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1. Introduction 

1.1. Lithium-ion batteries and solid-state electrolytes 

1.1.1. Fundamentals of lithium-ion batteries 

Owing to the deterioration of global warming, the global temperature is continuously breaking 

newest high records staring from year 2000 [1,2], accompanying which with extreme climates 

and weather hazards such as droughts, floods, hurricanes, and wildfires (Fig 1.1). This could cause 

great damage to our natural environment as well as our society, raising costs for all kinds of 

productions [3,4]. Curbing of the worsening of climate change requires instant cut in green-house 

gas emissions through reduction in fossil fuel consumptions. Viable pathways to fulfil such goal 

involve two types of transitions in the society: i) switching to renewable energies as our major 

energy source instead of fossil fuel-fired power, and ii) electrification of all kinds of 

transportations. Successful implementation of both transitions deeply relies on the battery 

technology to serve as balancing capacity for the intermittent renewable energies, as well as 

mobile energy storages to power up the vehicles [5,6]. 

Among all sorts of battery technologies [7–9], the potential of lithium-ion batteries (LIBs) has 

been proven by its commercial success in the last two decades thanks to their high energy density 

and rechargeability (i.e., long cycle life). The secondary LIBs operate on a principle of 

intercalation chemistry at the anode and cathode, as shown in Fig 1.2 [10]. During charging, 

lithium ion is extracted from the anode at an expense of anode oxidation. The electrons created 

from the oxidation are conducted through external circuit to the cathode, where the arrival of 

electron and insertion of the lithium ion completes the reduction reaction. In this process, the 

electrolyte sandwiched between the electrodes acts as a conduit that conducts lithium ions from 

one electrode to another by its high ionic conductivity, and ‘forces’ electrons to travel in external 

circuit to apply work with its low electronic conductivity. As the charge transport within the 

battery is established and proceeds, an electric potential between the cathode and anode will be 

formed with an equilibrium voltage V0 that is dictated by the difference in chemical potentials 

between the anode (μa) and the cathode (μc): 

𝜇a−𝜇𝑐

𝑛𝐹
= 𝑉0   (1.1) 

where n is the number of electron transferred per mole of redox reaction, F is the Faraday constant. 
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Figure 1.1 (a) Annual global mean surface temperature anomaly from 1880 to 2020, data 

obtained from ref. [2]. (b) Global map of drought in correlation with temperature rise [11]. (c) 

Global mean sea level rise by year [12]. 
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Figure 1.2 Schematic of lithium intercalation at electrodes and lithium-ion migration along 

electrolytes in lithium-ion battery [10]. 

 

 

Figure 1.3 Schematic of the energy diagram of cathode (μc), electrolyte (Eg = LUMO − HOMO), 

and anode (μa). ϕc, ϕa and VOC stands for the over potential applied to cathode, anode, and 

equilibrium voltage V0 under open circuit condition. The graph is adapted from ref. [13]. Note 

that for solid-state electrolytes, the Eg is defined by the gap between valence and conduction band 

edges instead of LUMO and HOMO [14]. 
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The chemical potential μ and electrochemical potential �̅� are equivalent during open circuit or 

discharging process where no external voltage is applied. During charging where the redox 

reaction is reversed, the electrochemical potential is determined by the applied potential ϕ as given 

in Eq 1.2: 

�̅� = 𝜇 + 𝑧𝐹𝜙 (1.2) 

where z is the ionic charge of the charge carrier ion in the intercalation process. Originally, the 

maximum potential a cell could provide (standard cell potential Eϴ) is decided by the redox 

reaction that occur on the electrodes as the lithium ion is extracted (delithiation) or inserted 

(lithiation): 

𝐸𝛳 = 𝜑𝑐
𝛳 − 𝜑𝑎

𝛳 (1.3) 

where φc
ϴ and φa

ϴ are standard redox potential of the cathode and anode. During discharging, 

change in chemical composition of electrodes as a result of lithiation/delithiation causes the 

potentials to steadily decrease from standard cell potential, and vice versa. Deep delithiation could 

usually cause destabilisation for the electrodes, leading to irreversible sub-reactions and thereby 

a loss of rechargeability of the secondary battery. Take the graphite-LiCoO2 cell as instance, the 

LiCoO2 cathode is delithiated to form Li1−xCoO2 during charging. At delithiation deeper than x = 

0.5, the Li1−xCoO2 becomes unstable and experience irreversible reactions at the surface and 

eventually damage the cell integrity [15,16]. This problem means that not all of the lithium ions 

in the electrodes can be reversibly intercalated, which is circumvented by limiting the operating 

voltage of the cell from the standard cell potential (maximum in theory) to a lower cut-off voltage 

during the discharge (e.g., from 4.1 V of Eϴ for LiCoO2 to 3.6 V cut-off voltage). Nonetheless, 

researchers are often aiming to maximise Eϴ for its calculability, such that the cell can store as 

much energy with as less weight as possible. 

Energy density (W∙h∙g-1) is one of the parameters that are frequently used to assess the 

performance of a cell. The theoretical energy density Ed is calculated by: 

𝐸d = 𝑉0 × 𝑄 (1.4) 

where Q is the gravimetric specific capacity (A∙h∙g-1) of the charge transfer between electrodes, 

which is calculated by: 

𝑄 =
𝑛𝐹

3600𝑀w
  (1.5) 
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where Mw is the molar mass of the active material in the electrode. The capacity Q is defined as 

the amount of charge per unit mass (sometimes volume) that is transferred outside the cell under 

a constant current Idis during discharge within an hour. In theory, both of V0 and Q are decided by 

the properties of electrode materials, which explains the research incentives in developing new 

cathodes and anodes. In some cases, however, the V0 can be restricted by the electrochemical 

stability window (ESW) of the electrolytes, such that the value of V0 in Eq 1.5 is decided by ESW 

instead of μa and μc. The rationale behind optimisation of ESW for electrolytes will be introduced 

in following paragraphs. 

Another parameter that values the transient electric work output of the cell is gravimetric 

specific power density (W∙g-1), which is determined by the charge/discharge rate of the battery 

given by Eq 1.6 -1.8: 

𝑃 = 𝑉0 × 𝐼  (1.6) 

= 𝑉0 × 𝑖0{exp (
𝛼𝐹𝜂

𝑅𝑇
) − exp[

(1−𝛼)𝐹𝜂

𝑅𝑇
]}  (1.7) 

= 𝑉0 ×
𝑅𝑇

𝑛𝐹𝑅ct
{exp (

𝛼𝐹𝜂

𝑅𝑇
) − exp[

(1−𝛼)𝐹𝜂

𝑅𝑇
]}  (1.8) 

where i0 is the exchange current, α is the transfer coefficient, η is the polarisation, R and T are gas 

constant and absolute temperature, Rct is the charge transfer resistant. Optimisation of P can 

produce a maximised power output for electric vehicles to travel in faster speed.  

In terms of materials, most of the current commercialised LIBs employ liquid solution 

electrolytes composing of lithium salt such as LiPF6 and organic solvent such as ethylene 

carbonate-dimethyl carbonate (EC-DMC) [17]. The organic solvent ensures a good lithium salt 

solubility and low viscosity. This combination results in a low activation energy and high 

conductivity for the lithium-ion migration, such that the polarisation resistance of the cell can be 

minimised [13,18,19]. However, the carbonate-based solvents are highly flammable, causing 

thermal runaway issues [20]. The employment of nonaqueous liquid solution electrolytes can also 

limit the maximum workable voltage V0 for the battery. As shown in Fig 1.3, apart from the 

thermodynamic considerations of chemical potential difference between the electrodes (Eϴ) and 

delithiation limit (cut-off voltage), the ESW of the electrolyte adds a third constraint to the 

maximum voltage that can be applied to and supported by the cell. The ESW is defined as the 

difference in electron energy level (Eg) between the lowest unoccupied molecular orbit (LUMO) 

and highest occupied molecular orbit (HOMO) of the electrolyte. To ensure the compatibility of 
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electrode with the electrolyte, the chemical potential of anode μa must be lower than the LUMO 

and that of cathode μc higher than the HOMO. In cases otherwise, although the formation of 

solid/electrolyte interface (SEI) can provide a tolerance margin, the electrolyte can still be reduced 

at the anode and/or oxidised at the cathode. For the existing LIBs, the electrode materials that are 

compatible with the electrolyte are heavily limited by the low ESW of the liquid electrolytes, 

which subsequently limits the equilibrium voltage V0 and hence the energy density Ed of the cell 

[13,21–23]. In summary, the safety and efficiency challenges in LIBs require further developing 

of electrolyte components that satisfy following constraints: 

i) Non-flammability, which is evaluated by the flash point (℃) of the electrolyte 

ii) Wide ESW as measured by the Eg 

iii) A high lithium-ion conductivity σLi > 10-4 S∙cm-1 

iv) Good interfacial contact with electrodes despite the changing electrode volume during 

charge/discharge 

v) A low electronic conductivity σe > 10-10 S∙cm-1 

1.1.2. Solid-state electrolytes 

Driven by the problems described above, research efforts in recent years have been diverted 

to the development of solid-state electrolytes with non-flammability and wide ESWs that 

formulates the safer and more energy-compact all-solid-state batteries (ASSBs) [24–28]. 

However, the relatively low ionic conductivity of the solid-state electrolytes is the main hurdle 

for the commercialisation of ASSBs, which accumulates further research interests upon the 

modifications of extant solid-state electrolyte, or development of new solid-state electrolytes with 

superionic lattice structures [28–33]. 

At current stage, the mainstream lithium-ion solid-state electrolytes can be categorised into 

three domains basing on the anions that construct the sublattice of the crystalline electrolyte 

materials: halides [34,35,44–46,36–43], sulphides [47], and oxides [33,48–52], among which the 

oxides are relatively stable at ambient environments and are therefore able to be processed with 

low costs. Among all kinds of crystalline oxide-based lithium-ion solid-sate electrolytes, 

following prominent candidates have been drawing most research attention: 

i) Lithium analogous of Na-ion superionic conductor (NASICON) [52–55] 

ii) Garnet-type Li5+xLa3−xAxM2−yByO12 (A = divalent, M = tri/tetravalent, B = 

pentavalent) [33,50,51] 

iii) Perovskite-type Li3xLa0.67−xTiO3 (LLTO) [56,57] 
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iv) Li-ion superionic conductor (LISICON) [48,49,58,59] 

The conductivities of the mentioned electrolytes as well as some of the halides and sulphides 

are compared in Fig 1.4. In this work, research is focused on modification of NASICON-type 

lithium-ion solid-state electrolytes, owing to its easy processability and high room temperature 

conductivity. The chemical composition of NASICON structure is defined as NaM2(PO4)3 (M = 

Ge, Ti, or Zr), the superionic conductivity of which was firstly reported by Goodenough et al. 

[60]. Its lattice structure (space group R−3c) is composed of corner-sharing MO6 octahedra and 

PO4 tetrahedra that form 3-dimensional diffusion pathways for the sodium ion, as shown in Fig 

1.5(a) [61]. The sodium ions can occupy two sites within the lattice: octahedral centre 6b site 

(Na1) and polyhedral centre 18e site (Na2). The sodium ion migrates along the 3-dimensional 

diffusion pathway through jumping between Na1 and Na2 sites, which requires the ion to 

overcome the coulombic repulsion imposed by a diffusion bottleneck formed by oxygen anions 

(shown in Fig 1.5 (b)), the size of which correlated with the activation energy of the diffusion 

[61,62]. Detailed introduction on displacement of particles in solids can be found in section 1.3. 

The lithium analogues of NASICON possess same R−3c lattice structure with chemical 

composition expressed as LiM2(PO4)3, where M = Ti or Ge, and therefore utilises a similar 

diffusion pathway as the NASICON, with a metastable site 36f (tetragonal centre) acting as 

intermediate location along the diffusion pathway: 6b → 36f → 18e → 36f → 6b [55]. The most 

prominent compositions of the lithium analogous NASICON are Li1+xAlxTi2−x(PO4)3 and 

Li1+xAlxGe2−x(PO4)3 developed by H. Aono et al. [54,63]. The partial substitution of the 

tetravalent titanium or germanium ions with trivalent aluminium ions introduces charge 

imbalance within the lattice, which is compensated by the increased lithium-ion concentration 

within the lattice, resulting in increased ionic conductivities. The ionic conductivity for LATP and 

LAGP was reported to be a function of the aluminium content and reaches optimum at x = 0.3 

(LATP) and x = 0.5 (LAGP), respectively [53].  

In efforts to enhance the ionic conductivity for the oxide-based solid-state electrolytes, 

techniques have been developed based on the principles in defect chemistry and crystallography, 

the most common methods being:  

i) Aliovalent doping [64,65,74,75,66–73] 

ii) Grain boundary modification [76–78] 

iii) Sintering aid [79,80] 
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Figure 1.4 Electrical conductivity of inorganic solid-state lithium-ion electrolytes compared in an 

Arrhenius plot, data converted from ref [25] and ref [28]. 

 

Figure 1.5 (a) Lattice structure of NASICON, Na1 and Na2 sites are represented by yellow and 

green balls. (b) Illustration of diffusion bottleneck between Na1 and Na2 sites. (c) Energy 

landscape of sodium ion diffusion from Na2 to Na1 (AB), Na1 to Na1 (BC), and Na1 to Na2 

(CD). Graphs are converted from ref. [60] and [61]. 
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 Aliovalent doping is to deliberately include a (or more than one) foreign ion into the lattice of 

an ionic solid, such that the aliovalent ion substitutes the former host ion in the lattice [64]. The 

defect created by the aliovalent doping varies according to the valent of the foreign ion. In 

subvalent doping (foreign ion has lower valence), a cation interstitial defect or an anion vacancy 

defect (in most cases oxygen vacancy VO
∙∙) will be created to compensate the charge imbalance 

introduced from the substitution. In the formation of LATP, for example, the Ti4+ in LiTi2(PO4)3 

(LTP) is substituted by Al3+, which forms an interstitial lithium Lii
•: 

LiLi
× + Al2O3

LTP
⇔ AlTi

′ + Li𝑖
• + OO

× (1.9) 

where the Al2O3 is the dopant reagent added during synthesis as a source of Al3+. Although the 

mechanism of how increment of lithium ion in LATP lattice enhances conductivity is still under 

dispute [65,66], it has been postulated that the increased lithium occupation at Li2 site 

(corresponding to the Na2 site introduced in NASICON) concentration within the lattice 

enhances the hopping rate of lithium-ion during diffusion and thereby increases the ionic 

conductivity [81]. On the other hand, in supervalent doping (foreign ion has higher valence), 

cation vacancies can be increased within the lattice. Good examples of modification through 

supervalent doping are the aluminium- and gallium-doped garnet-type solid electrolyte 

Li5La3Zi2O12 (LLZO), where the lithium-ion is substituted by Al3+ or Ga3+, forming large amount 

of VLi’ that enhances the stability of highly ionically conductive phase at room temperature 

[67,72–75]. In some cases, the lattice parameter can also be tailored due to the large difference in 

ionic radii between the host and foreign ions, leading to expanded diffusion bottleneck which 

increases the ionic conductivity [68–71].   

The grain boundary modification refers to modification of lithium-ion conductivity at the grain 

boundary through optimising the sintering process or grain boundary coating, which 

subsequently increases the total conductivity [76–78]. On the other hand, although adding 

sintering aid to the precursor during sintering introduces secondary phases to the grain boundary, 

the role of the intergranular phase is different from that in the grain boundary modification 

technique. Sintering aids (also called binder in some cases) are mostly low-melting-temperature 

phases that forms liquid phase at sintering temperature which aligns the grains of host solid-state 

electrolyte and/or enhances recrystallisation of the host grain. Under such effect, the densification 

of the sintered sample and hence the total conductivity can be improved [79,80]. Owing to the 

formation of liquid phase, this type of sintering is also referred to as liquid phase sintering. 
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It has to be noted that the techniques to improve the conductivity for the solid-state electrolytes 

are not straightforward and modification results in most cases are usually difficult to predict [71]. 

For example, substitution of Al3+ ions in LTP could introduce interstitial lithium-ions, and also 

expand the diffusion bottleneck, creating synergistic effects to enhance the conductivity [81]. In 

more complex cases, adding NaSiO3 additive into NASICON to introduce liquid phase sintering 

behaviour can create a mixed effect of improvement in grain boundary conductivity and 

densification due to the existence of intergranular phase, but decreased bulk conductivity due to 

the loss of charge carrier sodium-ion in the bulk [82]. Therefore, successful modifications should 

always be coupled with thorough materials characterisation experiments, such that the 

mechanism of conductivity enhancement can be fully understood.  
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1.2. Insulative particle dispersion and space charge layer model 

Different from homogenously altering the chemical composition or lattice structure of an ionic 

conductor, C. Liang achieved a 50-time enhancement in room-temperature conductivity by 

incorporating insulative Al2O3 particles in LiI solid electrolyte [83]. Such insulative particle 

dispersion effect has later been successfully translated into other halide-based ionic conductors, 

where the resulted electrolytes are usually categorised as composite electrolytes [84–93]. The 

initial phenomenological studies observed that the conductivity enhancement firstly increased to 

a maximum and then decreased with the volume fraction of the introduced insulative particles, 

with the extent of the enhancement inversely related to the particle sizes [83,86]. In effort to 

explain the conductivity enhancement on atomic scale, J. Wagner Jr. adapted the concept of space 

charge region that is originally used to model the depletion layer at the electron-hole interface in 

hetero-structured semiconductors [84,86,94,95]. According to Wagner’s adaptation, a depletion 

layer of point defect is formed as an effort to align the Fermi energy of two phases and establish 

equilibrium at the hetero-interface between the ionic conductor and the insulative particle 

[28,84,87–90,96]. J. Maier has proven from the perspective of defect chemistry that, for insulative 

particles with nucleophilic surface, formation of such depletion layer can eliminate the electrical 

neutrality at space charge regions [28,88,89,93,96–98]. The pre-existing defect equilibrium in 

ionic conductors with Frenkel intrinsic disorder can be described as [97,99]: 

𝑀𝑀
× + 𝑉𝑖 ↔ 𝑀𝑖

• + 𝑉M
′   (1.10) 

At the hetero-interface, this equilibrium can be separated into two steps with interfacial cation 

defect Ms
• as bridging species [97,99]: 

𝑀𝑀
× + 𝑉S ↔ 𝑀S

• + 𝑉M
′   (1.11) 

𝑀S
• + 𝑉𝑖 ↔ 𝑉S + 𝑉M

′   (1.12) 

For insulative particles with cation stabilising surface (i.e., nucleophilic), Eq 1.11 will be shifted 

towards the right, while Eq 1.12 towards the left. This could lead to increased amount of cation 

vacancies but decreased amount of interstitial cation defects at the interface, as shown in the 

Brouwer diagram in Fig 1.6 [97]. This boundary region with absent electric neutrality contributed 

by redistribution of ionic defect is denoted as space charge layer, and the related method of local 

defect introduction is usually referred to as heterogenous doping [98,99]. The space charge layer 

can improve the ionic conductivity by either i) creation of diffusion pathways with new kinetics, 



12 

 

or ii) direct influence on conductivity through change in point defect concentration [99]. For the 

role of defect concentration in the conduction of charge carrier ions, see section 1.3. The local 

defect density enhancement ζj can be described as a function of spatial position x in relation to the 

Debye length λ of the space charge layer [96,97,99]: 

𝜁𝑗 =
[1+exp(

−𝑥

𝜆
)𝜃𝑗]

2

[1−exp(
−𝑥

𝜆
)𝜃𝑗]

2
  (1.13) 

where j denotes the type of the point defect (vacancy V or interstitial i), θj is a phenomenological 

parameter representing the degree of influence from the interface upon the point defect (0 to 1 

stands for enrichment effect, −1 to 0 stands for depletion effect, 0 stands for no effect) [99]. For 

detailed derivation of the mathematical expressions, the readers are referred to the original works 

and subsequent review articles [96,99].  

The Debye length λ indicates a distance from the immediate surface of the insulative particle 

within which the defect redistribution occurs. It directly dictates the thickness of the space charge 

layer [84,96,99–105]: 

𝜆 = [
𝜀𝜀0𝑅𝑇

2𝐹𝑐∞
]
1

2  (1.14) 

where εε0 stands for the absolute dielectric permeability of the ionic conductor, c∞ is the defect 

concentration in the bulk. J. Maier has argued that the λ(T) decreases with the temperature and 

results in decreased volume fraction of space charge layer and therefore reduced conductivity 

enhancement from the heterogenous doping at elevated temperatures [84,99]. However, such 

claim has not yet been supported by further calculations or experimental observations. 

Experimental determination of the Debye length requires precise measurement of the 

conductivity along and across the space charge layer, which is usually conducted on hetero-

structured thin-film specimens [96]. The results usually range from a few to several tens of nm, 

which are found to be proportionally correlated with the extent of overall conductivity 

enhancement in the composite electrolytes [100–105]. The schematics of the microstructure of a 

composite electrolyte and the defect concentration at the hetero-interface are illustrated in Fig 1.7. 
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Figure 1.6 Brouwer diagram of point defect at bulk (thick dash lines or dotted lines) and space 

charge layer (thin dash line) of a composite electrolyte, with Frenkel intrinsic disorder in the 

matrix. e’ and h• stand for electronic defects (electron and hole). M • and |M|’ stand for interstitial 

cation Mi
• and cation vacancy VM’. As the spatial position becomes further from the hetero-

interface, the deviation in defect concentration between the interstitial cation and cation vacancy 

becomes smaller and eventually returns to bulk level [97].  

 

Figure 1.7 Schematics of microstructure of a composite electrolyte, and defect concentration at 

the space charge layer. The blue lines stand for grain boundary, orange islands are insulative 

particles, and cross marks represents point defects. The dimension of the interface is exaggerated. 

The typical size of the insulative particle is below 1 μm.  
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On the macroscopic scale, ignoring the conductivity of the insulative particles, the overall 

conductivity of the composite electrolyte σm can be generalised as [96,99]: 

𝜎𝑚 = 𝛽∞(1 − 𝑥𝑉)𝜎∞ + 𝛽𝐿𝑥𝑉𝜎𝐿  (1.15) 

where σ∞ and σL are the conductivity in the bulk of the matrix phase and along the space charge 

layer, xV is the volume fraction of the insulative particle, β∞ and βL are the parameters of bulk and 

space charge layer, taking the geometry, particle distribution and interfacial effect into account 

[96,99]. 

In efforts to quantitively define the β∞ and βL parameters, several models have been developed 

using different approaches to simplify the geometry in the microstructure of the composite 

electrolytes: 

i) Resistor network model [106,107] 

ii) Percolation model [108–111] 

iii) Effective medium model [112–114] 

Although no agreement has been reached upon which model fits best to the experimental 

observations, these models describe the conductivity of the composite electrolytes as functions of 

size and volume fraction of the introduced insulative particles [96]. In general, as the connectivity 

of the highly conductive hetero-interface (i.e., space charge layer) is increased with the volume 

fraction of the introduced insulative particles, the total conductivity reaches a peak level. Further 

introduction of the insulative particles will lead to particle aggregation which produces blocking 

effect and reduces the overall conductivity. The readers are referred to the original works for 

detailed descriptions [99,107,109,114,115]. 

In summary, for insulative-particle-dispersed composite electrolytes, the defect chemistry at 

the vicinity of the particle will be altered under the effect of the nucleophilic surface of the particle. 

The affected region of the ionic conductor matrix would increase in defect concentration as well 

as deviate from electric neutrality, forming a space charge layer which contributes to high ionic 

conductivity at room temperature. The conductivity enhancement is directly dictated by the size 

and volume fraction of the introduced insulative particle, which can be offset by the blocking 

effect of the aggregating particles at higher volume fractions. The space charge layer model 

constructed around the composite electrolytes has successfully fitted and predicted the 

experimental results in halide-based materials [88,112]. Many works have also reported 

experimental measurements of the conductivity along the space charge layer, cohering with the 
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prediction of the space charge layer model [87,91,116–118]. The insulative particle dispersion (or 

heterogenous doping) technique is therefore proven to be an effective and predictable 

modification method in solid-state electrolytes for room-temperature applications. Similar to the 

homogenous doping technique, the heterogenous doping can also give rise to one or more 

unexpected effect that may be for or against conductivity enhancement, typical instances being: 

i) formation of highly conductive intergranular phases [77,80,119,120], introduction of high-

dimension defects around the particles due to the mismatch of thermal expansion coefficients of 

the particle and matrix [121,122], or adjusted microstructure due to grain boundary pinning 

(Zinner pinning), heterogeneous recrystallisation, or liquid-phase-aided preferential grain growth 

[79]. This layer of complexity therefore requires comprehensive investigation techniques when 

tackling with determination of conductivity enhancement mechanisms in composite electrolytes. 
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1.3. Mass transportation in solid-state electrolytes 

1.3.1. Diffusion in solids 

As introduced in section 1.1, to carry the internal current through mass transportation of charge 

carrier ions is a primary requirement for a functioning solid-state electrolyte in ASSBs. As a 

method of studying the motion of matter along certain direction in solids, the particles can be 

quantified in form of flux (number of particles per unit area) j. Similar to that of heat flux, the flux 

of substance particles is the result of random molecular motion under the influence of 

concentration gradient dc/dx along the direction of mass transport, as defined by Fick’s first law 

of diffusion [123,124]: 

𝑗 = −𝐷
𝑑𝑐

𝑑𝑥
  (1.16) 

This equation describes the transient mass flux j at a given time instance to be proportional to the 

local concentration gradient of the diffusing species by a coefficient D (chemical diffusion 

coefficient). To consider the evolution of concentration c (x, t) with time, Fick’s second law of 

diffusion dictates that change of concentration per unit time (∂c/∂x) is proportional to the negative 

value of the change of flux j with spatial position (∂j/∂x): 

𝜕𝑐

𝜕𝑡
= −

𝜕𝑗

𝜕𝑥
  (1.17) 

= −
𝜕

𝜕𝑥
(−𝐷

𝑑𝑐

𝑑𝑥
)  

𝜕𝑐

𝜕𝑡
= 𝐷

𝜕2𝑐

𝜕𝑥2
  (1.18) 

Given different boundary conditions and their related assumptions, Eq 1.18 can be explicitly 

solved with different solutions. The readers are referred to the original work by J. Crank for the 

detailed boundary conditions and their correlated solutions [125]. 

The diffusion of matter is a collective result of large number of particles jumping from one 

site to another for multiple times. On atomic level, with absent of applied electric potential, the 

jump attempts of the particle (in 1 dimension) can be described by the random walk model [126]: 

𝑗 = −
1

2
𝑎2𝜈

𝑑𝑐

𝑑𝑥
  (1.19) 

where a is the total distance of displacement after multiple jumps, ν is the mean frequency of 

jump during the distance a, the factor 1/2 means that half of the jumps are along the desired flux 
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direction. By comparing Eq 1.19 with Eq 1.16, one can realise that: 

𝐷 =
1

2
𝑎2𝜈  (1.20) 

In long-range mass transportation where a large number of jump n occurs within time t, the mean 

jump frequency ν can be expressed by n/t, such that: 

𝑛𝑎 = 𝑥 = √2𝐷𝑡  (1.21) 

This expression relates the random travel distance of particle a to the collective displacement of 

the diffusing species along the flux direction x. Eqs 1.20 and 1.21 suggest that the diffusion 

coefficient can be measured on both microscopic (measuring a and ν) and macroscopic 

(measuring x and t) scales [127].  

Except for the diffusion driven by the concentration gradient and the related chemical 

diffusion coefficient, particles also experience the self-diffusion in a chemically homogenous 

solid in absence of external electric field or chemical potential. This type of diffusion represents 

the spontaneous mixing of atoms driven by the thermal motions, where the vibrating particles 

exchange positions with their neighbouring vacancy or particles. The self-diffusion can be 

experimentally tracked using labelled particles (isotopes) as ‘tracer’. Since the labelled particle is 

chemically identical to the unlabelled particle, the interchange of the particles is purely driven by 

the thermal motion (i.e., self-diffusion). Neglecting the mass difference between the isotopes, the 

so-called tracer diffusion coefficient D* measured from the labelled particles can be treated as 

self-diffusion coefficients [125]. 

1.3.2. Conductivity 

For charged particles such as lithium ions in solid-state electrolytes, except for dc/dx, the ion 

migration can also be driven by the external electric field E or electrochemical potential. The 

displacement of the charged particles can generate internal ionic current within the ASSB that 

supports redox reactions at electrodes during the charging and discharging processes, the current 

density i of which can be expressed by [126]: 

𝑖 = 𝑧𝑞𝑐𝑣  (1.22) 

where z and c are the valence and concentration of the charge carrier, q is the charge of electron. 

The drift velocity v of the charge carrier is defined as the product of the mobility of ions μi and 

electric field E: 
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𝑣 = 𝜇𝑖𝐸  (1.23) 

Relating Eq 1.23 to Eq 1.22, and apply Ohm’s law to the current density: 

𝑖 = 𝑧𝑞𝑐𝜇𝑖𝐸  

𝑖

𝐸
=
1

𝜌
= 𝜎𝑖 = 𝑧𝑞𝑐𝜇𝑖  (1.24) 

where ρ is the resistivity of the solid-state electrolyte, and σi is the ionic conductivity. Eq 1.24 

indicates that under electrochemical potential, higher ionic conductivity allows the solid-state 

electrolyte to support higher ionic current and therefore a faster charge/discharge rate for the 

ASSB. 

On the atomic scale. the migration of ions in solid relies on defects in lattice. In real solids, the 

intrinsic disorder (Frenkel or Schottky) can generate point defects which are essentially 

unoccupied sites or interstitial ions in the lattice. Any mobile ions that are adjacent to the vacant 

site is able to hop from its original position to the unoccupied position with an expanse of 

activation energy Ea as shown in Fig 1.8(a). Take LATP for example, considering equation 1.24, 

the charge carrier lithium-ion must be ‘coupled’ with a point defect to become mobile. Therefore, 

the concentration of mobile charge carrier c is decided by the concentration of point defects in 

LATP. This explains why the enhancement in defect concentration at the vicinity of insulative 

particles introduced in section 1.2 can result in enhancement in local conductivity.   

Without external electric field, the hopping of an ion to the neighbouring vacancy occurs with 

a probability P that is defined as (1 dimension): 

𝑃 = 𝜐0 exp (
−𝐸𝑎

𝑘𝐵𝑇
)  (1.25) 

where υ0 is the attempt frequency of hopping, kB is the Boltzmann’s constant. As shown in Fig 

1.8, the energy landscape is distorted with the presence of an external electric field E, such that 

energy barrier for the ion to hop along and against the electric field are reduced and increased by 

a same amount. The probability for the ‘forward’ and ‘reverse’ hopping becomes: 

𝑃′ = 𝜐0 exp [
−(𝐸a−

1

2
𝑎𝐸𝑞)

𝑘B𝑇
]  (1.26) 

𝑃′′ = 𝜐0 exp [
−(𝐸a+

1

2
𝑎𝐸𝑞)

𝑘B𝑇
]  (1.27) 



19 

 

where the lattice constant a is considered as the hopping distance. In real systems where the 

external filed E is relatively low, the drift velocity υ can be expressed by: 

𝜐 = 𝑎(𝑃′ − 𝑃′′) = 𝑎𝜐0exp(
−𝐸a

𝑘𝐵𝑇
) ×

𝑎𝐸𝑞

𝑘𝐵𝑇
  (1.28)  

Although the aEq/kBT provides a relatively small change in energy barrier (Fig 1.8) for a single 

lithium ion, the probability change can become significant when considering all the lithium ions 

within an ionic conductor. Therefore, the ion mobility μi (which measures the collective migration 

behaviour of all the ion i in the system) can be represented by: 

𝜇𝑖 =
𝑎2𝑞𝑣0

𝑘𝐵𝑇
exp (

−𝐸𝑎

𝑘𝐵𝑇
)  (1.29) 

The Arrhenius behaviour of ionic conductivity can therefore be represented by the following 

equation, viz., ln(σi) is proportional to the reciprocal of absolute temperature (1/T) by a factor of 

−Ea/kBT.: 

𝜎𝑖 =
𝑧𝑎2𝑞2𝑐𝑣0

𝑘𝐵𝑇
exp (

−𝐸𝑎

𝑘𝐵𝑇
) = 𝜎0 exp (

−𝐸𝑎

𝑘𝐵𝑇
)  (1.30) 

The ionic conductivity is also linked with the diffusion coefficient through the Nernst Einstein 

relation: 

𝐷𝑖 =
𝜎𝑖𝑘𝐵𝑇

𝑐𝑞2
  (1.31) 

In a most solids, multiple types of charge carrier can be mobile. Lithium-ions, electrons e’ and 

holes h∙ can simultaneously migrate from one electrode to another through solid-state electrolyte. 

The generalised conductivity for solids is often written as: 

𝜎𝑚 = ∑ 𝜎𝑗𝑗 = ∑ 𝑛𝑗𝑞𝑗𝜇𝑗𝑗   (1.32) 

To maximise the efficiency of desired redox reaction per charge transferred, the conductivity of 

lithium ion should be maximised. The conductivity ratio of charge carrier j to the total 

conductivity σm is called transference number tj: 

𝑡𝑗 =
𝜎𝑗

𝜎𝑚
  (1.33) 

For practical applications in ASSBs, the solid-state electrolyte should satisfy: tLi → 1 and te’ → 0. 

The readers are referred to a review article by J. Goodenough for detailed derivation of Eq 1.22-

1.33 [126]. 
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Figure 1.8 Schematic of energy landscape for ion-vacancy interchange, without (solid curve) and 

with the external electric field (dashed curve). The cross mark represents the position of vacancies, 

grey circle represents the position of a mobile ion with charge q. The original energy barrier is Ea, 

distances between the lattice sites (trough of the energy landscape) is represented by lattice 

parameter a. The external electric force E points rightwards. After application of external electric 

field, the energy barrier for a ‘reverse’ hopping is increased by qEa, while that along the external 

field is decreased by qEa. The figure is adapted from ref. [128]. 
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1.4. Purpose of this study 

In the previous sections, the rationales behind development of ASSBs and research values in 

modification of solid-state electrolytes (i.e., ionic conductors) have been introduced. This leads to 

a focus on improving ionic conductivity for solid-state electrolytes through insulative particle 

dispersion method. The mathematics and chemical defect mechanisms in space charge layer 

model is introduced to explain the origin of conductivity enhancement in particle dispersion 

method and predicts the general performance of this technique: i) the conductivity enhancement 

is function of volume fraction and size of the insulative particle, ii) maximum conductivity can 

be found with increasing addition of insulative particle, and iii) the conductivity enhancement is 

expected to be significant at around room temperature. Finally, theoretical concerns in study of 

the ion transportation in solids are introduced. Basic parameters of solid-state electrolytes such as 

diffusion coefficient and conductivity, and how these parameters are influenced by first-principal 

properties of the materials are introduced. 

 Although successful incorporation of insulative particle dispersion technique has been 

achieved in halide-based ionic conductors [84–86,88,89,91–93], the modified products are still 

insufficient in several ways to be used as solid-state electrolytes in ASSBs: 

i) Large scale production of halide-based materials requires strict environments 

without humidity or air, which are expensive to construct and maintain 

ii) The resulting conductivities are still inferior to the non-aqueous liquid solution 

electrolytes 

On the other hand, the productions of oxide-based ionic conductors are less demanding (in most 

cases ambient environment) and less energy intense, while the ionic conductivity for most of the 

oxide-based solid-state electrolytes are inherently higher than that of halides (10−3 S∙cm−1 

compared with 10-6 S∙cm−1) [25,129]. These features enable ASSB to be produced with higher 

power density and lower costs. 

Among the oxide-based systems, NASICON-type structured LATP and LAGP are two of the 

promising candidates due to their low processing temperatures and relatively high room-

temperature ionic conductivities (10−4-10−3 S∙cm−1) [53]. With these considerations, the research 

goal of this work is to improve the ionic conductivity of NASICON-type structured solid-state 

electrolytes using insulative particle dispersion technique and perform in-depth characterisations 

to identify how space charge layer affect conductivities in oxide-based systems.  
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2. LAGP – LLTO composite 

2.1. Introduction 

This chapter introduces the conductivity enhancement method for Li1.5Al0.5Ge1.5(PO4)3 

(LAGP) solid-state composite through insulative particle dispersion technique. LAGP is a type 

of oxide-based solid-state electrolyte with NASICON-type crystallographic structure (space 

group R–3c) that is constructed by corner sharing MO6 (M = Ge, Al) octahedra and PO4 

tetrahedra as shown in Fig 2.1. Under equilibrium state, lithium ions could occupy two possible 

sites: octahedral centre 6b site (Li1) or polyhedral centre 18e site (Li2), while another tetrahedral 

centre 36f site can also be occupied as a metastable bridging node during diffusion process [1,2]. 

Such structure allows formulation of a 6b → 36f → 18e → 36f → 6b diffusion pathway that 

stretches in 3-dimension in the NASICON lattice, which is the origin of the superionic lithium-

ion conductivity for LAGP [2]. In terms of modification for LAGP compound (or LiGe2(PO4)3 

in general), research efforts are mainly focused on i) engineering of the lattice structure of LAGP, 

ii) increasing the lithium-ion concentration within lattice, or iii) improving the recrystallisation of 

LAGP during sintering to improve the densification [3–8]. Li2O additives or excessive lithium 

addition in starting materials have also been proven effective in alleviating the poor grain 

boundary conductivity in LAGP [9,10], which achieves good room-temperature conductivity 

improvement for LAGP [11,12].  

As a new type of modification technique that is different from the aliovalent doping or grain 

boundary enhancement, the insulative particle dispersion methods have been explored in oxide-

based solid-state conductors in recent years [13–16]. In previous work, LaPO4 particles were 

dispersed in Li1.3Al0.3Ti1.7(PO4)3 (LATP) matrix through co-sintering LATP precursor with 4 wt.% 

Li0.348La0.55TiO3 (LLTO) powder, which resulted in 3-fold improvement in conductivity [16]. 

Although LaPO4 particle was formed in the resulted samples instead of LLTO, directly 

incorporating LaPO4 into LATP matrix failed to produce similar effect [17]. Therefore, these 

types of the samples are denoted as LATP – LLTO composite electrolytes to emphasise the 

materials originally employed before sintering. As introduced in Chapter 1, the insulative particle 

dispersion technique was mostly employed in halide-based solid-state electrolytes [18–25], upon 

which the space charge layer model was developed to explain the conductivity enhancement 

observed in these systems [25–27]. At the lithium-ion conductor / insulator particle interface (also 

referred to as hetero-interface in some works), the equilibrium defect concentration at local is 



34 

 

altered under the effect of chemical potential from the insulator phase, such that a space charge 

layer with a relatively high lithium-ion mobility can be formed [26,27]. The existence of space 

charge layer at the hetero-interfaces in composite electrolytes have been convincingly identified 

from extra rapid lithium-ion migration mechanism in composite electrolytes using solid-state 7Li 

nuclear magnetic resonance (NMR) experiments in other works [28–31]. It is therefore believed 

that space charge layer is also formed at the LATP matrix / LaPO4 particle interface in the 

previously reported LATP – LLTO composite.  

One main shortcoming of employing LATP as the matrix of composite electrolyte is that 

owing to the multivalence of the titanium ion, LATP can be vulnerable to reduction reactions as 

the LaPO4 particles are formed by LLTO decomposition during the sintering process [32]. This 

might introduce electronic defects into the ionic conductor that lead to reduced transport number. 

Dispersing insulative LaPO4 particles in LAGP matrix instead of LATP would not only replicate 

the conductivity enhancement mechanism, but also yield composite electrolytes with higher 

electrochemical stability. Therefore, in this work, LLTO particles are mixed with LAGP 

precursors before sintering to form LaPO4 dispersants within the LAGP matrix through solid-

state reactions between LLTO and LAGP during sintering. The phase composition, 

microstructure, evolution in electrical conductivity as functions of LLTO addition are 

investigated. 
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Figure 2.1 Drawings of crystal lattice of (a) LAGP and (b) LATP, according to the structural 

refinement data from ref [33] and ref [34]. 
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2.2. Experiments 

2.2.1. Synthesis of LLTO powder 

Li0.348La0.55TiO3 (LLTO) was synthesised by solid-state reaction method. Stoichiometric 

amount of LiCO3 (99% Wako Pure Chem., Japan), La2O3 (99.99% Wako Pure Chem.) and TiO2 

(99.9% Wako Pure Chem., anatase) were weighed on an electronic balance and mixed by hand 

in alumina mortar and pestle briefly. Extra Li2CO3 (10 wt.%) was added into the mixture to 

compensate the lithium loss during subsequent heat-treatments. The mixture was then transferred 

into in another alumina mortar on the automatic grinder (ANM1000, Nitto Kagaku, Japan) with 

an aid of ethanol (99.0% Wako Pure Chem.) for a further 5 h grinding to ensure a thorough mixing 

of starting materials, during which a ring-shaped transparent plastic sheet was used to cover the 

mortar, and ethanol was replenished every 15-20 min. After mixing, the mixture was dried in air 

in a 60 ℃-drying oven overnight, then recovered into a glass bottle for further drying at 120 ℃ 

in vacuum to remove residual ethanol and moisture from the mixture. 

After drying, 2-3 g of the mixture powder was weighed and uniaxially pressed into a green 

pellet with a ϕ22 mm die by hand, which was then calcined in an alumina crucible at 800 ℃ for 

10 h (detailed heat-treatment conditions are listed in Table 2.1). The calcined product was then 

crushed in an alumina mortar by hand to form precursor powder, which is then uniaxially pressed 

with a ϕ7 mm die by hand and sealed in rubber probe covers using vacuum pump. The seals were 

then cold-isostatically pressed at 100 MPa for 3 min to form pellets (Dr. CIP, KOBELCO, Japan). 

The iso-pressed pellets were sintered in an alumina crucible at 1300 ℃ for 10 h to be fully 

densified, the detail of the heat-treatment is listed in Table 2.2. The sintered pellets were then 

crushed in an alumina mortar by hand to form LLTO powder for further synthesis. 
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Table 2.1 Heat-treatment conditions for LLTO calcination. 

heating rate 5 ℃/min 

calcinating temperature 800 ℃ 

calcinating time 10 h 

cooling rate 5 ℃/min 

crucible Al2O3 

heat-treat atmosphere air 

 

 

 

 Table 2.2 Heat-treatment conditions for LLTO sintering. 

heating rate 5 ℃/min 

sintering temperature 1300 ℃ 

sintering time 10 h 

cooling rate 5 ℃/min 

crucible Al2O3 

heat-treat atmosphere air 
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2.2.2. Synthesis of LAGP precursor 

The starting materials of LAGP: Li2CO3 (99% Wako Pure Chem., with 10 wt.% excess), γ-

Al2O3 (97% Stream Chemical, USA), GeO2 (99.99% Nacalai Tesque, Japan) and NH4H2PO4 (99% 

Wako Pure Chem.) were mixed in alumina mortar and alumina pestle by hand, then transferred 

into another alumina mortar coupled with ethanol for further mixing by automatic grinder for 5 h 

(ANM1000, Nitto Kagaku). A ring-shaped transparent plastic sheet was applied to fully cover 

the top of the mortar during the mixing to prevent introduction of impurities, with ethanol (99.0% 

Wako Pure Chem) replenished every 15-20 min. The mixture was dried at 60 ℃ for overnight 

then at 120 ℃ in vacuum for 24 h to remove moisture and residual ethanol. The dried powder 

was then weighed by 2-3 g and uniaxially pressed in a ϕ22 mm die by hand to form green compact. 

The green compact was placed on a platinum foil in an alumina crucible and fired at 450 ℃ for 

20 h, the detailed heat-treatment condition is shown in Table 2.3. To produce fine precursor, the 

heat-treatment product was crushed in an alumina mortar by hand, then ball-milled in zirconia 

pot with zirconia balls and ethanol at 400 RPM for 5 h (Pulverisette7 premium line, Fritsch, 

Germany, detailed condition is shown in Table 2.4). The ball-milled product was then recovered 

and dried at 120 ℃ vacuum for 24 to remove moisture and ethanol. 

2.2.3. Fabrication of pristine LAGP and LAGP – LLTO composite samples 

To form pristine LAGP pellets, the fine precursor was weighed and uniaxially pressed into 

pellets by hand using a ϕ7 mm die, which were then sealed in rubber probe covers by a vacuum 

pump and isostatically pressed at 200 MPa for 3 min (Dr. CIP, KOBELCO). The isostatically 

pressed pellets were placed in an alumina crucible to be sintered at 800 ℃ for 10 h, the detailed 

sintering condition is shown in Table 2.5. To prevent reaction between the pellets and the crucible 

and reduce lithium loss during sintering, the pellets were embedded in the LAGP precursor 

powder, and isolated from the crucible surface using a platinum foil.  

To form LAGP – LLTO composite pellets, the fine LAGP precursor and LLTO powder were 

weighed and mixed by ball-milling at 400 RPM for 1.5 h with an aid of ethanol (99.0% Wako 

Pure Chem.) to achieve thorough mixture (Pulverisette7 premium line, Fritsch, detailed 

conditions are shown in Table 2.6). The powder was then dried in 120 ℃ vacuum for 24 h before 

uniaxial pressing using a ϕ7 mm die and isostatic pressing at 200 MPa for 3 min (Dr. CIP, 

KOBELCO). The pellets were embedded in LAGP – LLTO mixture powder and isolated by a 

platinum foil during sintering at conditions listed in Table 2.5. Composite samples with 2,4, 6, 8 

and 20 wt.% of LLTO addition were prepared.  
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Table 2.3 Heat-treatment conditions for LAGP calcination. 

heating rate 5 ℃/min 

calcinating temperature 450 ℃ 

calcinating time 20 h 

cooling rate 5 ℃/min 

crucible Al2O3 with a Pt foil 

heat-treat atmosphere air 

 

 

 

Table 2.4 Ball-milling conditions for fine LAGP precursor formation. 

pot and balls zirconia (Fritsch) 

ball size ϕ5 mm 

mass ratio (ball:sample) 10:1 

ball-mill stage Pulverisette7 premium line, Fritsch 

duration 60 min 

rest interval 60 min 

cycles (total ball-milling time) 5 (5 h in total) 

ball-mill media ethanol (99.0% Wako Pure Chem) 
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Table 2.5 Heat-treatment conditions for LAGP and LAGP - LLTO composite sintering. 

heating rate 5 ℃/min 

sintering temperature 800 ℃ 

sintering time 10 h 

cooling rate 5 ℃/min 

crucible Al2O3 with a Pt foil 

heat-treat atmosphere air 

 

 

 

 

Table 2.6 Ball-milling conditions for LAGP precursor – LLTO powder mixture fabrication. 

pot and balls zirconia (Fritsch) 

ball size ϕ5 mm 

mass ratio (ball:sample) 10:1 

ball-mill stage Pulverisette7 premium line, Fritsch 

duration 30 min 

rest interval 30 min 

cycles (total ball-milling time) 3 (1.5 h in total) 

ball-mill media ethanol (99.0% Wako Pure Chem) 
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2.2.4. Characterisations 

To investigate the phase composition of pristine LAGP and LAGP – LLTO composite, the 

sintered pellets were crushed by alumina mortar and pestle to be loaded onto glass holders for 

powder X-ray diffraction (XRD) characterisations, which were carried out on an Ultima VI 

diffractometer (Rigaku, Japan) using a CuKα radiation source (40 kV, 40 mA). The detailed 

powder XRD characterisation conditions are listed in Table 2.7. For microstructural investigation, 

the samples were polished with up to #3000 grid abrasive paper and observed under a field 

emission scanning electron microscopy (FE-SEM, SU-6600, Hitachi, Japan) operating at 20 mA 

and 20 kV. Back-scattered electron images of the samples were taken without gold-sputtering to 

observe the particle distribution in the composite samples. The particle size distribution of the 

LLTO powder was evaluated by the dynamic light scattering (DLS) measurement. Small amount 

of LLTO powder was suspended in the deionised water and loaded in the glass sample tube for 

DLS characterisation under 100 times repeated scattering mode.  

For electrochemical impedance spectroscopy (EIS) investigation, the sample pellets were 

polished on two surfaces with up to #3000 grid abrasive paper to obtain mirror reflection finish, 

then sputtered with gold using a magnetron plasma sputter (MSP-Mini Magnetron Sputter, 

Vacuum Device, Japan) to form lithium-blocking electrodes. The prepared pellets were then 

clamped in a 4-electrode cell which is placed in a tubular furnace for temperature control. The 4-

electrode cell was connected with an LRC metre (3531 Z Hitester, Hioki, Japan) in a 4-electrode 

symmetric setup to control the input perturbation and record the impedance response. The 

temperature of the tubular furnace was controlled by a temperature controller with a type-K 

thermocouple (AGC-S, Asahi Rika, Japan). The impedance data were collected in a frequency 

range of 130 Hz - 1.3 MHz under a temperature range of 25 – 200 ℃ to measure the temperature 

dependence of the sample conductivity (i.e., Arrhenius behaviours). During the temperature 

control process, the pellets are kept at target temperature ± 0.5 ℃ for over 10 minutes before EIS 

measurement to reduce the impact from the temperature fluctuation of the samples. 
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Table 2.7 Specifications of X-ray diffractometer and powder XRD. 

diffractometer Ultima VI, Rigaku 

scanning speed 2 /̊min 

2θ step 0.04  ̊

2θ range 10  ̊- 50  ̊

x-ray generator (wavelength) copper Kα (0.154 nm) 

voltage and current 40 kV, 40 mA 

 

  



43 

 

2.3. Phase Composition 

This section focuses on the phase composition of the LAGP – LLTO, which involves 

assession of the phase stability of NASICON structure and identification of secondary phase and 

impurity phases after sintering using powder XRD characterisation technique. Basing on the 

characterisation results, further experiments were carried out to investigate the roles of the 

secondary phases in the solid-state reactions during the sintering, which is also discussed in this 

section.  

The phase compositions of the pristine LAGP and LAGP – x wt.% LLTO investigated by X-

ray diffraction pattern are shown in Fig 2.2 (a). The major peaks are in good agreement with the 

structure of LiGe2(PO4)3 (LGP), which is isostructural with LAGP. The peaks at 20.4 ,̊ 25.92  ̊

and 30.84  ̊in the XRD of pristine LAGP are ascribed to GeO2 which is commonly formed in the 

course of LAGP sintering [35,36]. Peaks of the introduced LLTO are completely absent in the 

patterns of composite samples, while that of LaPO4 (labelled by diamond symbol) appeared and 

increased with nominal LLTO addition. This phenomenon is similar to the previous works by 

Onishi et al., where the LLTO introduced to LATP decomposed and formed LaPO4 phase after 

sintering [16,17]. During the sintering process, the introduced LLTO reacted with LAGP by 

donating La3+ ions and combined with PO4
3- from the LAGP matrix to form LaPO4 phase. The 

decomposition of introduced LLTO, plus the similarities in the crystal structures of LAGP and 

LATP (shown in Fig 2.1), also facilitates the substitution of Ge4+ ion in LAGP by the Ti4+ from 

the LLTO. This leads to increased GeO2 precipitation from the LAGP and formation of 

Li1+xAlxTiyGe2−x−y(PO4)3 (LAGTP)-like solid solutions, which is also reported by other 

researchers [4]. The incorporation of larger ion Ti4+ (74.5 p.m. of radius in a 6-coordination 

position in comparison to 64 p.m. for Ge4+) into the LAGP lattice can give rise to lattice expansion, 

which contributes to the peak-shift towards smaller angles as observed in Fig 2.2 (b). At 8 wt.% 

of LLTO addition, the peak shift towards LiTi2(PO4)3 structure becomes most significant, 

indicating a significant LAGTP-like solid solution formation. 

GeO2 and LaPO4, as secondary phases on the XRD patterns, were also mixed with LAGP and 

co-sintered, the mass ratio of which being based on the assumption that all LLTO (4 wt.%) 

decomposed to form LaPO4 or reacted to substitute Ge4+ in the LAGP lattice to precipitate GeO2. 

As shown in Fig 2.3, in case where LaPO4 was directly dispersed in LAGP, the peaks are similar 

to that of LAGP – 4 wt.% LLTO composites. The peak intensity of directly introduced LaPO4 is 
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higher than that formed by LLTO decomposition, this might be explained by the orientation 

preference of LaPO4 formed by LLTO/LAGP reaction, which gives lower peak intensities. 

Another possible reason is that the LLTO in the LAGP – 4 wt.% LLTO was not fully converted 

to LaPO4 during sintering. However, no residual LLTO peak or extra impurity peak can be 

observed on the LAGP – 4 wt.% LLTO patterns in comparison to LAGP – LaPO4 sample, which 

concludes that this hypothesis could be less plausible. For the LAGP – GeO2 sample, the peak 

positions and intensity are in reasonable agreements with the LAGP – 4 wt.% LLTO composites. 
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Figure 2.2 (a) Powder XRD patterns of pristine LAGP and LAGP – x wt.% LLTO composites 

with x = 2, 4, 6, and 8, peaks in addition to that from LGP lattice structure are identified as GeO2 

(invert triangle) and LaPO4 (diamond) . (b) Zoom-in XRD pattern on angle range 24 to 27 .̊ 
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Figure 2.3 Powder XRD pattern of pristine LAGP, LAGP – 4 wt.% LLTO, LAGP – GeO2, and 

LAGP – LaPO4 composites. The amounts of GeO2 or LaPO4 were decided by assuming all Ti4+ 

in the introduced 4 wt.% LLTO substituted Ti4+ in LAGP to precipitate GeO2, or all La3+ are 

converted to LaPO4. 

  

10 15 20 25 30 35 40

  LGP (JCPDS 41-0034)

LAGP-LaPO4

LAGP-GeO2

LAGP-4 wt%LLTO

Pristine LAGP

R
el

at
iv

e 
In

te
n
si

ty
 /

 A
.U

.

2q / ° (CuKa)

GeO2

LaPO4



47 

 

2.4. Microstructural Analysis 

In this section, the microstructures of the LAGP – LLTO composites are investigated using 

SEM to discuss the size and distribution of the LaPO4 particles. The sizes of the dispersed particles 

before and after sintering are also compared based on SEM images and results from DLS 

spectrum. Two techniques of incorporating LaPO4 particles in LAGP matrix are investigated and 

discussed in terms of the particle morphology: i) in-situ formation of LaPO4 through LLTO 

decomposition during LAGP – LLTO co-sintering, and ii) direct dispersion of LaPO4 through 

LAGP – LaPO4•H2O co-sintering. 

Fig 2.4 shows the back-scattered SEM images of pristine LAGP, LAGP – x wt.% LLTO 

composites and LAGP – LaPO4 composite. For all samples, bright particles and dark areas can 

be observed on the back-scattered images. Although owing to the particle size and resolution of 

EDX detector of the FE-SEM, it is challenging to investigate the exact chemical composition of 

the particles, the bright particles can be identified as La3+-containing LaPO4 phase as the heavy 

lanthanum element scattered more electrons than other elements in the LAGP – LLTO composite. 

At 2 and 4 wt.% of LLTO addition (Fig 2.4 (b) and (c)), the particles are scattered across the 

microstructure in isolated form, with particle sizes ranging from few hundred nm to 1 μm. The 

size distribution of the particles is significantly lower than the initially introduced particle size of 

the LLTO powder which is introduced in the following paragraph. This further suggests that the 

observed lanthanum containing particles are formed by the decomposition of LLTO powder as 

the LLTO reacted with LAGP matrix during sintering. As observed in LAGP – 8 wt.% LLTO 

sample (Fig 2.4 (d), the size and connectivity of the particles are also increased with the LLTO 

addition, forming particle clusters. At 20 wt.% of LLTO addition, interconnecting bright areas 

can be observed in Fig 2.4 (e) as a result of severe particle aggregation, which breaks the 

continuity of the matrix. 

To study the relationship between the introduced LLTO particles and the LaPO4 particles 

formed through solid-state reaction between LLTO and LAGP matrix during the co-sintering, 

the size distribution of the LLTO particle was investigated through DLS method, the result of 

which shown in Fig 2.5. The LLTO particles formed by crushing in alumina mortar have 

diameters ranging from 900 to 3000 nm, with an average of approximately 2500 nm, which is 

larger than the LaPO4 particles observed in Fig 2.4 (b) and (c). Due to the solid-state reaction with 

LAGP matrix during the co-sintering, the LLTO particles underwent decomposition which forms 



48 

 

fine LaPO4 particles with smaller sizes. For comparison, Fig 2.6 exhibits the back-scattered SEM 

images of samples prepared co-sintering LAGP precursor with 3.17 wt.% LaPO4•H2O reagent, 

which contains the same amount of lanthanum as LAGP – 4 wt.% LLTO. The observed LaPO4 

particles are in polygonal shape and are significantly larger than that of LAGP – 4 wt.% LLTO 

in Fig 2.4 (c). Both features lead to less LAGP matrix / LaPO4 particle interface that are available 

for the space charge layer formation, the impact of which will be discussed in following section.  
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Figure 2.4 Back-scattered SEM images of (a) pristine LAGP, (b) LAGP – 2 wt.% LLTO, (c) 

LAGP – 4 wt.% LLTO, (d) LAGP – 6 wt.% LLTO and, (e) LAGP – 20 wt.% LLTO composites. 

 

 

Figure 2.5 (a) Particle size distribution by weight percentages measured from DLS on LLTO 

particles suspended in deionised water. (b)-(d) Secondary electron SEM images of LLTO 

particles. 

100 1000 10000
0.0

5.0

10.0

15.0

20.0

25.0

30.0

d / nm

f 
/ 

w
t.

%

0

50

100

C
o
e
ff

ic
ie

n
t 

o
f 

U
n
if
o
rm

it
y
 /

 w
t.

%

a

b

c

d

A
cc

u
m

u
la

ti
o

n
/

w
t.

%



50 

 

 

 

 

 

Figure 2.6 Back-scattered SEM images of LAGP – 3.17 wt.% LaPO4•H2O sample. Bright LaPO4 

particles are embedded in dark LAGP matrix. 
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2.5. Electrochemical Analysis 

This section assesses the electrochemical property of the LAGP – LLTO composites. The 

electrical conductivities and related activation energies are interpretated from the EIS spectra, 

while the ionic and electronic conductivity are qualitatively studied by the potentiostatic analysis. 

LAGP – GeO2 and LAGP – LaPO4 composites are also reviewed to investigate the roles of 

secondary phases and LaPO4 particle incorporation methods on the conductivity performance of 

the composites. 

The electrochemical impedance spectra of pristine LAGP and LAGP – x wt.% LLTO 

composites measured at 25 ℃ are presented in Fig 2.7. Owing to the detection range of the LRC 

meter, the low-frequency part of the semi-circles, which is believed to be representing total 

resistivity of the samples, can be observed on the EIS spectra. Therefore, the impedance spectra 

are fitted by the equivalent circuit shown in the inset of Fig 2.7 to calculate the total resistance 

(interception at around 29.1 kHz) and hence total conductivity of the samples, which is 

represented by R1. The low frequency parts of the spectra are represented by the R2//CPE2, to fit 

the semicircle respond which is believed to be generated by the lithium-blocking gold electrodes. 

The conductivities of the cylindrical samples are calculated by the equation: 

𝜎 = 
𝑡

𝐴∙𝑅
=

𝑡

𝜋
𝐷2

4
∙𝑅

 (2.1) 

where σ is the conductivity (S/cm), t is the thickness of the cylindrical sample (cm), A is the area 

of the circular surface of the cylindrical sample (cm2), R is the resistance measured by the 

equivalent circuit fitting (Ω), D is the diameter of the circular surface (cm). The room temperature 

conductivities of the samples are listed in Table 2.8 and plotted in Fig 2.8 as a function of LLTO 

addition. The conductivity is increased with LLTO addition from 0 to 4 wt.% and decreased at 

LLTO introductions higher than 4 wt.%, which is similar to the LATP – x wt.% LLTO composite 

in the previous work, as well as other halide-based composite lithium-ion conductors 

[16,18,26,27]. The increase in conductivity can be attributed by the formation of the space charge 

layer at the LAGP / LaPO4 interface, which increases the lithium mobility at local and hence the 

total conductivity as the amount of interface increases with the introduction of the LLTO. 

Although the formation of an LAGTP-like solid solution can be another possible explanation, as 

reported by Ling et al., the LAGTP solid solution with the highest electrical conductivity is 

formed in the LAGP – 20 wt.% LATP binary system [37]. However, the LAGTP solid solution 
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with 4 wt.% LLTO in this work is equivalent to that of the LAGP – 5.2 wt.% LATP system 

(assuming all the Ti4+ from LLTO substitutes the Ge4+). If the major reason for the increase in 

conductivity is due to the formation of LAGTP, the highest conductivity should occur at high 

LLTO contents. 

With the increased LLTO introduction, the aggregation of the LaPO4 particles is also 

increased, which forms insulative particle clusters that can impede the migration of the lithium 

ions. After 4 wt.%, this effect suppresses the conductivity enhancement offered by the space 

charge layer at the LAGP / LaPO4 interface and starts to reduce the conductivity. At 20 wt.% of 

LLTO addition, the severe LaPO4 particle aggregation forms interconnecting LaPO4 areas (as 

observed in the SEM images in Fig 2.4 (e)) which breaks the continuity of the LAGP matrix and 

heavily limits the conductivity. The room temperature conductivity results and corresponding EIS 

Nyquist plots of LAGP composites introduced with GeO2 and LaPO4 are also shown in Figs 2.8 

and 2.9. These results demonstrate that i) the GeO2 as an impurity phase observed in powder 

XRD pattern in Fig 2.2 does not contribute to the enhancement in conductivity, and ii) the LAGP 

/ LaPO4 interface formed by directly co-sintering of LAGP with LaPO4 is not effective for space 

charge layer formation, this might suggest that it is necessary to form LaPO4 particles in LAGP 

through reaction. As discussed in section 2.4, the LaPO4 particles formed by LLTO 

decomposition is also smaller in size in comparison to the directly incorporated LaPO4, which 

could increase the total area of space charge layer at the LAGP / LaPO4 interface as well as 

facilitating distribution of LaPO4 particles. Furthermore, it is believed that the reaction between 

LAGP and a lanthanum doner can create an intimate contact between LAGP and LaPO4 particle, 

which is vital for the formation of space charge layer. 
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Figure 2.7 Normalised Nyquist plot of electrochemical impedance for pristine LAGP samples 

and LAGP – x wt.% LLTO samples measured at 25 ℃. 

 

Table 2.8 Room temperature conductivity and activation energy of LAGP – x wt.% LLTO, 

LAGP – GeO2 and LAGP – LaPO4 composites. 

LLTO addition (wt.%) σ (mS∙cm−1) Ea (eV) 

0 0.2881 0.3769 

2 0.3444 0.3629 

4 0.4043 0.3635 

6 0.4015 0.3658 

8 0.3765 0.3622 

20 0.1218 0.3528 

LAGP – GeO2 0.2600 -- 

LAGP – LaPO4 0.1450 -- 
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Figure 2.8 Conductivity of LAGP – LLTO composite at 25 ℃ as a function of LLTO addition 

(open circle). The open square and open triangle stands for LAGP – GeO2 and LAGP – LaPO4 

composites respectively. 

 

Figure 2.9 Nyquist plots of (a) GeO2 and (b) LaPO4 - dispersed LAGP samples measured at 25 ℃, 

represented by open circle and open square respectively. Down-scan stands for frequency 

sweeping from 1.3 MHz to 130 Hz and up-scan the opposite.  

0 2 4 6 8 10 20

0.1

0.2

0.3

0.4

LAGP-LaPO4

σ
 /

 m
S
×c

m
-1

LLTO content / wt.%

LAGP-GeO2



55 

 

EIS tests were also conducted at 50 to 200 ℃ to investigate the temperature dependence of 

conductivity for pristine LAGP and LAGP – LLTO composites, the results of which are shown 

in the Arrhenius plots in Fig 2.10. The temperature dependence behaviours are linear for all the 

samples, which suggests that the lithium-ion migration mechanism for an LAGP – x wt.% 

remains unchanged within the temperature range 25 - 200 ℃. The data points can be fitted 

linearly according to the Arrhenius equation: 

𝑇𝜎𝑇 =𝜎0exp(
−𝐸a

𝑘𝑇
)  (2.2) 

where σT is the total conductivity (S/cm), σ0 is the exponential term (S/cm), Ea is the activation 

energy (J), k is the Boltzmann constant (J/K), and T is temperature (K). The activation energies 

of the samples can be obtained from the slopes of the linear fitting to the data points, which are 

listed in Table 2.8 and plotted in Fig 2.11 as a function of LLTO introduction. The activation 

energy is slightly decreased upon introduction of LLTO, which is also reported in other works 

[38–40]. While this might be attributed to the formation of defects accompanying the introduction 

of secondary phase, this suggests that the lithium-ion migration mechanism from the LAGP 

matrix remains to be the main contribution to the LAGP – LLTO system, and requires further 

studies for elaborations. It is speculated that as the matrix / particle phase boundary forms, the 

particles act as an assembly of point defects, leading to the facilitated migration of lithium ions at 

these boundaries and hence the decrease of the overall activation energy. 

To further confirm the charge carrier in the composite sample, the LAGP – 4 wt.% LLTO 

sample was assembled in an asymmetric cell using lithium foil and stainless steel as two 

electrodes (Li foil | LAGP 4 wt.% LLTO | stainless steel) and carried out potentiostatic tests by 

polarising Li foil and stainless steel as anodes respectively. Current through the cell was 

monitored while applying 0.5 V DC potential. From Fig 2.12, it can be observed that when the 

lithium-ion-blocking stainless steel was polarised as anode, the current was significantly 

suppressed, indicating a limited electronic conductivity and lithium ion being a major charge 

carrier in the composite sample. 
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Figure 2.10 Arrhenius plots of pristine LAGP and LAGP – x wt.% LLTO samples within 

temperature range 25 - 200 ℃. 

 

Figure 2.11 Activation energy of pristine LAGP and LAGP – x wt.% LLTO samples as a function 

of LLTO addition. 
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Figure 2.12 Result of potentiostatic test on LAGP – 4 wt.% LLTO composite. The schematic 

shows the configuration of asymmetric cell. 
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2.6. Summary 

This chapter reports the synthesis procedures of LAGP – LLTO composites and results of 

subsequent crystallographic, microstructural and electrochemical characterisations. The optimum 

amount of LLTO addition that yields LAGP – LLTO composites with highest room-temperature 

conductivity is concluded. By mixing a small amount of LLTO powder with LAGP precursor 

and sintering, the LLTO powder would undergo a decomposition process and react with LAGP 

matrix to form LaPO4 particles that are embedded among the LAGP matrix. In addition, GeO2 

phases can also be formed as a by-product of this reaction. Incorporating LaPO4 particles in 

LAGP through this method could firstly increase and then decrease the room-temperature 

conductivity, with the maximum at LAGP – 4 wt.% LLTO. On the other hand, directly mixing 

LAGP precursor with LaPO4 powder followed by sintering does not improve the conductivity. 

SEM and DLS investigations suggest that forming LaPO4 particles through LLTO 

decomposition is essential to the conductivity enhancement, as it produces finer LaPO4 particles 

in comparison to the directly incorporated LaPO4. Therefore, in order to emphasise the starting 

composition of the co-sintering, the composite is nominated as LAGP – LLTO composite instead 

of LAGP – LaPO4 composite. 

The conductivity enhancement mechanism in the LAGP – LLTO composites is explained by 

the widely accepted space charge layer model in composite electrolytes [27,30,31,41]. The 

intimate contact between LAGP matrix and LaPO4 particle owing to the reaction between LAGP 

and LLTO during sintering facilitates the change in defect concentration and subsequently 

increase in conductivity at the interface. Although the conductivity at space charge layer is not 

directly observed in this work, evidence from potentiostatic analysis results suggests that instead 

of electronic conduction, the improved conductivity is contributed by ionic conduction which 

might be originated from the space charge layer.  

For further works, low-temperature EIS test is required to investigate the evolution of bulk 

and grain boundary conductivity as functions of LLTO addition respectively to elucidate the 

possibility of conductivity modification at grain boundary, which is a competing hypothesis 

against the space charge layer model to explain the conductivity enhancement in LAGP – LLTO 

composites. Lithium-ion migration behaviour can also be directly observed through solid-state 

NMR experiments [28–31]. Nonetheless, other additives such as La2O3 should be explored as 

lanthanum donors to form fine LaPO4 particles with higher efficiency and lower impurities.  
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Temperature Solid-State Lithium-Ion Battery Using a LiBH4–MgO Composite 

Electrolyte, ACS Appl. Energy Mater. 4 (2021) 1228–1236 

https://doi.org/10.1021/acsaem.0c02525 

[32] E. Zhao, F. Ma, Y. Guo, Y. Jin, Stable LATP/LAGP double-layer solid electrolyte 

prepared via a simple dry-pressing method for solid state lithium ion batteries, Rsc Adv. 

6 (2016) 92579–92585. https://doi.org/10.1039/C6RA19415J 

[33] M. Weiss, D.A. Weber, A. Senyshyn, J. Janek, W.G. Zeier, Correlating Transport and 

Structural Properties in Li1+xAlxGe2–x(PO4)3 (LAGP) Prepared from Aqueous Solution, 

ACS Appl. Mater. Interfaces. 10 (2018) 10935–10944.  

https://doi.org/10.1021/acsami.8b00842 

[34] G.J. Redhammer, D. Rettenwander, S. Pristat, E. Dashjav, C.M.N. Kumar, D. Topa, F. 

Tietz, A single crystal X-ray and powder neutron diffraction study on NASICON-type 

Li1+xAlxTi2−x(PO4)3 (0 ≤ x ≤ 0.5) crystals: Implications on ionic conductivity, Solid State 

Sci. 60 (2016) 99–107. https://doi.org/10.1016/j.solidstatesciences.2016.08.011 

[35] S. V Pershina, B.D. Antonov, A.S. Farlenkov, E.G. Vovkotrub, Glass-ceramics in 

Li1+xAlxGe2–x(PO4)3 system: the effect of Al2O3 addition on microstructure, structure and 

electrical properties, J. Alloys Compd. 835 (2020) 155281.  

https://doi.org/10.1016/j.jallcom.2020.155281 

[36] P. Hartmann, T. Leichtweiss, M.R. Busche, M. Schneider, M. Reich, J. Sann, P. Adelhelm, 

J. Janek, Degradation of NASICON-type materials in contact with lithium metal: 

formation of mixed conducting interphases (MCI) on solid electrolytes, J. Phys. Chem. C. 

117 (2013) 21064–21074. https://doi.org/10.1021/jp4051275 

[37] S.-G. Ling, J.-Y. Peng, Q. Yang, J.-L. Qiu, J.-Z. Lu, H. Li, Enhanced ionic conductivity 

in LAGP/LATP composite electrolyte, Chinese Phys. B. 27 (2018) 38201. 

https://doi.org/10.1088/1674-1056/27/3/038201 

[38] O. Nakamura, J.B. Goodenough, Conductivity enhancement of lithium bromide 

monohydrate by Al2O3 particles, Solid State Ionics. 7 (1982) 119–123. 

https://doi.org/10.1016/0167-2738(82)90004-2. 

[39] R. Mercier, M. Tachez, J.P. Malugani, G. Robert, Effect of homovalent (I––Br–) ion 

substitution on the ionic conductivity of LiI1– x Brx systems, Solid State Ionics. 15 (1985) 



62 

 

109–112. https://doi.org/10.1016/0167-2738(85)90088-8 

[40] R.C.T. Slade, I.M. Thompson, Influence of surface area and particle size of dispersed 

oxide on conductivities of lithium bromide composite electrolytes, Solid State Ionics. 26 

(1988) 287–294. https://doi.org/10.1016/0167-2738(88)90256-1 

[41] Z. Zou, Y. Li, Z. Lu, D. Wang, Y. Cui, B. Guo, Y. Li, X. Liang, J. Feng, H. Li, C.-W. 

Nan, M. Armand, L. Chen, K. Xu, S. Shi, Mobile Ions in Composite Solids, Chem. Rev. 

120 (2020) 4169–4221. https://doi.org/10.1021/acs.chemrev.9b00760 

 

 

 

  



63 

 

3. LATP – La2O3 composite 

3.1.  Introduction 

This chapter focuses on the enhancement of conductivity for Li1.3Al0.3Ti1.7(PO4)3 (LATP) 

through insulative particle dispersion methods. Similar to the Li1.5Al0.5Ge1.5(PO4)3 (LAGP) 

introduced in Chapter 2, LATP is originated from LiTi2(PO4)3 that inherent NASICON-type 

lattice structure consisting of MO6 octahedra and PO4 tetrahedra [1–7]. As shown in Fig 2.1(b), 

the super-ionic skeleton of LATP (space group R–3c) allows a 3-dimensional diffusion pathways 

for lithium ions, which yields a high ionic conductivity. To facilitate commercialisation of LATP 

as solid-state electrolytes for all-solid-state batteries (ASSBs), research attentions have been 

focused on improvements of room-temperature conductivities of LATP electrolytes, mainly 

through cation or anion substitutions [8–11]. 

The work introduced in this chapter aims to achieve the same goal through the insulative 

particle dispersion technique described in Chapter 2, which can be viewed as a further work to 

the previously reported LATP – Li0.385La0.55TiO3 (LLTO) composite [12]. In the previous work, 

LaPO4 particles were incorporated in the LATP matrix through decomposition of the introduced 

LLTO particles during sintering, the reaction of which was believed to be vital to the 3-fold 

improvement in conductivity since directly added LaPO4 powder failed to provide same effect 

[12,13]. However, the chemical composition of LLTO powder is radically different from the 

LaPO4 particles, which could: i) lead to a ‘detoured’ chemical reaction towards the desired LaPO4, 

and ii) introduce a large amount of undesired titanium ions to the resulted composite. On the other 

hand, forming LaPO4 through in-situ reactions during sintering is proven by Chapter 2 and 

Chapter 4 to be an effective practice to enhance contact between LaPO4 particle and LATP matrix, 

such that space charge layer can be formed at the LATP / LaPO4 hetero-interface and provide 

rapid lithium-ion diffusion pathway. In this chapter, by employing La2O3 nano-powder instead 

of LLTO as a direct lanthanum donor to form LaPO4 particles, the amount of impurity ions can 

be reduced, while a chemical reaction during sintering is preserved to guarantee a good interfacial 

contact between the LaPO4 particle and LATP matrix [14]. 
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3.2. Experiments 

3.2.1. Synthesis of LATP precursor  

To synthesis LATP, stoichiometric amounts of starting materials, Li2CO3 (99.0% Wako Pure 

Chem., Japan, with 10 wt.% excess), γ-Al2O3 (97.0% Stream Chem., USA), TiO2 (rutile, 99.9% 

High Purity Chem., Japan) and NH4H2PO4 (99.0% Wako Pure Chem.,) were weighed and mixed 

by an alumina mortar and pestle. The mixture was then transferred to another alumina mortar for 

a further 5 h mixing by an automatic grinder (ANM1000, Nitto Kagaku, Japan), during which 

ethanol (99.0% Wako Pure Chem.) was added and replenished every 15-20 min. The mixed 

slurry was firstly dried at 60 ℃ in air for 8 h then at 120 ℃ in vacuum for 24 h to remove residual 

moisture and ethanol. The dried mixture was uniaxially pressed by a ϕ22 mm die before being 

placed on a platinum foil in an alumina crucible and calcined at 700 ℃ for 2 h (detail of the heat-

treatment is shown in Table 3.1). To form fine LATP precursor power, the calcined product was 

crushed by alumina mortar and pestle, then ball-milled at 400 RPM for 5 h with an aid of ethanol 

(Pulverisette7 premium line, Fritsch, Germany, Table 3.2). After ball-milling, the slurry was dried 

at 60 ℃ in air then 120 ℃ in vacuum for 24 h for further use. 

3.2.2. Fabrication of pristine LATP and LATP – La2O3 composites 

For pristine LATP pellet fabrication, the fine LATP precursor was weighed and uniaxially 

pressed using a ϕ7 mm die to form pellets. The obtained pellets were sealed in rubber probe covers 

by vacuum pump and subjected to isostatic pressing at 200 MPa for 3 min. The pressed pellets 

were embedded in the LATP precursor and placed on a platinum foil in an alumina crucible to 

sinter at 1000 ℃ for 2 to 10 h. The detailed sintering conditions are listed in Table 3.3. 

For LATP – La2O3 composite pellet fabrication, the fine LATP precursor and La2O3 nano 

powder (<100 nm, 99% Sigma-Aldrich, Germany) were weighed and mixed by an alumina 

mortar and pestle before further mixing through ball-milling (zirconia pot and balls, Pulverisette7 

premium line, Fritsch, Germany) with an aid of ethanol. The detailed ball-milling conditions are 

listed in Table 3.4. The ball-milled slurry was dried at 60 ℃ overnight and then at 120 ℃ in 

vacuum for 24 h to form dried powder, which was weighed and uniaxially pressed using a ϕ7 

mm die. The formed pellets were isostatically pressed at 200 MPa for 3 min (Dr. CIP, 

KOBELCO) before being embedded by the dried LATP – La2O3 mixture powder and sintered 

at conditions listed in Table 3.3. The weighed La2O3 nano power was 2, 4, 6, 8, 12 and 16 wt.% 

of the total weight (LATP + La2O3).  
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Table 3.1 Heat-treatment condition for LATP calcination. 

heating rate 5 ℃/min 

calcinating temperature 700 ℃ 

calcinating time 2 h 

cooling rate 5 ℃/min 

crucible Al2O3 with a Pt foil 

heat-treat atmosphere air 

 

 

Table 3.2 Ball-milling conditions for the fine LATP precursor formation. 

pot and balls zirconia (Fritsch) 

ball size ϕ5 mm 

mass ratio (ball:sample) 10:1 

ball-mill stage Pulverisette7 premium line, Fritsch 

duration 60 min 

rest interval 60 min 

cycles (total ball-milling time) 5 (5 h in total) 

ball-mill media ethanol (99.0% Wako Pure Chem) 
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Table 3.3 Heat-treatment conditions for LATP and LATP – La2O3 composite sintering. 

heating rate 5 ℃/min 

sintering temperature 1000 ℃ 

sintering time 2-10 h 

cooling rate 5 ℃/min 

crucible Al2O3 with a Pt foil 

heat-treat atmosphere air 

 

 

Table 3.4 Ball-milling conditions for LATP precursor – La2O3 powder mixture fabrication. 

pot and balls zirconia (Fritsch) 

ball size ϕ5 mm 

mass ratio (ball:sample) 10:1 

ball-mill stage Pulverisette7 premium line, Fritsch 

duration 30 min 

rest interval 30 min 

cycles (total ball-milling time) 3 (1.5 h in total) 

ball-mill media ethanol (99.0% Wako Pure Chem) 
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3.2.3. Characterisations 

In investigation of the phase composition of pristine LATP and LATP – La2O3 composite, the 

sintered pellets were crushed to form powder using alumina mortar and pestle before being loaded 

onto glass holders for powder X-ray diffraction (XRD) characterisations (Ultima VI 

diffractometer, Rigaku, Japan). The detailed powder XRD characterisation conditions are listed 

in Table 3.5. To prepare for microstructural investigation, the samples were polished by abrasive 

paper up to #3000 grade. A field emission scanning electron microscopy (FE-SEM, SU-6600, 

Hitachi, Japan) operating at 20 mA and 20 kV was employed to observe the back-scattered 

electron images without applying gold-sputtering. To verify the size of La2O3 nano-powder, 0.2 

grams of La2O3 regent was suspended in deionised water and loaded in a glass tube for dynamic 

light scattering (DLS), with scattering test repeated 100 times. 

To prepare for electrochemical impedance spectroscopy (EIS) investigation, the sample 

pellets were polished on two surfaces to obtain mirror finish using abrasive papers up to #3000 

grid before being sputtered with gold using a magnetron plasma sputter (MSP-Mini Magnetron 

Sputter, Vacuum Device, Japan) to form lithium-blocking electrodes. The pellets were loaded in 

a 4-electrode cell placed in a tubular furnace and connected with an LRC metre (3531 Z Hitester, 

Hioki, Japan) to conduct EIS characterisations under controlled temperatures. A temperature 

controller (AGC-S, ASAHI Rika, Japan) coupled with type-K thermocouple was employed to 

manage the temperature of the tubular furnace. The impedance data were collected in a frequency 

range of 130 Hz-4.1 MHz under a temperature range of 25-200 ℃ to measure the temperature 

dependency of the sample conductivity. 
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Table 3.5 Specifications of X-ray diffractometer and powder XRD. 

diffractometer Ultima VI, Rigaku 

scanning speed 2 ̊ /min 

step size 0.04 ̊  

2θ range 10 ̊  - 40 ̊  

x-ray generator (wavelength) copper Kα (0.154 nm) 

voltage and current 40 kV, 40 mA 
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3.3. Phase Composition 

This section includes investigation of the phase composition of LATP – La2O3 composites as 

functions of La2O3 addition and sintering time. Secondary phases are identified, and the phase 

stability of LATP after co-sintering with La2O3 is also evaluated. The characterisation results are 

utilised to determine the optimum La2O3 addition and heat-treatment condition during sintering. 

The power XRD patterns of pristine LATP, LATP x wt.% La2O3 composite and La2O3 nano 

powder are shown in Fig 3.1. The major peaks of the LATP – x wt.% La2O3 composite are 

associated with the pristine LATP, which has identical lattice structure with the LiTi2(PO4)3 

(PDF# 35-0754). The unchanged peak positions indicate the stability of LATP matrix during the 

co-sintering with La2O3 nano powder, no significant substitution in LATP lattice from La2O3 is 

observed. The detection of LaPO4 phase instead of the introduced La2O3 nano powder suggests 

a possible solid-state reaction between the LATP matrix and La2O3 nano powder during sintering, 

where the LATP acted as phosphate donor and La2O3 the lanthanum donor to form LaPO4 phase 

that increases as a function of La2O3 addition. Similar reactions are also observed in LATP – 

LLTO composites and LAGP – LLTO composites, where the introduced LLTO acted as 

lanthanum donor and formed LaPO4 particles. In this work, although replacing LLTO with La2O3 

as lanthanum donor to form LaPO4 reduces the titanium ions introduced to the composite, 

LiTiPO5 phase was identified in the composite samples as impurity phases as labelled by hollow 

diamond in Fig 3.1. It is believed that this phase is formed as a phosphorus-depleted phase when 

LATP donates phosphate to form LaPO4 phase. At higher La2O3 addition, the growth in LiTiPO5 

is accompanied by the appearance of an unidentified impurity which is unlikely to be the 

unreacted La2O3 since the pick positions are different from that of La2O3 nano powder.   

The relation between sintering time and the amounts of impurities was studied by sintering 

the LATP – 8 wt.% La2O3 composites at 1 to 10 h. The powder XRD results of the sintering 

product are shown in Fig 3.2. Although the peak intensity of LaPO4 firstly increased until 4 h of 

sintering and then decreased, the LiTiPO5 phase and unidentified impurity phase constantly 

remained despite a prolonged sintering time. This might indicate that the impurity phases are 

formed through thermodynamic processes, which should be eliminated through optimising the 

sintering temperature during co-sintering. 
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Figure 3.1 Powder XRD patterns of pristine LATP, LATP – x wt.% La2O3 composite and La2O3 

nano powder. Peaks in addition to that from LTP lattice structure are identified as LaPO4 (invert 

triangle) and LiTiPO5 (hollow diamond), the unidentified peaks are labelled by hollow invert 

triangle. 
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Figure 3.2 Powder XRD pattern of LATP – 8wt% La2O3 composites with sintering times ranging 

from 1 to 10 h, the unidentified impurity and LiTiPO5 peaks are labelled by hollow inverted 

triangles and hollow diamonds. 
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3.4. Microstructural Analysis 

In this section, the size and distribution of LaPO4 particles in LATP matrix are investigated 

through SEM observations as functions of La2O3 addition and sintering time. The results provide 

vital evidence for determination of optimised sintering conditions. By comparing the size of 

La2O3 nano-powder and LaPO4 particles before and after sintering based on SEM and DLS 

results, the effect of LATP – La2O3 reaction during sintering on the LaPO4 particle distribution is 

elaborated.  

The back-scattered SEM images of pristine LATP and LATP – x wt.% La2O3 composites are 

shown in Fig 3.3. The microstructures of the composites are consisted of dark matrix area and 

bright LaPO4 particles. The LaPO4 particles reflect more back-scattered electrons than the matrix 

due to the heavy lanthanum atom and therefore appear brighter. For La2O3 additions lower than 

8 wt.%, the LaPO4 particles remain isolated with diameters around 1 μm. The relatively small 

particle size can be attributed to the solid-state reaction between La2O3 and LATP during co-

sintering. Although the nominal diameter of the La2O3 nano powder that are employed to produce 

the composites was approximately 100 nm, agglomeration of the particles can be severe due to 

aging of the reagent, as shown by the DLS and secondary electron SEM images in Fig 3.4. The 

agglomerated La2O3 powder has diameter ranging from 1 to 10 μm with mean diameter being 

2.77 μm, which can be significantly larger than the particle sizes observed on Fig 3.3 (b)-(d). At 

higher La2O3 additions such as 12 and 16 wt.%, the LaPO4 particles can severely aggregate to 

from large LaPO4 clusters that breaks the continuity of the LATP matrix. 

The microstructure of the LATP – 8 wt.% La2O3 composite is also investigated as a function 

of sintering time. As shown in Fig 3.5, the LaPO4 particle exhibits evident aggregation behaviour 

when sintering time exceeds 4 h, suggesting that sintering LATP – La2O3 composite for longer 

than 4 h might result in deteriorated dispersion of LaPO4 particles. 
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Figure 3.3 Back-scattered SEM images of (a) pristine LATP, (b) LATP – 4 wt.% La2O3, (c) 

LATP – 6 wt.% La2O3, (d) LATP – 8 wt.% La2O3, (e) LATP – 12 wt.% La2O3, and (f) LATP – 

16 wt.% La2O3 composites. 

 

Figure 3.4 (a) Particle size distribution by weight percentages measured from DLS on La2O3 nano 

powder suspended in deionised water. (b)-(d) Secondary electron SEM images of La2O3 nano 

powder. 
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Figure 3.5 Back-scattered SEM images of LATP – 8 wt.% sintered for (a) 1 h, (b) 3 h, (c) 4 h, (d) 

6 h, (e) 8 h, and (f) 10 h. 
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3.5. Electrochemical Analysis  

In this section, the electrochemical property of the LATP – La2O3 composites are evaluated 

as functions of La2O3 addition and sintering time, based on conductivities and activation energies 

interpretated from room-temperature and temperature-dependent EIS analysis. The results are 

also compared with LATP – LLTO composites to study the difference in LaPO4 aggregation 

limit and maximum conductivities between the two systems, which provides directions for further 

studies. The results are also used to determine the optimum heat-treating condition for sintering. 

The Nyquist plots of EIS spectra for pristine LATP and LATP – x wt.% La2O3 composites 

measured at room temperature are shown in Fig 3.6. On the spectra for all samples, a semi-circle 

starting from 1.9 MHz and ending at 14 kHz which is followed by a linear section with slope 

approximately equal to 1 can be observed. Due to the limited frequency range, the semi-circles 

from the bulk and grain boundary of the samples are not resolved on the spectra. Therefore, the 

spectra are fitted by using a conventional equivalent circuit shown in the inset of Fig 3.6 to 

calculate the right end of the semi-circles as the total resistivities of the samples, which are 

summarised in Table 3.6 and plotted as a function of La2O3 addition in Fig 3.7. The conductivity 

of LATP – x wt.% La2O3 composite firstly increase and then decreased with the La2O3 addition, 

achieving a highest conductivity of 0.69 mS/cm at 6 wt.% of La2O3 addition. This phenomenon 

indicates that dispersion of the LaPO4 particle in LATP matrix can enhance the conductivity, 

which is similar to what was observed in LATP – x wt.% LLTO and LAGP – x wt.% LLTO 

systems, as well as insulative particle dispersed systems in halide-based lithium-ion conductors 

[12,14,15]. At La2O3 introduction higher than 6 wt.%, the aggregation of the LaPO4 becomes 

significant, forming large insulative LaPO4 particles, as observed in Fig 3.3 (d)-(f), which 

impedes the long-range migration of lithium ions and hence reduces the conductivity. 
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Figure 3.6 Normalised Nyquist plot of electrochemical impedance for pristine LATP and LATP 

– x wt.% La2O3 samples, measured at 25 ℃.  

 

 

Table 3.6 Room temperature conductivity and activation energy of LATP – x wt.% La2O3 

composites. 

La2O3 addition (wt.%) σ (mS∙cm−1) Ea (eV) 

0 0.2307 0.2545 

2 0.2794 0.2523 

4 0.4222 0.2934 

6 0.6864 0.2802 

8 0.6200 0.2704 

12 0.3202 0.3111 

16 0.2405 0.2884 
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Figure 3.7 Conductivity of LATP – x wt.% La2O3 composites (open circles) measured at 25 ℃, 

as a function of La2O3 addition, in comparison with the results in LATP – y wt.% LLTO system 

(open triangle) reported in ref. [12]. 
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The room-temperature conductivities of LATP – x wt.% LLTO composites are also presented 

in Fig 3.7 for comparison, where the amount of LLTO addition is converted to the equivalent 

La2O3 addition based on the amount of lanthanum in the LLTO. The original wt.% of LLTO 

addition is labelled on the upper x axis. For LATP – LLTO system, the maximum conductivity 

for the composite is marginally higher than that of the LATP – La2O3 system. However, the 

aggregation of the LaPO4 particle starts relatively earlier than that in LATP – La2O3 system, 

leading to early decline in conductivity at relatively low lanthanum addition. Despite the 

agglomeration observed in Fig 3.5, the relatively high reactivity of La2O3 nano-powder can yield 

LaPO4 particles that are in smaller sizes and with more homogeneous distribution across the 

LATP matrix. This can lead to a higher tolerance of lanthanum addition in comparison to the 

LATP – LLTO system, and hence a slower LaPO4 particle aggregation as a function of La2O3 

addition. On the other hand, formation of LiTiPO5 identified from powder XRD in Fig 3.1 can 

contribute to a lower maximum conductivity in the LATP – La2O3 system, which stresses the 

importance of minimising the impurity formation during the co-sintering process to further 

enhance the conductivity for the composite electrolytes. 

The relationship between the sintering time and room-temperature conductivity of LATP – 8 

wt.% La2O3 was also investigated with results listed in Table 3.7 and plotted as a function of 

sintering time in Fig 3.8, where the conductivity decreases with the sintering time. As sintering 

time increases, the growth of LaPO4 particles as observed in Fig 3.5 leads to the decrease of LATP 

matrix / LaPO4 particle interface, resulting in a reduced amount of space charge layer that exist at 

the vicinity of the interface and hence a reduced conductivity.  

The EIS investigations of pristine LATP and LATP – x wt.% La2O3 were also conducted at 

the temperature range from 50 ℃ to 200 ℃ to examine the temperature dependence behaviours 

of the samples. The results are shown in the Arrhenius plots in Fig 3.9 (a), where linear behaviours 

for all of the samples can be observed and allows calculation of activation energy for conductivity 

for all of the samples (Table 3.6 and Fig 3.9 (b)) according to Arrhenius equation (Eq 3.2). 

Although the activation energy of LATP – x wt.% La2O3 composite is slowly increased with the 

La2O3 addition, the overall results are similar to that of the pristine LATP and that of the LATP – 

LLTO composites [12]. This indicates that the lithium migration mechanism in the LATP – 

La2O3 composites are in general consistent with the pristine LATP. 
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Table 3.7 Room temperature conductivity of LATP – 8 wt.% La2O3 composite with different 

sintering time. 

Sintering time (h) σ (mS∙cm−1) 

1 0.6370 

3 0.5260 

4 0.6200 

6 0.1170 

8 0.0720 

10 0.0640 

 

 

 

Figure 3.8 Conductivity of LATP – 8 wt.% La2O3 composite measured at 25 ℃, as a function of 

sintering time. 
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Figure 3.9 (a) Arrhenius plots for conductivity of LATP – x wt.% La2O3 samples and (b) 

activation energies of conductivities as a function of La2O3 addition, with the result of previous 

work on LATP – y wt.% LLTO system [12]. 
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3.6. Summary 

This chapter focuses on the synthesis of LATP – La2O3 composites, and their subsequent 

characterisation results on phase composition, microstructural evolution and electrochemical 

properties as functions of La2O3 addition and sintering time. Similar to LATP – LLTO 

composites [12], co-sintering LATP precursor with La2O3 nano-powder can form composite 

electrolytes with LaPO4 particles in LATP matrix. The LaPO4 particle is believed to be formed 

by reaction between the La2O3 (as lanthanum donor) and LATP precursor (as phosphorus donor). 

Although La2O3 nano-powder does not contain any impurity ion in contrast to LLTO, LiTiPO5 

impurity phase is formed in the LATP – La2O3 composites despite a prolonged or shortened 

sintering time. Such phase is believed to be the by-product of La2O3 – LATP reaction during 

sintering, where LATP becomes phosphorus-depleted after donating PO4
3- to form LaPO4 and 

eventually forms LiTiPO5. Nonetheless, incorporating LaPO4 particles in LATP matrix increases 

the room-temperature conductivity by a maximum of 2-fold (0.69 mS∙cm−1) at 6 wt.% of La2O3 

addition. Combining the results from powder XRD, SEM and EIS, the sintering time for sintering 

is optimised to 4 h, which gives minimum impurity phase, finest LaPO4 with good distribution 

and satisfying room-temperature conductivity. 

For further study, low-temperature EIS tests and 7Li solid-state nuclear magnetic resonance 

(NMR) analysis on LATP – La2O3 composites are required to study the evolution of bulk, grain 

boundary and space charge layer conductivity as a function of La2O3 addition respectively, and 

directly observed the lithium-ion migration behaviour along the space charge layer [16,17]. It is 

also vital to explore secondary additives in the LATP – La2O3 system to serve as phosphorus 

donors that are alternative to LATP precursor to reduce the formation of LiTiPO5 impurities.  
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4. Neutron Radiography and HR-TEM observation of LATP – LLTO 

composite 

4.1. Introduction 

This chapter is based on characterisations of the Li1.3Al0.3Ti1.7(PO4)3 – Li0.385La0.55TiO3 (LATP 

– LLTO) composite using neutron radiography and high-resolution transmission electron 

microscopy (HR-TEM) experiments to measure the tracer diffusion coefficients and observe the 

morphology of the LaPO4 particles within the LATP – LLTO composites. In the previously 

reported LATP – LLTO composites, although the conductivity enhancement was ascribed to the 

formation of space charge layer at the LATP – LaPO4 hetero-interface, the lithium-ion migration 

behaviour at the space charge layer in LATP – LLTO composite or other oxide-based systems 

are rarely studied [1]. Since the total ionic conductivity in LATP – LaPO4 composite is higher 

than that of the pristine LATP, it is predicted by the Nernst-Einstein relation that the overall 

diffusion coefficient of lithium ion in LATP – LaPO4 composite should be higher than LATP, 

assuming that the concentration of lithium ion in the composite and pristine LATP are identical 

[2,3]. Therefore, it is important to experimentally measure the long-range diffusion coefficient in 

LATP – LaPO4 composite and compare with that of the LATP. Owing to the composite nature 

of the LATP – LaPO4 system, it is also critical to select a suitable technique for the measurement 

of diffusion coefficient.  

In ionic conductors, the chemical diffusion coefficient Dσ is usually derived from the 

electrochemical impedance spectroscopy (EIS) test results using the Nernst-Einstein relation [2,3]. 

One drawback of this method involves treating AC ionic conductivity as DC ionic conductivity, 

which, depending on the equivalent circuit employed to fit the conductivity, might introduce error 

from imaginary impedance and subsequently distort the diffusivity results. A most common 

method for diffusivity measurement in ionic conductors is galvanostatic intermittent titration 

technique (GITT) to calculate the chemical diffusion coefficient using the transient response of 

the ionic conductor to the pulsed DC perturbation [4]. To measure tracer diffusion coefficients 

D* (self-diffusion coefficient), many works have been employing nuclear magnetic resonance 

(NMR) technique that operates on spin lattice relaxation mode (SLR) to interpret the tracer 

diffusion coefficient  by measuring the atomic scale lattice relaxation [5–8]. However, the powder 

sample required by SLR NMR could yield particle-size-dependent results that are different from 

the bulk materials [3,8,9]. Hayamizu et al. have established a technique using pulsed-gradient 
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spin-echo (PGSE) NMR to measure the lithium tracer diffusion coefficients on micrometer scale, 

despite that the measured diffusion coefficient can be dependent to the observation time and 

pulse-filed gradient (PFG) [9–13]. Other techniques such as muon Spin Relaxation (μ+SR) or 

quasi-elastic neutron scattering (QENS) have also been developed to measure the tracer diffusion 

coefficient in powder samples, these methods are also indirect methods that involve calculating 

long-range diffusion coefficients from atomic scale jump rates [14–18]. 

Direct measurements on long-range diffusion coefficient measurements usually involve direct 

observation of diffusion profiles which allows calculation of diffusion coefficients from solutions 

to the Fick’s laws [19,20]. One established method is using secondary ion mass spectroscopy 

(SIMS) which visualizes the diffusion profiles of isotope lithium ions through depth-profiling 

[3,21–26], time of flight detection (ToF) [27], or mapping [28,29]. However, the knock-on effect 

from the incident ion beam in SIMS can be severe in depth-profiling mode, which can distort the 

positional information of isotope lithium ions [21,22]. It is also difficult to visualize the tracer 

concentration profile in the LATP – LaPO4 composite electrolyte through SIMS detection since 

the heterogeneous microstructure (i.e., LaPO4 particles embedded in LATP matrix) could 

introduce a significant amount of noise on the SIMS spectra. 

Neutron radiography (NR) is an effective technique to visualise the diffusion profile in bulk 

samples on a macroscopic scale utilizing the large difference in neutron absorption ability 

(attenuation coefficients) for 6Li and 7Li isotopes [30–32]. The neutron flux is largely attenuated 

at 6Li while barely interact with 7Li, which allow the visualisation of lithium diffusion profile in 

the bulk sample with 7Li as host and 6Li as tracer. This method has been successfully applied to 

measure the lithium-ion tracer diffusion coefficients in a variety of lithium-ion conductive 

materials [30,31,33–37]. By directly visualising the tracer diffusion profiles of a bulk sample on 

a millimetre scale, the method is suitable for diffusion coefficient measurement for the LATP – 

LaPO4 composite samples. Therefore, in this work, the NR method is employed to measure the 

lithium-ion tracer diffusion coefficients in LATP and LATP – LaPO4 composite samples to study 

the difference in lithium-ion diffusion behaviour in these samples, with results compared to other 

works. 

Although the formation of LaPO4 phase in LATP – LLTO composites have been proven 

through the powder X-ray diffraction (XRD) patterns in previous work, the morphology of the 

LaPO4 particle and of the surroundings of the hetero-interface have not been precisely observed. 

In this work, morphology, chemical composition, and lattice structure of the particles have been 



86 

 

investigated through HR-TEM imaging, energy dispersive spectrometry (EDS) and selected area 

electron diffraction (SAED) characterization. In addition, the morphology of LATP matrix / 

LaPO4 particle interface has also been studied. 
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4.2. Experiments 

4.2.1. Synthesis of natural lithium and 7Li LLTO powder 

7Li LATP was prepared by conventional solid-state reaction methods with 7Li provided from 

7Li2CO3. The 7Li2CO3 was prepared by reacting 7LiOH (Tomiyama’s High Purity Chem., Japan) 

with gaseous CO2 (>99.5%, Masuda Medical Instruments, Japan) at 130 to 140 ℃ in a round-

bottom flask heated by a mantle heater (HF-500S, AS ONE, Japan). 

Synthesis of natural-abundance-lithium- and 7Li LLTO is similar to that introduced in section 

3.2.1. Stoichiometric amount of 7Li2CO3 or natural Li2CO3 (99% Wako Pure Chem., Japan), 

La2O3 (99.99% Wako Pure Chem.) and TiO2 (99.9% Wako Pure Chem., rutile) were mixed with 

an aid of ethanol (99.0 Wako Pure Chem.) in an alumina mortar by an automatic grinder for 5 h. 

The slurry was dried at 60 ℃ in air for overnight before further 24 h drying in 120 ℃ vacuum. 

The dried powder was uniaxially pressed into a green body using a ϕ22 mm die, which was 

calcined at 800 ℃ for 10 h, the detailed calcination condition is shown in Table 4.1.  

The calcined product was crushed to form precursor powder using alumina mortar and pestle. 

The precursor powder was then weighed for uniaxial pressing in a ϕ7 mm die to form pellets, 

which were sealed in rubber probe covers using vacuum pump and subjected to isostatic pressing 

at 100 MPa for 3 min (Dr. CIP, KOBELCO, Japan). The isostatically press pellet was then 

sintered to form LLTO under conditions shown in Table 4.2. To prepare for composite fabrication 

and form ultrafine LLTO powder, the LLTO pellets were crushed in alumina mortar and pestle 

before ball milling in zirconia pot with zirconia balls (Pulverisette7 premium line, Fritsch, 

Germany) and ethanol (99% Wako Pure Chem.). The detailed ball milling conditions are listed 

in Table 4.3. 
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Table 4.1 Heat-treatment conditions for NLi and 7Li LLTO calcination. 

heating rate 5 ℃/min 

calcinating temperature 800 ℃ 

calcinating time 10 h 

cooling rate 5 ℃/min 

crucible Al2O3 

heat-treat atmosphere air 

  

 

Table 4.2 Heat-treatment conditions for natural lithium and 7Li LLTO sintering. 

heating rate 5 ℃/min 

sintering temperature 1300 ℃ 

sintering time 10 h 

cooling rate 5 ℃/min 

crucible Al2O3 

heat-treat atmosphere air 

 

 

Table 4.3 Ball-milling conditions for fine natural lithium and 7Li LLTO powder formation. 

pot and balls zirconia (Fritsch) 

ball size ϕ5 mm 

mass ratio (ball:sample) 10:1 

ball-mill stage Pulverisette7 premium line, Fritsch 

duration 60 min 

rest interval 60 min 

cycles (total ball-milling time) 10 (10 h in total) 

ball-mill media ethanol (99% Wako Pure Chem) 
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4.2.2. Synthesis of natural lithium and 7Li LATP precursor 

Synthesis of natural lithium and 7Li Li1.3Al0.3Ti1.7(PO4)3 precursor is similar to that described 

in section 4.2.1. Stoichiometric amounts of starting materials: 7Li2CO3 or natural Li2CO3 (99% 

Wako Pure Chem.), γ-Al2O3 (97% Stream Chem., USA), TiO2 (rutile, 99.9% High Purity Chem., 

Japan) and NH4H2PO4 (99% Wako Pure Chem.) were weighed and mixed in alumina mortar 

and pestle by hand. The mixture was then transferred into another alumina mortar with a small 

amount of ethanol (99% Wako Pure Chem.) to form slurry for further mixing in automatic grinder 

for 5 h. The slurry was then dried at 60 ℃ in air overnight before drying at 120 ℃ in vacuum for 

24 h, forming powder mixture. The mixture was weighed and uniaxially pressed using a ϕ22 mm 

die to form green compacts for calcination at 700 ℃ for 2 h (Table 4.4), after which the green 

compact was crushed using alumina mortar and pestle to form precursor powder. The LATP 

precursors were then subjected to ball-milling using zirconia pot and balls with an aid of ethanol 

to form finer precursor powder (Pulverisette7 premium line, Fritsch). The detailed ball-milling 

conditions are listed in Table 4.5. 

4.2.3. Fabrication of 7Li LATP and LATP – LLTO composite for neutron radiography 

To fabricate 7Li pristine LATP samples, the 7Li LATP precursor was uniaxially pressed in a 

7 mm × 7 mm rectangular die to form cuboid pellets, which were sealed in rubber probe covers 

using a vacuum pump and were isostatically pressed under 100 MPa for 3 min (Dr. CIP, 

KOBELCO). The pellets were then covered by LATP precursor and placed on platinum foil in 

alumina crucible and sintered under conditions shown in Table 4.6. 

To fabricate LATP – LLTO composite pellets, the 7Li LATP precursor and 7Li LLTO powder 

were firstly mixed by alumina mortar and pestle and then transferred into zirconia pot with 

zirconia balls and ethanol (99% Wako Pure Chem.) for a 5 h mixing to ensure homogenous 

dispersion of LLTO among LATP precursor (Pulverisette7 premium line, Fritsch, detailed 

conditions are shown in Table 4.7). The ball-milled slurry was dried at 60 ℃ in air and 

subsequently 120 ℃ in vacuum for 24 h to remove the moisture and residual ethanol in order to 

form dried powder mixture. The mixture was weighed and uniaxially pressed to form pellets 

before being sealed in rubber probe covers by a vacuum pump. The sealed pellets were 

isostatically pressed under 100 MPa for 3 min (Dr. CIP, KOBELCO) and sintered under 

conditions listed in Table 4.6, during which the pellets were embedded in LATP – LLTO mixture 

powder to reduce lithium loss. 

To prepare the cuboid samples for neutron radiography experiments, the cuboid samples were 



90 

 

polished on all sides using #1200 grid abrasive paper to achieve consistent dimensions 

(approximately 8 mm × 6 mm × 6 mm). To reduce permeation in diffusion experiments, a 

squared side of the samples were polished by up to #3000 grid abrasive paper until mirror finish 

was achieved. 

4.2.4. Neutron radiography experiments 

Before diffusion experiments, the samples were placed on an aluminium sample holder and 

subjected to neutron radiography experiments to check the position of the samples on the 

radiography images. A borax block was sticked on the sample holder to denote the distinguish 

the side of composite sample from the pristine sample. The relative positions of the samples on 

the sample holder were labelled by marker pen and recorded by taking photographs in order to 

repeat the sample positions in subsequent neutron radiography experiments. The aluminium 

sample holder was positioned at the centre of the neutron beam. 

To prepare the cuboid samples for neutron radiography, saturated aqueous solution of 6LiNO3 

along with epoxy glue was applied as tracer to the polished side of the sample blocks which was 

pre-emptively labelled on the sample using a penile. The samples were placed in a tubular furnace 

to be annealed at 300 to 500 ℃ for 20 to 30 min in order to evaporate the epoxy glue and allow 

the tracer diffusion taking place at designated temperatures. The samples were extracted from the 

furnace and cooled to room temperature before being placed on the aluminium sample holder 

and subjected to neutron radiography experiments. The positioning of the samples on the sample 

holder was referred by the markers on the sample holder and previous photographs to improve 

the reproducibility of the sample positions on the neutron radiography images. The neutron 

radiography experiments were carried out at the neutron beam port BL-22 RADEN of the 

Material and Life Science Experimental Facility (MLF) at Japan Proton Accelerator Research 

Complex (J-PARC), Japan [38]. The spallation neutron source was operated at 709 kW. The 

neutron images of the transmitted neutron beam were converted by a 6LiF/ZnS scintillator (50 

μm in thickness) into visible light which is captured by a cooled CCD camera (ANDOR Ikon-L 

936, 2048 × 2048 pixels). The CCD camera was operated at consecutive capture mode to capture 

5 consecutive images during each neutron radiography experiments. The exposure duration for 

each image was 3 min. 

After neutron radiography, the samples were inserted into the tubular furnace for further 20 to 

30 min annealing before a next neutron radiography experiment. This process was repeated 

several times until a total annealing time reached the designated diffusion time.  
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Table 4.4 Heat-treatment condition for natural lithium and 7Li LATP calcination. 

heating rate 5 ℃/min 

calcinating temperature 700 ℃ 

calcinating time 2 h 

cooling rate 5 ℃/min 

crucible Al2O3 

heat-treat atmosphere air 

 

 

Table 4.5 Ball-milling conditions for the fine natural lithium and 7Li LATP precursor formation. 

pot and balls zirconia (Fritsch) 

ball size ϕ5 mm 

mass ratio (ball:sample) 10:1 

ball-mill stage Pulverisette7 premium line, Fritsch 

duration 60 min 

rest interval 60 min 

cycles (total ball-milling time) 5 (5 h in total) 

ball-mill media ethanol (99% Wako Pure Chem) 
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Table 4.6 Heat-treatment conditions for LATP and LATP – LLTO composite sintering. 

heating rate 5 ℃/min 

sintering temperature 1000 ℃ 

sintering time 10 h 

cooling rate 5 ℃/min 

crucible Al2O3 with a Pt foil 

heat-treat atmosphere air 

 

 

 

Table 4.7 Ball-milling conditions for LATP precursor – LLTP powder mixture fabrication. 

pot and balls zirconia (Fritsch) 

ball size ϕ5 mm 

mass ratio (ball:sample) 10:1 

ball-mill stage Pulverisette7 premium line, Fritsch 

duration 60 min 

rest interval 60 min 

cycles (total ball-milling time) 5 (5 h in total) 

ball-mill media ethanol (99% Wako Pure Chem) 
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4.2.5. Fabrication of natural lithium LATP – LLTO samples for HR-TEM observation 

To fabricate natural lithium LATP – LLTO composite pellets, the natural lithium LATP 

precursor and 4 wt.% of natural lithium LLTO powder were mixed by alumina mortar and pestle 

and then transferred into zirconia pot with zirconia balls. A small amount of ethanol (99% Wako 

Pure Chem.) was added to form slurry before a further 5 h mixing through ball-milling 

(Pulverisette7 premium line, Fritsch) with conditions same as Table 4.7. The ball-milled slurry 

was dried at 120 ℃ in vacuum for 24 h. The mixture was uniaxially pressed and sealed in rubber 

probe covers by a vacuum pump for isostatic pressing under 100 MPa for 3 min to form pellets 

(Dr. CIP, KOBELCO). The subsequent sintering was under conditions listed in Table 4.6. 

4.2.6. HR-TEM experiments 

To prepare the sample for HR-TEM observation, the fabricated natural lithium LATP – LLTO 

composite pellets were roughly crushed to form coarse powder, which is dispersed on a copper 

grid sample holder for HR-TEM experiments in National Yunlin University of Science and 

Technology, Taiwan. To investigate the morphology, chemical composition and crystal structure 

of the prepared sample, a field-emission TEM (JEM-F200, JEOL, Japan) equipped with EDS 

detector (Oxford Instruments, UK) was employed. The TEM was operated at 200 kV in STEM 

mode to generate HR-TEM images. 
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4.3. Neutron Radiography Investigations 

This section focuses on three topics: 1) basic normalising methods that are applied to the raw 

neutron radiography images obtained from CCD camera such that the noises, artefacts or other 

aberrations in the images can be minimised, 2) description of a traditional data processing method 

and an optimised method in calculation process of the tracer diffusion coefficients, and 3) 

discussion on the calculated tracer diffusion coefficients of pristine LATP and LATP – LLTO 

composites obtained at 300 ℃ to 500 ℃, and comparison with results reported in other works. 

4.3.1. Normalisation method of neutron radiography results 

In neutron radiography, the random noise from the neutron flux commonly occurs due to the 

dark charge build-up in the CCD camera, or the fluctuation of the neutron beam by the fluctuating 

output at neutron source or scintillation screen [39]. Therefore, 5 radiography images were taken 

for each sample to obtain smoothened neutron radiography images through averaging calculation 

using ImageJ. Images with 3 min CCD camera exposure time were also captured without neutron 

beam (dark image) to probe the noise signal from ambient environment. By subtracting dark 

image from the averaged images using ImageJ, neutron radiography images with reduced 

environmental and random noise can be obtained (averaged image with background subtracted). 

For most of the direct neutron beams, whether from spallation neutron source or nuclear 

reactor neutron source, the flux intensity of each point at image plane can be ununiform due to 1) 

divergence of neutron beam upon leaving the beam guiding tube, 2) asymmetries from neutron 

source and beam line, 3) irregular beam scattering off the collimator wall, and 4) geometrical 

difference of the radial distance from the beam aperture to the image plane [39–42]. During the 

experiment, the neutron radiography images with neutron beam and without samples were 

captured with 3 min CCD camera exposure time (flux profile image). By dividing the averaged 

images with background subtracted by the flux profile image, the images with reduced flux 

aberration can be obtained. The flow chart of the processes described above is summarised in Fig 

4.1. The image qualities before and after the normalisation process are shown in Figs 4.2 and 4.3. 

Before normalisation, the intensity of the flux maxima at the centre and taper towards the edge, 

which gives an ununiform base intensity as shown in Fig 4.2 (c). After normalisation, the signal 

becomes even, generating a uniform base intensity (Fig 4.3 (c)). 
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Figure 4.1 Flow chart of normalisation process for the neutron radiography images, taking LATP 

– LLTO composite (left block) and pristine LATP (right block) after diffusion experiment at 300 ℃ 

for 120 min as examples. 
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Figure 4.2 (a) Neutron radiography image before normalisation, taking LATP – LLTO (left) and 

pristine LATP (right) samples after diffusion experiment at 300 ℃ for 120 min as example. (b) 

surface plot of signal intensity, (c) intensity profile of the selected area in (a).  

 

Figure 4.3 (a) Neutron radiography image after normalisation, taking LATP – LLTO (left) and 

pristine LATP (right) samples after diffusion experiment at 300 ℃ for 120 min as example. (b) 

surface plot of signal intensity, (c) intensity profile of the selected area in (a). 
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4.3.2. Two interpretation methods of neutron radiography results 

The most common method to interpretate diffusion coefficient from neutron radiography 

results is to convert intensity I of the images into concentration c using Beer-Lambert’s law to 

calculate the 
𝜕𝑙𝑛𝑐

𝜕𝑥2
 term (see next paragraphs) and subsequently diffusion coefficients D. Fig 4.4 

(a)-(c) shows typical normalised neutron radiography images of composite and pristine LATP 

samples after diffusion experiment at 300 ℃, of which the intensity profiles are shown in (d)-(e). 

After diffusion experiments, the 6Li diffused from the diffusion surface towards the bulk interior 

of the samples, which contributes to the gradual decrease in neutron absorption (i.e., gradual 

increase in transmitted neutron flux / light intensity) in Fig 4.4 (e) and (f). 

According to the Beer-Lambert’s law, the concentration of the neutron-scattering species (i.e. 

6Li) c can be interpretated by the intensity of the transmitted neutron flux [43]: 

𝜀𝑙𝑐 = − ln (
𝐼

𝐼0
)  (4.1) 

where I is the attenuated beam intensity, I0 is the unattenuated beam intensity, ε is the absorptivity 

of the attenuating species, l is the length of light path (thickness of the sample).  Given that the 

term εl is constant, the concentration of 6Li can be represented by −ln(I/I0) with a factor εl−1, as in 

Fig 4.5. According to the thin-film solution to the Fick’s second law [19,20]: 

𝑐 =
𝑀

√4π𝐷∗𝑡
∙ exp(

−𝑥2

4𝐷∗𝑡
)  (4.2) 

where constant M is the total amount of diffusing species, D* is the diffusion coefficient of 6Li 

(i.e. tracer diffusion coefficient), t is the diffusion time. The 
𝜕𝑙𝑛𝑐

𝜕𝑥2
 term can therefore be calculated 

by measuring the reciprocal of the slope at the linear section of the ln(−ln(I/I0)) against x2 plot to 

calculate the −4D*t (shown in Fig 4.6). This method allows calculation of an averaged D* at a 

given temperature from a series of D*t at that temperature, while ignoring the ε and l constants, 

as shown in Fig 4.7. 

The method described above is extensively employed in other works that measures tracer 

diffusion coefficients through long-range diffusion experiments [19,35–37]. However, this 

method involves multiple steps of calculation and plotting which can be time consuming. 

Furthermore, linear fitting on the ln(−ln(I/I0))-x
2 plots requires elaboration of range of data points 

upon which the linear fitting is employed. This can lead to equivocal fitting results since different 

data section on a same ln(−ln(I/I0))-x
2 plot can result in significantly different slopes and hence 

different tracer diffusion coefficients. Therefore, in this work, nonlinear fittings were employed 
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directly on the diffusion profiles to utilise the entire data set, which generates more reliable tracer 

diffusion coefficient results. By combining Eqs 4.1 and 4.2, the relationship between the 

transmitted neutron signal intensity I and spatial position from diffusion surface x can be 

expressed by, 

−ln(
𝐼

𝐼0
) =

𝑀𝜀𝑙

√4π𝐷∗𝑡
∙ exp(

−𝑥2

4𝐷∗𝑡
)   (4.3) 

assuming the pre-exponential term 
𝑀𝜀𝑙

√4π𝐷∗𝑡
 as constant, the 4D*t term can be fitted as a parameter 

using the exponential equation y = B∙exp(−x2/A), while avoiding calculating the implicit 

constants M and ε. The nonlinear fitting results are shown in Figs 4.7 and 4.8, and are listed in 

Table 4.8 and 4.9, the blue curves are in good agreements with the data points, resulting in R2 

close to unity. The fitted results are also used to calculate the Mεl terms in Eq 4.3, which are 

proven to be constant in Table 4.8 and 4.9 for each sample as expected. The different Mεl values 

between different samples might be contributed by different amount of 6LiNO3 solution applied 

and different sample thickness, resulting in different absolute values for M and l. 
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Figure 4.4 Typical normalized neutron radiography images of LATP – LLTO composite (left) 

and pristine LATP (right) samples (a) before application of 6LiNO3, (b) applied with 6LiNO3 

followed by annealing at 300 ℃ for 30 min, and (c) annealing at 300 ℃ for 150 min. Plots (d)-

(f) are transmitted intensity profiles corresponding to the selected rectangle areas in (a)-(c). 

 

 

 

 

Figure 4.5 Diffusion profiles of (a) pristine LATP sample and (b) LATP – LLTO composite 

sample after diffusion experiments at 300 ℃ for 30 and 150 min, converted from the intensity 

profiles using Beer-Lambert’s law. 
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Figure 4.6 ln(−ln(I/I0))-x
2 plots of (a) pristine LATP sample and (b) LATP – LLTO composite 

sample, converted from the diffusion profiles. Dark blue data points indicate the sections which 

are utilised to perform linear fittings. Blue lines are the results of the linear fittings. 
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Figure 4.7 Diffusion profiles of pristine LATP with different diffusion times at (a) 300 ℃, (b) 

350 ℃, (c) 400 ℃, and (d) 500 ℃. 
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Table 4.8 Results of nonlinear fitting on the diffusion profiles in pristine LATP sample  

basing on equation y = B∙exp(−x2/A), A = 4D*t, B = Mεl/(4πD*t)1/2. 

temperature, time A  B Mεl χ2 R2 (COD) 

300 ℃, 30 min 0.0271 (4) 0.1636 (9) 4.78E-02 2.54E−5 0.9905 

300 ℃, 63 min 0.0430 (6) 0.1261 (8) 4.63E-02 2.12E−5 0.9880 

300 ℃, 90 min 0.0555 (6) 0.1170 (5) 4.89E-02 1.11E−5 0.9932 

300 ℃, 120 min 0.0446 (5) 0.0993 (4) 3.71E-02 6.87E−6 0.9939 

300 ℃, 150 min 0.0646 (7) 0.0924 (5) 4.16E-02 8.38E−6 0.9912 

300 ℃, 180 min 0.0634 (10) 0.0836 (6) 3.73E-02 1.33E−5 0.9842 

350 ℃, 60 min 0.0431 (6) 0.1019 (6) 3.75E-02 1.18E−5 0.9888 

350 ℃, 90 min 0.0634 (10) 0.0834 (6) 3.72E-02 1.44E−5 0.9825 

350 ℃, 120 min 0.0705 (11) 0.0705 (5) 3.32E-02 1.01E−5 0.9832 

350 ℃, 150 min 0.0895 (15) 0.0630 (4) 3.34E-02 9.55E−6 0.9807 

400 ℃, 30 min 0.0297 (4) 0.1485 (8) 4.54E-02 2.06E−5 0.9917 

400 ℃, 60 min 0.0496 (6) 0.1160 (6) 4.58E-02 1.27E−5 0.9924 

400 ℃, 90 min 0.0710 (9) 0.0966 (6) 4.56E-02 1.36E−5 0.9884 

400 ℃, 120 min 0.0782 (11) 0.0795 (5) 3.94E-02 9.84E−6 0.9881 

400 ℃, 150 min 0.0973 (15) 0.0743 (5) 4.11E-02 1.26E−5 0.9812 

500 ℃, 30 min 0.0424 (6) 0.1084 (7) 3.96E-02 1.52E−5 0.9900 

500 ℃, 60 min 0.0553 (12) 0.0792 (7) 3.30E-02 2.03E−5 0.9754 

500 ℃, 90 min 0.0995 (17) 0.0779 (6) 4.36E-02 1.79E−5 0.9744 
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Figure 4.8 Diffusion profiles of LATP – LaPO4 sample with different diffusion times at (a) 300 ℃, 

(b) 350 ℃, (c) 400 ℃, (d) 450 ℃, and (e) 500 ℃.  
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Table 4.9 Results of nonlinear fitting on the diffusion profiles in LATP – LaPO4 composite  

sample basing on equation y = B∙exp(−x2/A), A = 4D*t, B = Mεl/(4πD*t)1/2. 

temperature, time A  B Mεl χ2 R2 (COD) 

300 ℃, 30 min 0.0333 (2) 0.1851 (6) 5.99E-02 9.18E−6 0.9969 

300 ℃, 63 min 0.0516 (4) 0.1394 (5) 5.61E-02 1.02E−5 0.9950 

300 ℃, 90 min 0.0707 (8) 0.1232 (6) 5.80E-02 1.68E−5 0.9906 

300 ℃, 120 min 0.0833 (8) 0.1108 (5) 5.67E-02 9.87E−6 0.9932 

300 ℃, 150 min 0.0931 (8) 0.1043 (4) 5.64E-02 7.52E−6 0.9943 

300 ℃, 180 min 0.1318 (13) 0.1015 (4) 6.53E-02 1.07E−5 0.9919 

350 ℃, 30.5 min 0.0362 (4) 0.1019 (5) 3.43E-02 7.57E−6 0.9922 

350 ℃, 60 min 0.0575 (8) 0.0783 (5) 3.33E-02 9.81E−6 0.9854 

350 ℃, 90 min 0.0751 (11) 0.0671 (5) 3.26E-02 9.30E−6 0.9832 

350 ℃, 120 min 0.0976 (14) 0.0597 (4) 3.31E-02 6.93E−6 0.9838 

350 ℃, 150 min 0.1061 (17) 0.0520 (4) 3.00E-02 7.09E−6 0.9792 

400 ℃, 30 min 0.0447 (3) 0.2812 (8) 1.05E-01 2.08E−5 0.9974 

400 ℃, 60 min 0.0487 (9) 0.2151 (17) 8.41E-02 1.00E−4 0.9807 

400 ℃, 90 min 0.0713 (10) 0.1939 (11) 9.18E-02 5.53E−5 0.9871 

450 ℃, 20 min 0.0359 (2) 0.2278 (5) 7.65E-02 8.00E−6 0.9983 

450 ℃, 41.5 min 0.0577 (4) 0.1650 (5) 7.03E-02 1.03E−5 0.9965 

450 ℃, 60 min 0.0788 (5) 0.1434 (4) 7.13E-02 8.20E−6 0.9967 

450 ℃, 80 min 0.0965 (8) 0.1235 (4) 6.80E-02 1.01E−5 0.9947 

450 ℃, 101 min 0.1098 (11) 0.1114 (5) 6.54E-02 1.17E−5 0.9925 

500 ℃, 20 min 0.0472 (3) 0.1762 (5) 6.79E-02 1.05E−5 0.9965 

500 ℃, 40 min 0.0710 (7) 0.1259 (5) 5.95E-02 1.08E−5 0.9940 

500 ℃, 60 min 0.1071 (12) 0.1073 (5) 6.22E-02 1.44E−5 0.9899 

500 ℃, 80 min 0.1471 (15) 0.0970 (4) 6.59E-02 1.09E−5 0.9906 
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4.3.3. Tracer diffusion coefficients 

The D*t terms obtained from the nonlinear fittings in section 4.3.2 are plotted in Fig 4.9 against 

diffusion times to calculate the tracer diffusion coefficients from the slopes of the data points, 

which are listed in Table 4.10. Fig 4.10 is the Arrhenius plot of the measured tracer diffusion 

coefficients. For comparison, the chemical diffusion coefficients of pristine LATP and LATP – 

LLTO composites are also calculated from conductivities reported in other works using Nernst-

Einstein relation: 

𝐷𝜎 =
𝑘𝐵∙𝑇

𝑛∙(𝑍∙𝑒)2
∙ 𝜎  (4.4) 

where n is the concentration of charge carrier, Z is the valence of charge carrier, e is the charge of 

an electron, T is the absolute temperature, and σ is the dc ionic conductivity. 

The tracer diffusion coefficients of the pristine LATP are generally in good coherent with the 

results obtained by simulation and SIMS reported by other works [44,45]. The total lithium-ion 

conductivity at above 130 ℃ is reported to be dominated by the bulk lithium conduction rather 

than that from the grain boundary [45]. Therefore, the contribution from the grain boundary 

diffusion in both pristine LATP and composite samples are negligible, which suggests that the 

higher diffusion coefficient of LATP – LLTO composite should be contributed by the LATP 

matrix / LaPO4 particle interface. However, the extent of increase in diffusion coefficients for 

composite sample at 300 to 500 ℃ is relatively limited in comparison to room temperature, 

indicating that the enhancement in lithium-ion migration at LATP matrix / LaPO4 particle 

interface can become suppressed at elevated temperatures. Such phenomenon resembles the 

results reported in other halide-based composite lithium-ion conductors [46–48]. As described in 

chapter 1, section 1.2, the Debye length of the space charge layer surrounding the LaPO4 particles 

can be largely reduced at 300 ℃-500 ℃ [46,49], leading to thinner space charge layer and 

therefore a lower conductivity enhancement effect. As a result, the overall diffusion coefficient in 

composite samples becomes similar to that of the pristine samples. 
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Figure 4.9 D*t-t plots for (a) pristine LATP and (b) LATP – LaPO4 composite samples at 300 to 

500 ℃. Slopes of the lines represent the average D* at given temperatures. 
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Table 4.10 Tracer diffusion coefficient of lithium ion in LATP and LATP – LaPO4 composite 

obtained by neutron radiography. 

Temperature / ℃  
Diffusion coefficient, D* / 10−6 cm2∙s−1 

pristine LATP  LATP – LaPO4 composite 

300  1.71 (20)  2.95 (14) 

350  2.60 (12)  3.22 (19) 

400  2.88 (16)  3.53 (53) 

450  -  4.97 (27) 

500  4.48 (37)  7.63 (25) 

 

 

Figure 4.10 Arrhenius plots of the tracer diffusion coefficients of pristine LATP (▼) and LATP 

– LaPO4 composite (▲). The open triangles are conduction diffusion coefficients LATP – LaPO4 

composite calculated from conductivities measured by previous work [1]. The blue dash line and 

cyan solid line are bulk tracer diffusion coefficient and conduction diffusion coefficients 

converted from simulation results and conductivity [44,45]. 

1.2 1.6 2.0 2.4 2.8 3.2
-9.0

-8.5

-8.0

-7.5

-7.0

-6.5

-6.0

-5.5

-5.0

-4.5

-4.0

Eb = 0.220 eV 

Eg.b. = 0.400 eV 

E = 0.300eV

E = 0.281 eV 

E = 0.172 eV 

E = 0.176 eV

 D*composite

 D*LATP

 Ds, composite [9]

 Case et al. [50]

 Kosova et al. [51]

L
o
g
(D

 /
 c

m
2
×s

-1
)

1000×T -1 / K-1

Equation y = a + b*x

Plot LgD

Weight No Weighting

Intercept -4.07477 ± 0.33745

Slope -868.25452 ± 223.36844

Residual Sum of Squares 0.01908

Pearson's r -0.91342

R-Square (COD) 0.83434

Adj. R-Square 0.77912

Equation y = a + b*x

Plot LgD

Weight No Weighting

Intercept -4.20266 ± 0.15936

Slope -886.06624 ± 103.41342

Residual Sum of Squares 0.00234

Pearson's r -0.98665

R-Square (COD) 0.97348

Adj. R-Square 0.96022

500 400 300 200 150 100 50 25

Temperature / °C



108 

 

Unlike the grain boundaries which are percolating across the microstructure of polycrystalline 

samples, the LaPO4 particles are isolated withing the LATP matrix as observed by the scanning 

electron microscopy (SEM) and HR-TEM experiments in previous works [1,50]. Therefore, 

while the diffusion coefficients of grain boundaries can be calculated separately from the 

diffusion profiles once the penetration depth of the diffusion satisfies the condition of the Harrison 

type B regime (grain boundary width δ ≤ diffusion distance (Dt)1/2 ≤ grain size d), similar 

processing is unapplicable to probe the diffusion along the LATP matrix / LaPO4 particle 

interface. To precisely investigate the diffusion coefficient of interface, short-range diffusion 

investigation techniques such as solid-state NMR is required [51]. 

 The tracer diffusion coefficients of LATP – LLTO composites are lower than the chemical 

diffusion coefficients. The Haven ratios of LATP – LLTO composites are ranging from 0.44 to 

0.69 (Haven ratio HR = D*/Dσ), which are in good agreements with other inorganic ionic 

conductors [44,52,53]. It has to be noted that since the tracer diffusion coefficients in this work 

and conductivities used to calculate the chemical diffusion coefficients are measured from a 

macroscopic scale, which includes contributions form bulk, grain boundaries and LATP matrix / 

LaPO4 particle interface. The calculated Haven ratios hence provides limited information about 

the correlation factors for lithium-ion migration within the samples. A short-range diffusion 

experiment, solid-state NMR and low temperature EIS characterisations are required to 

investigate the tracer diffusion coefficients and chemical diffusion coefficients at bulk, grain 

boundary and interfaces respectively to draw further conclusions. 

Since no obvious change in slopes is observed in the Arrhenius plots in Fig 4.10, the activation 

energy for pristine LATP is believed to be constant within 300 to 500 ℃. Given that the diffusion 

in bulk is the predominant mechanism in pristine LATP at elevated temperatures, the unchanged 

activation energy suggests a stable NASICON-type lattice structure at elevated temperatures 

[44,54]. The activation energies for both pristine and composite samples are approximately 0.17 

eV, falling within the range of 0.15 - 0.30 eV reported by other works [44,55–57]. This result also 

suggests that the predominant lithium-ion migration mechanism for LATP – LLTO composite 

at 300 to 500 ℃ is bulk diffusion. 
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4.4. HR-TEM observation 

This section demonstrates the TEM experiment results on the LATP – LLTO composite, 

which substantiate the existence of LaPO4 phase through SAED patterns, and captured multiple 

high-resolution images at the LATP / LaPO4 boundary area where the LATP matrix and LaPO4 

particles are identified with aid of EDS scanning results. The images reveal intimate contacts 

between the LaPO4 particles and LATP matrix, providing further evidence for the existence of 

space charge layer at the LATP / LaPO4 interface. 

HR-TEM experiments have been conducted to investigate the precise morphology of the 

dispersed particle in the LATP – LLTO composites. Fig 4.11 shows the TEM images at the 

boundary area between the matrix and particle. A rod-shaped particle with darker contrast can be 

distinguished from the matrix, which is estimated to be below 500 nm in size and with an intimate 

contact with the LATP matrix. The d-spacing of the HR-TEM image in Fig 4.11 (b) and the 

corresponding SAED pattern index in Fig 4.11 (c) identify the particle as the monoclinic structure 

LaPO4 (a = 0.684 nm, b = 0.708 nm, c = 0.651 and β = 103.24 °). Chemical composition of the 

particle and matrix areas are studied by the EDS point analysis, the results of which are shown in 

Fig 4.12. The atomic percentages of the cations in the particle area (upper-right inset) are coincide 

with the ideal values of LaPO4, while that of the matrix area (lower-left inset) agree with the ideal 

values of the LATP. These results can confirm that in LATP – LLTO composites, the introduced 

LLTO particle decomposed into LaPO4 particles and formed LATP matrix - LaPO4 particle 

microstructure.  

Another TEM image with particle / matrix configuration is shown in Fig 4.13, where the dark 

(a) and bright (b) field images exhibit distinct contrast at the boundary. The intimate contact 

between the matrix and particle is exhibited in the enlarged image in (c). A line EDS scanning 

was conducted along the yellow line in Fig 4.13 (c), where the dark contrast represents matrix 

and bright contrast represents particle. The results in Fig 4.13 (d) shows that the titanium signal 

from matrix is higher than the particle, while the lanthanum signal from particle is higher. The 

gradual changes in titanium and lanthanum signals might be caused by the spot size of the incident 

electron beam or the contribution of the matrix that is lying beneath the LaPO4 particle. 

Nevertheless, this observation is in good agreement with the chemical composition of the LATP 

matrix and LaPO4 particle, and further suggests that the introduced LLTO powder decomposed 

during the sintering of LATP – LLTO composite to form LaPO4 particles that do not contain 
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titanium. The intimate contact observed in Figs 4.11 and 4.13 can be essential for the space charge 

layer model which can explain the conductivity improvement in the insulative particle-dispersed 

ionic conductors [46,47]. For the LATP matrix, the FFT pattern of HR-TEM image at the matrix 

area in Fig 4.14 is consistent with the structure of LATP with hexagonal lattice (a = b = 0.850 nm, 

c = 2.08 nm) [56]. 
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Figure 4.11 (a) TEM image at matrix / particle boundary region. (b) HR-TEM image at the 

particle area. (c) SAED pattern at the particle area. 

 

Figure 4.12 Point EDS results at matrix (lower-left) and particle (upper-right) areas. 
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Figure 4.13 (a) and (b) dark field and bright field TEM image at matrix / particle boundary area. 

(c) Enlarged image at matrix / particle boundary and EDS scanning trace. (d) EDS scanning result. 

 

Figure 4.14 HR-TEM image at bulk of LATP matrix and indexed FFT pattern. 
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4.5. Summary 

In summary, the long-range tracer diffusion coefficients of pristine LATP and LATP – LaPO4 

composite have been measured in the first time through the neutron radiography technique in the 

temperature range 300 ℃ to 500 ℃. While the tracer diffusion coefficients of LATP – LaPO4 is 

slightly higher than that of pristine LATP, the difference is smaller than that expected from the 

room-temperature conductivity. This is presumably due to the reduced Debye length of the space 

charge layer which results in an enhanced bulk diffusion contribution in this temperature range. 

For further precise discussion on the contribution of space charge layer, diffusion measurements 

should be carried out at lower temperatures where the enhancement effect from space charge 

layer is more signfinicant, such that the difference in tracer diffusion coefficients between 

composite and pritine LATP at these tempeartures can be verified. At near room temperatures, 

owing to the ralatively low lithium mobitliy, solid-state NMR experimens should be employed 

instead of NR to investigate the lithium diffusion behaviors in composite samples [51]. 

Nonetheless, it has been revealed that the long-range lithium diffusion in the LATP-based system 

which demonstrated their potential as solid-state electrolytes for All-Solid-State-Batteries. From 

HR-TEM and EDS results, the LaPO4 particles dispersed in LATP matrix have been directly 

observed. TEM images at LATP matrix / LaPO4 particle interface suggest an intimate contact 

that is attributed to the reaction between LATP precursor and LLTO during the sintering process. 

Such microstructural feature is essential for the formation of the space charge layer at the LATP 

matrix / LaPO4 particle interface.  
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5. Conclusions and future works 

5.1. Conclusions 

The works presented in this dissertation focus on the synthesis and characterisations of 

composite solid-state electrolytes based on NASICON-type compounds, with a goal of achieve 

and understand the mechanisms of conductivity enhancement through insulative particle 

dispersion in Li1.5Al0.5Ge1.5(PO4)3 (LAGP) and Li1.3Al0.3Ti1.7(PO4)3 (LATP).  

Chapter 2 reports the synthesis procedures of forming composite solid-state electrolytes with 

LaPO4 particle embedded in LAGP matrix through co-sintering of LAGP precursor with 

Li0.348La0.55TiO3 (LLTO) powder. Powder X-ray diffraction (XRD) and scanning electron 

microscopy (SEM) observations confirm that the introduced LLTO decomposed to form LaPO4 

particles during the sintering, while the crystallographic structure of NASICON-type LAGP is 

preserved. Electrochemical impedance spectroscopy (EIS) tests suggest that the conductivity of 

the LAGP – LLTO composites can be improved in comparison to the pristine LAGP, with 

maximum of 0.40 mS/cm achieved at 4 wt.% of LLTO introduction. According to the Arrhenius 

plots of temperature-dependent conductivity, the activation energy of conductivity for LAGP – 

LLTO system is relatively steady despite an increased LLTO content, which suggests that the 

bulk diffusion in LAGP matrix remains to be the dominant lithium-ion diffusion mechanism in 

LAGP – LLTO system. 

 Chapter 3 demonstrates the synthesis methods of type of composite electrolyte that 

incorporates LaPO4 particles in LATP matrix through co-sintering of LATP precursor with La2O3 

nano-powder which is referred to as LATP – La2O3 composites. LaPO4 particles and LiTiPO5 

impurity are identified though powder XRD and SEM investigations. The room-temperature 

conductivity is increased with the incorporation of LaPO4 particles and peaks to 0.69 mS/cm at 6 

wt.% of La2O3 addition, followed by steady decrease with further La2O3 content. It is also 

reported that the room-temperature conductivity of LATP – La2O3 is inversely dependent to the 

dwelling time during sintering process. The temperature dependency of conductivities concluded 

that although the activation energy of conductivity for LATP – La2O3 system steadily increases 

as a function of La2O3 addition, the lithium diffusion mechanism at lower La2O3 contents remains 

similar to that of the pristine LATP. 

In Chapter 4, lithium-ion diffusion behaviour and LaPO4 particle morphology are investigated 
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through neutron radiography technique and high-resolution transmission electron microscopy 

(HR-TEM) respectively. Standardised data processing methods for data normalisation and tracer 

diffusion calculation are assessed to reduce noise in data and ensure repeatability in calculation 

results. The obtained tracer diffusion coefficients of pristine LATP and LATP – LLTO 

composites are in good agreements with the conductivity results from previous work and other 

published literatures. Within the temperature range from 300 ℃ to 500 ℃, the tracer diffusion 

coefficient in composite is marginally higher than that of the pristine LATP, which is in contrast 

with the 3-fold difference in conductivity at room temperature [1]. This result suggests that the 

contribution to the lithium-ion diffusion from the LATP matrix increases with the temperature 

and outcompetes that from the space charge layer at the LATP matrix / LaPO4 interface, resulting 

in an increasingly similar diffusion coefficient in LATP – LLTO composite and pristine LATP. 

The crystallographic structures of LATP matrix and LaPO4 particles are identified through HR-

TEM images and selected area electron diffraction (SAED) patterns. Identification of the two 

phase subsequently aid to confirm the intimate contact between LATP matrix and LaPO4 particle, 

which is a key microstructural feature for the formation of space charge layer at the matrix / 

particle interface. 

5.2. Suggested future works 

The conductivity enhancement observed in LAGP – LLTO (Chapter 2) and LATP – La2O3 

composites (Chapter 3) are ascribed to the formation of space charge layer at the vicinity of the 

matrix / LaPO4 particle interface, which provides fast migration pathway for lithium-ion 

migration. However, due to the limited amount of interface formation within the composite 

electrolytes, the relatively unchanged activation energies in both composite systems viz-a-viz the 

pristine LAGP or LATP samples was unable to provide evidence for the existence of space 

charge layers as a ternary lithium-ion migration mechanism (in addition to the bulk and grain 

boundary). This requires further EIS characterisations under lower temperatures (e.g. −95 ℃ to 

–70 ℃) to resolve the semi-circles of bulk, grain boundary and matrix / particle interfaces on the 

Nyquist plots [2,3]. This would allow respective calculation of bulk, grain boundary and matrix / 

interface conductivities from the resolved semi-circles, such that i) the existence of space charge 

layer conductivity can be substantiated, ii) evolution of bulk and grain boundary conductivity as 

a function of secondary phase incorporation can be observed, and iii) the temperature dependence 

and activation energies of bulk, grain boundary and matrix / particle interface can be observed 

and calculated. The obtained information would also enable comparison between difference 
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composite electrolytes to develop further discussions. Solid-state nuclear magnetic resonance 

(NMR) has been employed to study the LiF – γ-Al2O3 system and successfully observed a 

motionally narrowed signal on the 7Li NMR spectra that is attributed to the highly mobile lithium 

ions at the hetero-interface (i.e., LiF matrix / γ-Al2O3 particle interface) [4–6]. This is another 

viable characterisation technique that can be applied to the composite systems reported in this 

work, which not only reveals the lithium-ion migration at space charge layer but also allows 

calculation of the proportions of mobile lithium-ions at both the bulk and the matrix / particle 

interface. In terms of application of the composite electrolytes, LAGP – 4wt.% LLTO and LATP 

– 6wt.% La2O3 composites should be integrated into battery cells to carry out further 

electrochemical measurements such as cyclic voltammetry test using a full cell with lithium foil 

as anode to probe the electrochemical stability window of the composite samples and compare 

with the pristine NASICON electrolytes.  

Synthesis wise, Chapter 2 and Chapter 3 have proven that LaPO4 is an effective insulative 

dispersant to formulate space charge layer at the matrix / particle interface. However, direct 

incorporation of LaPO4 particles failed to replicate the conductivity enhancement that is observed 

in LAGP – LLTO and LATP – La2O3 composites. Further evidence in Chapter 4 suggests that 

an intimate contact between insulative particle and ionic-conductive matrix is vital to the 

formation of space charge layer and subsequent enhancement in conductivity, which might be 

lack in the case where the NASICON precursors were directly co-sintered with LaPO4 particles. 

Therefore, engineering of the NASICON matrix / LaPO4 particle interface can be a valuable 

further work. This topic can be explored by 1) reducing the initial particle size of the initial LaPO4 

particles to facilitate recrystallisation during sintering, 2) alter the dwelling temperature of the co-

sintering process to facilitate a liquid-phase sintering process such that the LaPO4 phase can be 

wettened by the NASICON precursor during the sintering or vice versa, 3) introducing ternary 

additives as binders to introduce liquid-phase sintering behaviour. The proposed ideas are focused 

on enhancing conductivity of NASICON-type lithium-ion conductors by direct incorporation of 

LaPO4 particles, mainly because that eliminating chemical reactions during the sintering prevents 

NASICON matrix from donating phosphorus to form LaPO4 with the lanthanum donor, such 

that formation of impurity phase from decomposition of additives (such as unidentified phases in 

Chapter 2) or phosphorus depleted NASICON (such as LiTiPO5 in Chapter 3) may be avoided. 
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