓ-Li5AlO4, which could have formed due to the preferential leeching of lithium and aluminium 

in formic acid, as described when using nitric acid as the transient solvent [34], [154]. La2Zr2O7 

may result from the leaching of Li+ and Al ions [154] but major peaks of pyrochlore and indeed 

La2O3 were absent. However, the phase that best matches the powder after 4 days of leaching 

is the orthorhombic polymorph of lanthanum formate, La(HCO2)3, with only minor peaks not 

attributed to this phase. 
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