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Abstract 

This thesis describes the synthesis, structure and properties of a range of 

materials to be  used in Li/Na ion batteries. As potential solid electrolytes, Si/B 

doped lithium lanthanum titanium oxide (LLTO) perovskites, Na doped Nb/Ta/Zr-

based garnets and mixed Na/K-Mg sulphates were studied. The oxoanion doped 

eldfellite material and mixed Na/K-Ti/V phosphates were studied as potential 

cathode materials. The silicon and boron doped LLTO perovskites were shown to 

have  better sinterability but have a lower ionic conductivity. Na doped garnets 

demonstrated the ability to incorporate Na onto the La site with partial 

incorporation to the Li site as well, therefore blocking Li transport. New systems 

were reported for Na-Mg sulphates. The detailed X-ray diffraction study of 

Na2Mg2(SO4)3 highlights enormous complexities within the system. The thermal 

evolution of these phases was studied. The eldfellite NaFe(SO4)2 was demonstrated 

to be able to have 25% of sulphate replaced with hydrophosphate and selenate 

anions without degrading the structure. Mixed Na/K-Ti/V phosphates were shown 

to form two different structures: NASICON and langbeinite with unusual cell 

parameter changes.    
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Chapter One 

Introduction 

 

Although the development of lithium batteries began in 1912, it was only in 

the 1970s that primary cells with a lithium anode started to be widely used. This 

advance provided the impetus for such power sources to firmly take their place as 

an integral part of portable equipment, and allowed the production of high voltage 

batteries with high specific capacity. There were, however, great difficulties in the 

creation of rechargeable lithium batteries that took more than 20 years to overcome. 

Even then the process occurring during their use ultimately caused safety issues, 

due to a violent reaction known as “ventilation with the release of fire”. An example 

of this phenomenon and its impact can be seen in Japan in 1991 where lithium 

batteries were being used as a power source in mobile phones for the first time. A 

number of users received facial injuries as a result of their device exploding during 

a call (when the current load was at its maximum) with the flames emanating from 
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the battery compartment. As a result of these incidents this type of Li anode battery 

was withdrawn from the market. 

Many studies of Li batteries have shown that the problem is the reactivity 

of the lithium metal electrode. With the instability being inherent to the use of Li 

metal, the focus of research within the Li ion battery field moved to creating a cell 

with an electrode made of a lithium based compound. In such a system charging and 

discharging the battery are processes in which the lithium ions are transferred from 

one electrode to the other. On discharging the lithium ions deintercalate from the 

anode material and intercalate into that of the cathode (Figure 1). The charging 

process is the reverse. As no metallic lithium is present in the system this was known 

as a Li-ion or "rocking chair" battery. Although metallic lithium batteries provided 

the higher energy density, these newer lithium ion batteries were advantageous by 

being safer while having the correct mode of charging and discharging. 

A revolution in the development of rechargeable lithium batteries led to the 

use of a new material for the anode. The well-known Japanese technology 

Figure 1. Schematic charge/discharge process in Li-ion cell. Li ions are green 
dots. 
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companies (Panasonic, Sanyo and Sony) developed a battery with a carbon based 

negative electrode: graphite, in particular, proved a convenient matrix for the 

intercalation of lithium ions. In order to achieve a sufficiently large voltage, LiCoO2 

was used as the active material for the cathode. First proposed as an electrode 

material by Goodenough et al.1 LiCoO2 has a potential of ~4V with respect to a 

lithium electrode. Thus, a lithium ion battery with a lithium cobalt oxide cathode and 

a graphite anode typically has an operating voltage above 3V. 

Modern lithium ion batteries have high energy densities (100-180 Wh/kg 

and 250-400 Wh/l), and operating voltages (3.5-3.7 V). In a year, a Li-ion battery 

loses between 10-20% of the stored capacity through self-discharge: about 6.4% 

occurs in the first month with the rate significantly decreasing thereafter. Table 1 

gives the Deutsche Bank 2008 comparison of the characteristics of several types of 

battery2. It is clear that the cost of producing lithium ion batteries was significantly 

lower already than that of nickel metal hydride batteries at this time. However, by 

2016 the cost of Li-ion batteries has dropped to 200€/kWh3 (from 350) and is 

predicted to fall further to 130€/kWh by 2020. The same report forecasts the 

energy density limit 300Wh/kg for lithium ion batteries to be reached in the near 

future.  

Table 1.  Characteristics and prices of batteries2 

Batteries Voltage 
Specific 
Capacity 

Self-discharge 
per month  

Cycles 
Price 

€/kWh 
Ni-Cd 1,0-1,35V 40 Wh/kg 10% 1000-2000 200 
Ni-MH 1,1V 71 Wh/kg 15% 1000-2000 600 

Li-ion 3,5-3,7V 
105-170 
Wh/kg 

4-6% 7000 350 
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There is no consensus regarding the status of the supply of materials for 

batteries particularly in relation to cobalt and lithium depletion3,4. However when 

any technology transits into the mass market, a large amount of resources will be 

required. For lithium-ion batteries the main difficulty of such a transition is the 

maintenance of balance between demand and supply of materials. A regular 60kWh 

Li-ion battery  for an electric vehicle (~350km) contains 7.5kg of lithium, 65kg of 

transition metals, 55kg of carbon, 48kg of copper and 30kg of aluminium5. Such a 

large amount of valuable materials should not be withdrawn from the production 

cycle by directly disposing of the battery at the end of its life. Recycling such 

materials saves resources but requires an extra industrial loop and is therefore 

costly. Furthermore, recycling alone will not be sufficient to maintain the necessary 

supply of battery materials, given the large projected increase in Li-ion battery 

usage due to electric vehicles.  

For these reasons new chemistry for batteries must be explored. Some of 

this resource problem could potentially be solved by replacing lithium with more 

earth abundant sodium6. The utilisation of sodium in rechargeable cells has been 

under investigation for some time but was significantly slowed by the major 

progress made with lithium ion batteries. Nowadays there has been renewed 

interest in sodium ion batteries due to the wide natural abundance of sodium. As 

such using sodium in combination with iron and manganese containing cathodes 

may be a cheap solution of the issues to supply and demand. 

The chemistry for Na-ion and Li-ion batteries seems to be similar. However, 

the larger ion size and smaller polarisation causes the structure formation and 
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diffusion properties to be significantly different. Furthermore, the behaviour of the 

electrolyte changes as the simpler desolvation of Na ions7 improves the charge 

transfer properties. Changing the alkali ion from lithium to sodium also enables the 

anode copper current collector to be replaced with cheaper aluminium as the latter 

does not form an alloy with sodium. In addition, some of the chemistries which are 

inactive for Li ion systems are active with the Na-ion. For example, Komaba et al. 

reported that lithium chromite (LiCrO2) is passive in Li cells but sodium chromite 

(NaCrO2) works in Na cells8. Further research is focused on studies of Na-air and Na-

sulphur systems that are very different comparing to the Li9,10. One problem with 

Na-ion batteries is the inability of sodium ions to intercalate into layers of graphite, 

which requires an alternative anode, with a range of hard carbon being examined11.  

     

Cathode 

 

With respect to the cathode of Li-ion batteries, reaching the current state of 

affairs has taken many years of constant development. Today a number of cathode 

materials are available for the mass production of lithium-ion batteries:  

 Lithium cobalt oxide LiCoO2 (LCO); 

 Lithium manganese oxide LiMn2O4 (LMO); 

 Lithium titanium oxide Li4Ti5O12 (LTO);  

 Lithium nickel manganese cobalt oxide LiNi1-x-yMnxCoyO2 (NMC); 

 Lithium nickel cobalt aluminium oxide LiNi1-x-yCoxAlyO2 (NCA);  

 Lithium iron phosphate, LiFePO4 (LFP). 
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Different applications tend to use different chemistries to match the 

performance required. Figure 2 shows the comparison of these cathode materials. 

Comprising from these characteristics LCO is commonly used for mobile 

electronics (phones, laptops), LMO and LFP is suitable for power tools and medical 

instruments, NCA and NMC are currently competing in electric vehicle industry, and 

LFP is far ahead in application requiring high thermal and chemical stability, i.e. 

safety.   

Lithium cobalt oxide was first proposed as cathode material by Goodenough 

et al. in 198012. Currently, it is the most studied cathode material for Li-ion batteries. 

The main advantages of this compound are a high voltage of the cell, high electronic 

conductivity, significant energy density and relatively simple manufacturing 

process. However, this material is not thermally stable, not environmentally 

friendly, expensive and pyrophoric when physically damaged. Currently there is no 

alternative for small, low consumption, high capacity appliances but LCO. 

Lithium nickel manganese cobalt oxide (NMC) and lithium nickel cobalt 

aluminium oxide (NCA) show improved thermal and electrochemical behaviour in 

Figure 2. Comparison of different types of Li-ion batteries3 
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cells in comparison to LCO. Further improvement of these systems led to the 

appearance of Li-rich compositions, which have very attractive properties, and may 

potentially become the next generation of the cathode materials13. 

LCO, NMC and NCA have an ordered cation rock salt structure (Figure 3). 

The transition metals form layers consisting of edge sharing MO6 octahedra. The 

nickel, aluminium, manganese and cobalt occupy random positions within the layer. 

These layers are separated by layers of Li in octahedral sites. In the case of Li-rich 

structures some of the lithium ions go into the transition metal site with the 

formation of a hole on the nearest oxygen site. This allows interlayer ion diffusion 

in addition to intralayer transport14. 

Lithium manganese oxide spinel (LMO) was first reported to have 

electrochemical activity suitable for Li-ion cells in 1984 by Goodenough et al.15. This 

compound has a 3D network of edge-sharing MnO6 octahedra with a network of 

accompanying channels for Li ion transport. Lithium occupies tetrahedral sites 

Figure 3. Structure of layered LiCoO2 
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within the channels (Figure 4)16. The main advantage of LMO system is that when 

the all Li is extracted, the residual phase remains stable in the λ-MnO2 form17. This 

important property makes the compound very different from layered metal oxides 

which decompose at full discharge state and are thus no longer active. However, the 

complete extraction of Li requires very high voltages which are outside the stability 

window of most electrolytes used in cells18. Therefore, the actual capacity that can 

be achieved is only near 120mAh/g. Furthermore, at high voltages the presence of 

Mn3+ ions initiates disproportionation, with the material consequently 

decomposing19. As such, despite the fact that it is cheap and environment friendly, 

LMO materials are not as widely used as LCO, NMC, and NCA. 

The electrochemical properties of lithium iron phosphate (LFP) were 

reported by Goodenough et al. in 199720. LFP batteries are the third generation of 

lithium-ion batteries and are different from previous generations due to 

improvements in fire safety, specific capacity, rate of self-discharge and increased 

Figure 4. Structure of lithium manganese spinel LiMn2O4 
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number of charge-discharge cycles21. In comparison with LCO, LFP gives a lower 

operating voltage of 3.2-3.3 volts, but it is a very cheap, non-toxic and stable 

material, providing long duty cycle. Its main disadvantage is its very poor 

conductivity, which makes it challenging to realize its high theoretical capacity of 

170 mAh/g. To improve conductivity, nanosized powder particles of LFP are coated 

with a carbon layer22. Partial replacement of iron with other transition metals (e.g. 

manganese or vanadium) was also reported to be beneficial to electrochemical 

performance23,24. The computational simulations have predicted that  substituting a 

small percentage of the iron with lithium  improve electrochemical 

characteristics25,26, which was proved experimentally27. LFP is considered to be a 

good option for grid storage batteries and less beneficial for electric vehicles, due to 

giving a lower power density.  However, following cases where cars with a LCO 

battery have caught fire, the Chinese government have forced electric bus 

manufacturers to change to using LFP batteries as they are much safer.  

Figure 5. Structure of lithium iron phosphate LiFePO4 
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Lithium titanium oxide (LTO) is an interesting material. Having a  relatively 

low potential vs Li (~1.5V), LTO can be utilised as cathode as well as anode28, 

although the latter is more common. Therefore the direction of the processes 

happening depends on the potential of the opposite electrode: with a lithium 

electrode, LTO is a cathode; with a LCO electrode, LTO is an anode. This material has 

a spinel structure and is very similar to LMO. However, the octahedral transition 

metal site is partially occupied by lithium as well (Figure 6). When extra lithium 

intercalates into the structure, it forces the displacement of the tetrahedral lithium 

in to octahedral coordination, forming the rock-salt structure29. The high electronic 

resistance and low potential of LTO, however has inhibited its’ widespread use. 

However, due to almost no major structural changes during 

intercalation/deintercalation processes, outstanding safety, stability and long cycle 

life, LTO is an excellent material for future devemopment30. 

Figure 6. Structure of lithium titanium oxide Li4Ti5O12 
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There are many more materials that are promising options for cathodes of 

Li-ion batteries. As a result of the early stages of development, there are fewer 

materials available for the cathode of a Na-ion battery. For such battery systems to 

be commercially beneficial, the requirements are significantly different as the major 

application is likely to be in grid storage. 

The structures of materials for Na-ion battery cathodes are very similar to 

those seen for Li-ion batteries with some variations. For example, different 

polymorphs of sodium transition metal oxides (similar to LCO) show 

electrochemical activity in cells (~3V), but undergo irreversible phase transitions, 

which causes quick degradation of the structure31. This kind of layered materials 

were used in Na cells by Sumitomo Kagaku company in Japan32. The sodium iron 

phosphate (NaFePO4) exhibits the maricite structure (instead of the olivine 

structure exhibited by LiFePO4) and therefore has problems with electrochemical 

behaviour due to slower diffusion of ions33. Na2FeP2O7 has proved to be suitable for 

battery applications due to the structure having wide Na-ion migration pathways, 

which potentially allow large charge/discharge rates34. Sodium vanadyl phosphate 

is very similar to lithium analogue (LiVOPO4), and has been shown to be promising 

for Na-ion batteries35. 

As highlighted in the above systems, a lot of research into Na ion cathode 

materials has examined systems containing polyanions, such as PO43-, P2O74-, SO42-. 

A significant step forward in the development of sulphate based cathodes for Na-ion 

batteries was achieved relatively recently36. Most of these materials are based on 

iron sulphate, but their chemistries can vary significantly. 
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Iron(III) sulphate, with a rhombohedral NASICON (Na Super Ionic 

Conductor) structure has been demonstrated to be able to intercalate Na37. 

Considering the very low manufacturing cost of this material and the high cell 

voltage, it has attracted a lot of attention as a potential cathode for Na-ion batteries. 

NASICON structures are famous for their high ionic conductivity and this feature 

aids their good electrochemical behaviour38–44. However due to the smaller size of 

sulphate units than phosphate, the diffusion of Na ions is significantly inhibited in 

NASICON sulphate systems45. Reliable reversible electrochemical performance of 

this material is therefore tricky to achieve.  

Barpanda et al. reported that a non-stoichiometric alluaudite-type 

material46, Na2+2xFe2-x(SO4)3, can be reversibly charged/discharged, with a potential 

near 3.8V vs Na/Na+. This is a monoclinic (C2/c) system consisting of edge sharing 

Fe2O10 dimers connected by sulphate tetrahedra, where Na is distributed in the 

tunnels within the structure (Figure 7). Some of Na sites within the structure are 

Figure 7. Alluaudite structure of Na2.2Fe1.8(SO4)3 
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inactive as they are fully occupied and therefore do not allow ion diffusion47. The 

room temperature conductivity of this material is rather low (~10-8S/cm), which is 

comparable to NASICON materials48 such as Na3V2(PO4)3. To improve electronic 

conductivity, extra processing is required, e.g. covering the material with carbon as 

for LFP. Similar derivatives of the materials with Co, Ni and Mn also have some 

electrochemical activity49–51. 

Bisulphate cathode materials with the kröhnkite52, Na2Fe(SO4)2 ⋅ 2H2O, and 

blöedite53 structure, Na2Fe(SO4)2 ⋅ 4H2O, were reported to have a potential ~3.3V vs 

Na/Na+.  These materials, however, undergo amorphization during charging cycles, 

leading to a loss of capacity. With care, it is possible to dehydrate these materials to 

synthesize Na2Fe(SO4)2, which has some electrochemical activity and gives an 

average redox potential of 3.4 vs Na/Na+. 

Eldfellite is a mineral NaFe(SO4)2 that has been shown to be able to 

intercalate Na ions and was successfully utilised as a cathode material54. The 

structure consists of layers of FeO6 octahedra connected by SO4 units, separated by 

a layer of Na ions. A relatively insignificant volume change allows the reversible 

capacity of the material to be maintained on cycling. The activation energy of sodium 

ion migration was found to be approximately 0.6eV55. Banerjee et al. used DFT 

calculations to predict that this material can be improved by substitution of iron 

with other transition metal, such as vanadium or titanium56. 

Today the use of sulphate compounds in Na-ion batteries is preferable over 

the use of phosphates, as they are manufactured via cheap and sustainable 

approaches36. The high redox potential that is possible in some cases, also means 
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that they can even successfully compete with Li systems. However, the absence of 

extensive knowledge of such systems is slowing down their progress and transition 

into industry. Given the large diversity of structural features, sulphate compounds 

are a very interesting target for developing new battery material through 

understanding the relationship between structure and properties.  

 

Electrolyte 

 

The currently utilised electrolyte for a lithium (ion) battery has one very 

significant disadvantage – flammability. The replacement of this electrolyte with a 

ceramic ion conductive separators allows this problem to be excluded. Further, the 

issue of short circuiting due to cell fracture and formation of dendrites is resolved. 

This type of solid state electrolyte usually has high thermal stability, and with the 

rise of temperature, the conductivity of the ceramic electrolyte increases, making it 

favourable to use at elevated temperatures with molten electrodes57.  

 Solid Li ion conductive electrolytes are currently divided into three main 

groups: phosphates, sulphides and oxides (crystalline or glass)58.  

Phosphates mainly include substances with the general formula 

Li1+xM1yM2z(PO4)3, where M1 and M2 are germanium, titanium, zirconium or 

aluminium. These materials are good lithium ion-conductors, and adopt the 

NASICON structure. Currently, the phosphate that has the highest ionic conductivity 

at room temperature (5×10-3 S/cm) is the glass-ceramic with a general formula of 
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Li1+xAlxGe2-x(PO4)3, where x = 0.559. However, phosphate electrolytes often exhibit 

instability with respect to the electrodes. 

Sulphide electrolytes are considered very promising for use in lithium-

sulphur batteries, but the complexity of synthesis and of forming highly ordered 

structures leads to low diffusion rates during charge/discharge cycles. 

One of the earliest and best representatives of oxide electrolytes remains 

lanthanum lithium titanate (LLTO). This has the highest bulk ionic conductivity 

stability for the oxide electrolytes. LLTO has a perovskite-type structure described 

by the general formula of ABO3, where A is a large 12-coordinated cation located in 

the middle of the cubic unit cell, and B is small 6-coordinated cation located at the 

corners of the cell and linked via oxygen (Figure 8)60.  In LLTO, the  lanthanum ion 

shares the A site with a small amount of lithium, enabling Li ion conduction: this 

Figure 8. Crystal structure of LLTO 
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gives the general formula of La2/3-xLi3xTiO361. The maximum conductivity is on the 

order of 10-3 S/cm at room temperature62–65.  

The ratio of La to Li plays a key role in the transport of lithium ions. 

Increasing in the ratio to more than 1 leads to the formation of vacancies that remain 

neutrally charged. The maximum in the conductivity is observed when x = 0.125 

(La/Li = 1.4) and the symmetry of system is tetragonal66,67. At lower lithium 

contents, the orthorhombic phase is formed. The tetragonal structure, which has a 

higher conductivity begins to form at x = 0.0868. Figure 9 shows the measured bulk 

conductivity of grains and the total conductivity for various compositions of LLTO. 

Distinguishing between bulk and total conductivity is very important as a large bulk 

grain conductivity with respect to that of grain boundaries shows that the transport 

of lithium ions is difficult at the grain surface. As well as the composition of the 

Figure 9. Conductivity of La2/3-xLi3xTiO3 (LLTO) (used with 
permission)198 
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interface, the size of the grain plays a crucial role in the conductivity of these 

systems. Considering that there are always grain boundaries in any working system, 

in practice, LLTO shows a maximum total (bulk and grain boundaries) conductivity 

around 10-4 S/cm at room temperature.  Many approaches have been used to try to 

overcome this problem of a resistive grain boundaries - mostly related to the 

addition of interface enhancing compounds69.  

The influence of doping on the bulk conductivity of grains of LLTO is shown 

in Figure 1065,70–72. Substitution of small amounts of aluminium for titanium results 

in a higher conductivity. At the same time the addition of sodium, which replaces 

atoms in the A site, leads to a decrease in conductivity, while replacing some of the 

oxygen with fluorine does not have a significant effect on the conductivity . Other 

studies have shown that the addition of silica to Li0.5La0.5TiO3 increases the overall 

Figure 10. Bulk grain conductivity of LLTO with Al, Na and/or F 
additions (used with permission)198 
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conductivity, which may be due to its effect on diffusion of lithium ions at the grain 

boundaries62. 

 The conductivities of some other oxides used as a solid electrolyte for 

lithium-ion batteries are shown in Figure 1173–77. The conductivity of lithium ions in 

Li3BO2.5N0.5, Li9SiAlO8 and Li4SiO4 is close to the conductivity of LLTO, while other 

oxides tend to show lower li-ion diffusion. The high specific ionic resistance may 

prevent the use of these materials as the electrolyte for household batteries.  

However, materials with low conductivity may be used in thin film or high 

temperature batteries. Thus, Li3BO2.5N0.5 with lower conductivity than LLTO under 

normal conditions, has been used in a thin film battery75. 

Figure 11. Conductivity of selection of oxide electrolytes (used with 
permission)198 
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The other important member of oxide Li-ion conductors are the garnet 

materials. The classic garnets are based on orthosilicates AII3BIII2(SiO4)3, where the 

A and B cation occupy eight and six coordinated cation sites respectively78. Garnets 

have been used in a very wide range of applications - from jewellery to laser 

generation. Garnets were first proposed as solid electrolytes by Thangadurai et al. 

in 200379. The ionic transport in Li5La3M2O12 (M=Nb, Ta) was shown to be 

comparable to other ceramic Li-ion conductors. Even though the conductivity at 

room temperature for this material wasn’t outstanding (10-6 S/cm), it revealed good 

stability against molten lithium. 

The ideal Li-ion conductive garnet structure has a cubic symmetry with 

space group  𝐼𝑎3̅𝑑  (Figure 12). It consists of 6-coordinated octahedra (Me1O6) 

linked by 8-coordinated square antiprisms (Me2O8). This system forms a 3D 

Figure 12. Crystal structure of garnet solid electrolyte. Lithium pathways are 
shown 
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structure with channels through the crystal lattice, in which there are two partially 

occupied Li sites. The first is tetrahedral, while the second is an interstitial distorted 

octahedral site. The occupancy of the Li site plays a key role in the Li-ion conduction. 

A fully occupied tetrahedral Li site was reported for Ln3Te2Li3O12 by O’Callaghan et 

al80, but the Li-ion conductivity remains very low even at high temperatures 

(10-5 S/cm at 600oC). In the same way, a fully occupied octahedral Li site was shown 

for tetragonal garnets, which are also very poor Li-ion conductors81,82. Interestingly, 

in 2007 Murugan et al. reported that the cubic garnet Li7La3Zr2O12 in which the Li 

sites are fully occupied, has a good conductivity about 10-4 S/cm at room 

temperature83. However, in this case the fully loaded with Li garnet (Li7) should have 

a tetragonal crystal system84, and it was later shown that the cubic garnet reported 

by Murugan actually arises from Al3+ incorporation on the Li site as result of reaction 

with the alumina crucible85. This aluminium incorporation causes a decrease in the 

overall Li content and creates vacancies, thereby promoting ionic conduction86. 

The fact that the conductivity of garnets can be improved by the 

introduction of more Li into the lattice inspired a wide range of doping studies on 

Li5La3M2O12 materials87. It has been shown that substitution of La(III) with divalent 

alkaline earth metals Ba(II)88,89, Ca(II)90,91, Sr(II)89,91 in Li5La3M2O12 (M=Nb, Ta) 

leads to an improvement in the Li-ion conductivity due to an increase in the Li 

content. Ba and Sr substitution seems to be the most successful so far (Figure 13). 

Monovalent alkali metal substitution has also been reported: potassium doping was 

successfully applied to improve Li conductivity in the Nb based garnet92. Some 

improvement in the conductivity of Li7La3Zr2O12 was achieved by substituting of Zr 
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with a low level of Nb93, while Li5+xLa3A2-xBxO12 (A = Nb or Ta, B = Sc or Zr) showed 

good conductivity behaviour and stability towards metal lithium (for Ta). 

Even though the first fast alkali ion conductors were reported for sodium94, 

lithium-ion conductors are receiving the most attention from material scientists. 

This is related to the fact that the solid electrolytes may significantly enhance safety 

of Li-ion batteries, which is becoming more important when considering high power 

electric vehicle application. On the other hand, sodium-ion batteries are considered 

to be safer due to the higher stability of constituent compounds.  

The most famous representative of Na-ion conductors is the NASICON 

structure38,39. The original compound studied consists of ZrO6 octahedra linked via 

three PO4/SiO4 tetrahedra, forming the so-called NASICON lantern unit. These units 

form a rigid 3D framework in the lattice with trigonal symmetry. Interestingly, 

Figure 13. Conductivity of Garnet solid electrolytes (used with permission)198 
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depending on composition, NASICON materials can exhibit rhombohedral, 

monoclinic or triclinic symmetry. There are two sites for the alkali metal: between 

the ZrO6 octahedra in the vertical row and in an interstitial site between the 

tetrahedra (Figure 14). When sodium moves through the lattice, it jumps from one 

site to another. Therefore vacancies on these sites improve ionic conductivity of the 

material. It was shown that a change of the Na content significantly changes the 

conductivity95 and thus can be achieved via partial replacement of the either 

framework metal or anion group96. Other anions (e.g. sulphate) may form NASICON 

structures as well, although there appears to be a specific relation between the 

cation and anion sizes required for NASICON to be formed.  

 

  

Figure 14. The structure of NASICON showing two different sites for sodium 
(green and yellow) in conducting channel and hexagonal array of groups in 

(0 0 1) plane 
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Aims and objectives 

 

The recent advances in Li/Na ion batteries revealed potential safety issues 

with current battery materials. Consequently, there is an increasing interest in the 

development of alternative electrode and electrolyte materials.  This work contains 

a variety of different studies dedicated to the improvement of the behaviour of Na/Li 

cells. Doping strategies were utilised to create new phases which might exhibit 

better electrochemical performance and, subsequently, efficiency. 

Work was carried out to research how doping silicon and boron oxides on 

to the B cation site influences the conductivity of lithium lanthanum titanium oxide 

electrolyte materials. This study follows the work done by Hancock et al. which 

showed the possibility of substituting oxyanions onto this site in the perovskite 

structures97. 

A study of doping Na onto the La site in the Li5La3M2O12 (M=Nb, Ta) garnet 

electrolyte was performed in the hope of increasing the amount of charge carriers 

(Li-ions) in the lattice and subsequently improve the conductivity. This strategy has 

been shown to be successful in the case of divalent metal substitution on the La site. 

The promising electrochemical behaviour of Fe-alluaudites led to the 

investigation of potential Mg-alluaudites which might have high ionic conductivity. 

As such, a study of mixed alkali metal magnesium sulphates was designed, to try and 

form an alluaudite structure as observed for Na2+2xFe2-x(SO4)3. Forming an 

alluaudite structure based on magnesium was unsuccessful. However this study led 



 
Chapter One 
Introduction 

24 

to the discovery of a range of previously unknown structural frameworks very close 

in terms of composition. 

Oxoanion doping of the promising cathode material NaFe(SO4)2 with 

eldfellite structure was performed in order to try and tailor the electrode potential. 

This approach has already been shown to be successful in previous studies of related 

systems by Driscoll et al.98. 

Work on a continuous range of Na-K for Ti/V phosphates was carried out to 

identify the stability regions of NASICON-langbeinite phases in the hope of finding 

potential new electrode materials for K/Na-ion batteries. 

The experimental work for this thesis was done with a variety of techniques, 

as different studies required their own approaches. The main technique utilised, 

however, is X-ray diffraction as the first thing to study is always the crystal structure. 

This work combines different findings that are sometimes quiet diverse 

from each other, as the work led to a range of interesting, somewhat tangential 

results.  



 

 

 

 

 

 

 

 

Chapter Two 

Experimental techniques 

 

Synthetic routes 

Solid state 

 

One of the most common manufacturing processes for ceramic materials is 

the solid-state route. This method is very popular due to relative simplicity. 

Normally, no special equipment is required – just a crucible and a furnace. Reagents 

are mixed together and sintered at high temperature. However, due to the 

heterogeneous nature of the process, the rate of reaction highly depends on the 

contact surface area. Thus, to improve the reaction performance, reactants are 

ground together (e.g. using a pestle and mortar, ball-mill etc.) to allow even 

distribution of the chemicals over the entire reacting mass and to increase the 

contact surface area by minimizing the size of the reacting particles. Often the solid 
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mixture is pressed into pellet to decrease porosity, further increasing the contact 

surface area. For some systems, the product may start to form during this grinding 

stage. In this case, the process is called mechano-chemical activation. Normally, 

high-power ball milling is used to carry this process. Once the chemicals are mixed, 

the high temperature heat treatment is applied: the temperature used depends on 

the stability and melting point of the compounds. Often the reaction process takes a 

significant amount of time due to slow ion diffusion rates and requires intermediate 

regrinding to complete the formation of a single phase.  

 

Dissolution-evaporation 

 

If the melting point of product is too low or it decomposes at high 

temperatures, it is not possible to apply the very high temperature required in the 

solid-state reaction process. In this case, dissolution-precipitation method can be 

applied if the precursors are soluble. Once the reagents have dissolved in a suitable 

solvent (normally water), the solutions are mixed together. The mixed solution 

formed is subsequently evaporated on a hotplate with magnetic stirrer and dried. 

The precipitate can then be heated to ensure reaction to form the required phases. 

This method is especially good for solution stable salts like most of the sulphates 

studied in this work.  
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Single crystal growth 

 

In this work single crystal studies have been used for structure solution. To 

grow the single crystals, a method of crystallisation from the melt was applied. A 

small amount of powder material is placed on a piece of gold foil and is heated above 

the melting point. The melt is then slowly cooled to room temperature at a rate 

10oC/hour. The cold mass is then crushed and small single crystals that are sufficient 

to conduct single crystal study extracted.  

In some cases, the powders obtained via the dissolution-evaporation 

synthesis route (discussed above) with subsequent heat treatment can be used for 

the single crystal study as is. This is because small single crystals often appear in the 

powder mass and can be picked for use in the diffraction experiment.  

 

Basic Crystallography 

 

An ideal crystal structure can be expressed as a lattice consisting of an 

infinitely repeated stack of the same unique parallelepipeds (unit cell). This 

repetition represents the fundamental property of any crystal lattice – translational 

symmetry. Dimensions of the unit cell can be expressed as three vectors (𝑎⃗, 𝑏⃗⃗, 𝑐) 

radiating from the same point, while the angles between the vectors can be assigned 

to ,  and  (Figure 15): these six dimensions are called the unit cell parameters. 

Depending on the symmetry of the crystal lattice, it can be attributed to one of six 

crystal families or seven crystal systems (Table 2).  
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A point group is a set of symmetry elements that leave at least one point in 

space fixed. Six symmetry elements are used to express the mutual positions of the 

atoms within the lattice: a centre of symmetry, a rotation axis, a mirror plane, a 

rotation-reflection axis, a screw axis and a glide plane. Rotational axes in 

crystallographic point groups can be 1, 2, 3, 4 and 6 order corresponding to 360o, 

180o, 120o, 90o and 60o angular intervals.  Combining the different symmetry 

elements gives a total of 32 crystallographic point groups. 

Depending on the centring within the lattice cell, there can be defined four 

types: primitive (P), body-centred (I), face-centred (F) and base-centred(C, A or B). 

The combination of the crystal systems with cell centring generates 14 different 

Bravais lattices.  

The combination of the 14 Bravais lattices with the 32 crystallographic 

point groups generates 230 three-dimensional space groups. These space groups 

are used to fully describe any 3D crystal lattice.   

 

Figure 15. Crystal unit cell 
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Table 2. Crystal systems 

Crystal family Crystal system 
Point 

groups 
Cell parameters 

restrictions 

No. of 
space 

groups 

Bravais 
lattices 

Triclinic 
(anortic), a 

Triclinic 1, 1̅ 
a, b ,c 
α, β, γ 

2 aP 

Monoclinic, m Monoclinic 
2,𝑚, 
2/𝑚 

a, b, c 
α=β=90o, β  

(β >90o) 
13 

mP 
mC 

(mA, mB, 
mI) 

Orthorhombic, o Orthorhombic 
222,𝑚𝑚2, 
𝑚𝑚𝑚 

a, b, c 
α=β=γ=90o 

59 

oP 
oC 

(oA, oB) 
oI 
oF 

Tetragonal, t Tetragonal 

4, 4,̅ 4/𝑚, 
422, 4𝑚𝑚, 
4̅2𝑚, 

4/𝑚𝑚𝑚 

a=b, c 
α=β=γ=90o 

68 
tP 
tI 

Hexagonal, h 

Trigonal 
(hexagonal 

axes) 
3, 3̅, 

32, 3𝑚, 
3̅𝑚 

a=b, c 
α=β=90o, γ=120o 

18 hP 

Trigonal 
(rhombohedral 

axes) 

a=b=c 
α=β=γ 

7 hR 

Hexagonal 

6, 6̅, 6/𝑚, 
622, 6𝑚𝑚, 
6̅2𝑚, 

6/𝑚𝑚𝑚 

a=b, c 
α=β=90o, γ=120o 

27 hP 

Cubic, c Cubic 
23,𝑚3̅, 
432, 4̅3𝑚, 
𝑚3̅𝑚 

a=b=c 
α=β=γ=90o 

36 
cP 
cI 
cF 

 

To describe lattice planes, rows or points, three integer Miller indices (h, 

k, l) are used. These are reciprocal coordinates of intercepts in fractions on the unit 

cell axis. Lattice planes are identified by regular parenthesis brackets, for example 

(102); to determine lattice rows square brackets are used: [102]; lattice points are 

defined without any brackets: 102. In every lattice, there are sets of repeating 

parallel planes crossing it at equal distance. This distance depends on the cell 
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parameters, and is known as the spacing of the planes or the interplanar distance, 

and is labelled by the letter d. 

 

Diffraction 

 

The typical d-spacing for any crystal lattice lies within 1-4 Å. X-rays, 

neutrons or electrons with a wavelength that is similar to the d-spacing can be 

scattered from the periodic array of atoms in the crystal cell. Let us assume that an 

incident monochromatic beam (S0) of any kind is diffracted at an angle (𝜃) from 

adjacent planes with interplanar distance dhkl (Figure 16). The difference in the path 

length between two waves passing through point A1 and A2 is BA2+A2C, and 

according to basic trigonometry equals 2𝑑ℎ𝑘𝑙𝑠𝑖𝑛𝜃. Diffraction maxima are observed 

when there is a constructive interference between the diffracted beams, which only 

occurs when they are in phase. Therefore, the difference in path length between the 

Figure 16. Diffraction of beam from a 2D-crystal 
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waves must be equal to an integer number of wavelengths. This condition is known 

as Bragg’s Law: 

𝑛𝜆 = 2𝑑ℎ𝑘𝑙𝑠𝑖𝑛𝜃  

Since d spacing values are a function of the unit cell parameters (a, b, c, ,  

and ) and have a non-linear dependence it is quite difficult to work with direct-cell 

parameters. It is more convenient to use reciprocal-cell parameters (a*, b*, c*, *, * 

and *) and Miller indices (h, k, l). This way Bragg’s Law can be written: 

4 sin2 𝜃

𝜆2
=

𝑛2

𝑑ℎ𝑘𝑙
2 

= ℎ2𝑎∗2 + 𝑘2𝑏∗2 + 𝑙2𝑐∗2 + 2ℎ𝑘𝑎∗𝑏∗ cos 𝛾∗ + 2ℎ𝑙𝑎∗𝑐∗ cos 𝛽∗  + 2𝑘𝑙𝑏∗𝑐∗ cos 𝛼∗ 

To calculate direct-space cell parameters these equations are used: 

𝑎 =
𝑏∗𝑐∗ sin 𝛼∗

𝑉∗
 

𝑏 =
𝑎∗𝑐∗ sin 𝛽∗

𝑉∗
 

𝑐 =
𝑎∗𝑏∗ sin 𝛾∗

𝑉∗
 

cos 𝛼 =
cos𝛽∗ cos 𝛾∗ − cos 𝛼∗

sin 𝛽∗ sin 𝛾∗
 

cos 𝛽 =
cos 𝛼∗ cos 𝛾∗ − cos 𝛽∗

sin 𝛼∗ sin 𝛾∗
 

cos 𝛾 =
cos𝛼∗ cos 𝛽∗ − cos 𝛾∗

sin 𝛼∗ sin 𝛽∗
 

𝑉∗ = 𝑎∗𝑏∗𝑐∗√1 − cos2 𝛼∗ − cos2 𝛽∗ − cos2 𝛾∗ + 2 cos𝛼∗ cos 𝛽∗ cos 𝛾∗ 

With an increase in the cell symmetry, these equations become much 

simpler. Remembering that: 
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sin 90° = 1 

cos 90° = 0 

Equations for an orthogonal cell turn into: 

𝑎 =
1

𝑎∗
 

𝑏 =
1

𝑏∗
 

𝑐 =
1

𝑐∗
 

This mathematical approach is the basis of the interpretation for all 

diffraction experiments. 

In order to calculate other parameters in the cell, the real-space metric (gij) 

tensor is often used. This is the matrix comprised of the scalar products of the crystal 

lattice basis vectors: 

𝑔𝑖𝑗 = (

|𝑎⃗||𝑎⃗| cos 0° |𝑎⃗||𝑏⃗⃗| cos 𝛾 |𝑎⃗||𝑐| cos 𝛽

|𝑎⃗||𝑏⃗⃗| cos 𝛾 |𝑏⃗⃗||𝑏⃗⃗| cos 0° |𝑏⃗⃗||𝑐| cos 𝛼

|𝑎⃗||𝑐| cos 𝛽 |𝑏⃗⃗||𝑐| cos 𝛼 |𝑐||𝑐| cos 0°

) 

 

X-ray diffraction 

 

X-ray Diffraction (XRD) is a technique where X-rays are used to study the 

crystal structure of mono- and poly- crystalline materials. In the case of single 

crystal XRD, the information obtained is very accurate but only absolutely relevant 

for the current crystal. In powder XRD, the information obtained is an average and 

is a superposition of information from all the crystals present in the powder. 
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Normally diffraction patterns are unique for different crystalline materials and can 

be used for phase identification. The International Centre for Diffraction Data 

(ICDD) collects and systemises diffraction patterns (Powder Diffraction Files – PDF) 

for known crystalline materials. Today the ICDD PDF database is successfully used 

for phase analysis in many fields. 

X-radiation is a form of electromagnetic radiation that typically has a 

wavelength from 0.01Å to 1000Å. The conditional border between soft and hard X-

rays lies near 2Å (6 keV). The most commonly used wavelengths for diffraction 

experiments are in the range 0.7~1.7 Å. In this case, all diffraction maxima will be 

located in measurable angles.  

There are several ways to generate X-rays. The most common in laboratory 

practice is generation in an X-ray tube. This is a vacuum vessel with two electrodes 

Figure 17. Scheme of X-ray tube with water cooling 
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at a certain distance (Figure 17). The electrically heated (Uh) cathode, K (normally a 

tungsten filament), is charged negatively and anode A is charged positively.  The 

accelerating potential, Ua, between the electrodes is usually set at ~ 40kV. When the 

temperature of the cathode reaches a certain level, electron thermionic emission 

begins. These electrons bombard the anode and a spectrum of X-rays is produced. 

Anodes are designed such that the generated X-rays are focused on a single spot X 

in the tube. In this spot, manufacturers install windows, usually made of beryllium, 

which are strong enough to support the vacuum in the system and are very 

transparent for X-rays. Due to the constant electron bombardment and IR 

irradiation from the heated cathode, anodes increase their temperature rather 

quickly. This may cause deformations or even destruction of the X-ray emitting 

surface. To avoid this a water cooling system, C, is commonly used.  

The spectrum of generated X-rays is dependent on the material the target is 

made of (Figure 18).  It always consists of two main parts: Bremsstrahlung 

(radiation of deceleration of charged particles, white radiation or continuous 

spectrum background) and characteristic radiation of the anode target. The latter 

consists of peaks related to the transition of the electrons between levels in the 

atoms of the target. During the bombardment, the high-energy electron strikes 

electron from the 1s orbital (K shell) in the atom of the target, providing a hole. This 

is an unstable state for an atom. An electron from a higher energy level transits to 

fill this hole. The energy difference is emitted as an X-ray quantum. 2p(L shell) and 

3p(M shell) electrons have the largest impact on this process. A transition from the 
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L level is known as K; a transition from the M level is known as K. There are two 

possibilities for K transition:  and  corresponding to 2𝑝3
2

→ 1𝑠1
2

   and 2𝑝1
2

→

1𝑠1
2

  respectively. There are 4 electrons in the 2𝑝3
2

 orbital and only 2 in the 2𝑝1
2

. This 

is why  transition happens twice more often and therefore has higher intensity. 

The K transition itself happens more often than K due to closeness of L level. 

Because the energy of the K and Ktransitions is different for different atoms, the 

characteristic X-radiation can be altered by changing the material of the target. 

 

 

Figure 18. X-ray spectrum obtained from X-ray tube with Mo anode 
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The other way of generation X-rays is to use a synchrotron. In such a facility, 

the electron beam is accelerated in a strong magnetic field and then forced to 

oscillate in the changing field of the insertion device (wiggler or undulator). These 

oscillations can generate a wide range of electromagnetic radiation and can be 

accurately modulated via tuning the magnetic properties of the insertion device. 

However, to obtain monochromatic radiation a high-energy electron acceleration 

facility is required. It is therefore impossible to carry out this method in the lab. 

In order to obtain a clear diffraction pattern in the lab, the X-rays should be 

treated to give a monochromatic beam. This is important as every extra wavelength 

in the spectrum gives extra diffraction pattern. It can be difficult to analyse these 

patterns especially for complex, low symmetry systems. Normally, the Kα 

wavelength is used as the most intensive. The less intense K wavelength is filtered 

off using a thin foil. These filters are made of elements with have an atomic number 

that is one lower than the material of the X-ray tube anode. These elements have 

absorption maxima close to K of the X-ray source. For example, a Ni filter is used to 

remove Cu K wave whilst a Fe filter is used to remove Co K. In this approach, we 

lose about 50% of the beam intensity and still have both K and K2 radiation.  

Table 3. Wavelength (Å) of some common anode materials 

Anode material K1 K2 K 

Ag 0.5594 0.5638 0.4971 

Mo 0.7093 0.7136 0.6323 

Cu 1.5406 1.5444 1.3922 

Co 1.7890 1.7929 1.6208 

Fe 1.9360 1.9400 1.7566 
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The other way to obtain only the K1 X-rays is to use monochromator. 

Typically this is a single crystal of germanium or silicon aligned to reflect only  

X-ray waves. There are, however, other types of monochromators available. Using a 

monochromator decreases the initial intensity of the X-radiation but allows higher 

resolution diffraction patterns to be obtained. 

It is not enough to have a perfect monochromatic X-ray beam for a 

successful diffraction experiment. It is also very important to have sensitive detector 

to accurately distinguish and evaluate the diffraction signal. Considering that the 

experiment requires the diffraction pattern to be measured at different incident 

beam angles, there are two approaches. The first is to use a scintillation detector, 

which measures the intensity of the signal at a certain point and then moves to 

another point. In this case, the information collection time per point is relatively 

small and the resolution is defined by the size of the detector. The second approach 

is to use a position sensitive detector (PSD), where information is collected from 

many points simultaneously and independently over a wide range of . The total 

time per point in these systems is much higher, and hence the signal to noise ratio 

is much better. The best PSD covers the whole range of scanned angles and therefore 

collects all the information simultaneously whilst only requiring a small amount of 

time for scanning.  Such detectors are common for synchrotron and neutron 

diffraction instruments.  

The alignment of beam optics is important for any diffraction experiment. 

One of the most common geometries used for the experiment is reflection (Figure 

19). The X-ray tube (XRT) generates X-rays and they come out from the F point 
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(source). The beam passes through parallel slits (PS), which are also called Soller 

slit, to limit axial divergence. Then it goes through an entrance (divergence) slit (ES) 

with the required aperture (ES) and hits the sample surface (S) at  Bragg angle. 

The beam diffracts at  reflection angle and passes through receiving slit (RS) with 

required aperture (RS) into the monochromator (M) via an antiscatter slit (AS). 

Specific wavelength reflects on the monochromator and goes to detector (D) via 

another antiscatter slit (AS) to minimise parasitic reflections from the air. In Figure 

19, SFC is a specimen focusing circle related to the alignment of diffracted beam. 

MFC is a monochromator focusing circle related to the monochromator alignment. 

DC is a diffractometer circle (goniometer) which is used for obtaining the geometry 

parameters.   

This set up can be varied for different diffraction experiments. If the 

monochromator is installed in the incident beam, both fluorescence and radiation 

damage of the specimen are reduced by removing Bremsstrahlung. If the 

monochromator is placed in the diffracted beam, it eliminates fluorescence.  If the 

monochromator is not used, and there is no elimination of K2 wavelength, the 

collected diffraction pattern becomes more complex. The whole set up can also be 

executed, with or without monochromator in transmission geometry. In this, the X-

ray beam passes through the sample and diffracts on the other side. Transmission 

geometry can provide some advantages in a number of applications as it is more 

convenient to measure large interplanar distances, a smaller volume of sample is 

required, and the negative effect of the surface roughness (for powders) is largely 

reduced. 
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The diffraction experiment set up is almost equivalent for powders and 

single crystal data collection. The most significant difference is that if for powder 

diffraction a 2D diffraction data is collected, whereas a whole 3D diffraction sphere 

can be collected for a single crystal experiment. Every crystal is a 3D object and has 

anisotropy in diffraction properties. Depending on the side on which the incident 

beam enters, different patterns containing diffraction spots are obtained. Due to 

fundamental properties, despite the crystal orientation, d-spacing related angles () 

remain the same. The angles ( related to the crystal orientation will vary with each 

Figure 19. X-ray optics in the focusing plane of a conventional diffractometer in 
reflection geometry with monochromator 
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sample, while keeping the angular distance between the same pairs of spots 

constant. Such 3D pattern is very informative and allows even very difficult crystal 

structures to be solved.  

A powder is a system containing numerous single crystals, each giving an 

individual 3D diffraction pattern. The entire picture is thus a superposition of these 

individual patterns. In these conditions, the diffraction spots are evenly distributed 

over all  angles and form a diffraction line at certain  angles. The simple 

summarizing of the single crystal 3D pattern along the same  angles gives the same 

Figure 20. Comparison of single crystal and polycrystalline sample obtained via 
Debye-Scherer method. (Used with permission from the educational web-site 

Farlabs199)
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2D picture. This pattern is called powder diffraction pattern. In order to maximise 

the amount of crystal orientations in the powder sample it is rotated during the data 

collection. Figure 20 represents a comparison of a Debye-Sherrer polycrystalline 

powder pattern and single crystal pattern. Radial lines on powder pattern appear at 

the same d-spacing instead of peak spots. 

 

Neutron diffraction 

 

In general, a neutron diffraction study is very similar to a X-ray diffraction 

experiment. A beam of neutrons is scattered from a sample at a certain angles from 

the incident beam and a detector collects the data. Due to the wave-particle duality 

of neutrons, we can calculate their wavelength (λ) via the de Broglie equation: 

𝜆 =
ℎ

𝑚𝑣
 

In this equation, h is Planck’s constant, m is the mass of a neutron 

(1.67⨯10-27 kg) and v is a velocity of the neutron. According to this equation, 

neutrons in equilibrium at room temperature have a wavelength of the correct order 

of magnitude (~1.4 Å) to conduct a diffraction study. 

Unlike X-rays, the neutrons interact with the nuclei of atoms instead of the 

electron cloud. This is an advantage as all nuclei have similar sizes and the scattering 

power only depends on the nature of the atom. Nuclei of the different elements have 

different scattering power and there is no direct relation to the atomic number. 

Furthermore, different isotopes scatter neutrons differently. The cause of this is 
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apparently related to the structure of atomic core, which is still arguable in the 

scientific society99. By using neutron diffraction light elements in the first two 

periods of periodic table can be accurately determined and other elements with 

similar X-ray scattering factors can be distinguished via this technique. Another 

significant benefit of using neutrons is that, unlike X-rays, the signal remains intense 

even for high scattering angles, what allows the accurate measurement of very small 

features in crystal lattice.  Neutrons also have a magnetic moment and so can be 

applied to study magnetic materials. There are, however, some disadvantages of 

neutron diffraction: not all the isotopes can be used in this experiment as some, like 

10B or 6Li, are significant neutron absorbers and others would be induced to be 

radioactive. Further, a large complex facility is required to generate neutrons and, 

although it is possible to study both powders and single crystal, larger size of the 

sample is needed, as neutron-nucleus interactions are less intensive than X-ray-

electron cloud collisions, while the intensities of neutron beams are lower.  

Two main methods are used to produce neutrons for the study of materials. 

The first is the use of a nuclear reactor, where neutrons are generated as a constant 

polychromatic flow during the fission chain reaction. The other way is spallation of 

heavy atoms by accelerated high-energy protons. When the accelerated particle hits 

the nucleus, it falls apart, releasing neutrons. Due to the cyclic nature of proton 

acceleration, the polychromatic neutrons are generated in pulses; therefore, this 

kind of source is called pulsed spallation. Neutron diffraction experiments in this 

work were carried out in ISIS Neutron and Muon Spallation Source, Oxfordshire UK, 

where neutrons are generated at the Ta target stations. 
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Because the neutrons produced have velocities that are much higher than 

necessary they are decelerated using a moderator. At the ISIS facility, Gd-poisoned 

liquid methane at 110K is commonly used. 

A diffraction experiment with neutrons can be conducted in the same 

geometry as X-ray experiment. The incident beam of neutrons must pass via a 

monochromator to separate one wavelength that is suitable for the experiment. In 

this case, the d-spacing will be a function of the measured angle of reflection. The 

collected diffraction pattern is no different to those obtained in a standard X-ray 

experiment except the peak intensities. However, during monochromatisation, a 

significant part of the neutron beam is lost. Therefore, to obtain enough information 

a longer collection time is required. To overcome this problem another experimental 

set up was introduced: time-of-flight neutron diffraction (TOF ND). 

In TOF ND, the 2θ angle of diffracted beam remains fixed but the 

wavelengths of neutrons vary. According to Bragg’s Law, different d-spacings are 

still accessible at different λ. Nevertheless, it is still necessary to separate the 

required neutrons from the main pulse. Returning to the de Broglie equation it is 

given that neutrons with different velocities have different wavelengths. 

Considering that source is pulsed, it is obvious that in each cycle neutrons with 

higher velocities and therefore smaller λ will come first. These are followed by 

slower neutrons and the slowest neutrons, with the longest λ will be last. This gives 

a range of wavelengths distributed over a known time. It is then easy to calculate the 

current wavelength and therefore the measured d-spacing.  
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𝜆 =
ℎ𝑡

𝑚𝐿
= 2𝑑 sin 𝜃 

𝑑ℎ𝑘𝑙 = 𝑡
ℎ

𝑚𝐿 sin 𝜃
 

Where t is the time-of-flight, L is the distance defined by instrument 

(constant), m is the mass of a neutron (1.67⨯10-27 kg) and θ is the diffraction angle 

defined by the instrument (constant). In these conditions, the d-spacing is a linear 

function of time elapsed since the spallation event. This allows the whole neutron 

beam to be utilised and more data in a smaller amount of time can be collected.  

As the general approach to the experiment has been altered, the methods 

used to improve the resolution are different. The main way to improve resolution in 

TOF diffractometers is to increase the flight path in order to allow more time for 

neutrons to separate over the velocities. For example, HRPD (High Resolution 

Powder Diffraction) TOF in ISIS with flight path ~96m is the highest resolution 

diffraction instrument at the facility. To eliminate the “frame overlap problem” 

appearing in an experiment when slow neutrons are overtaken by fast neutrons in 

the next cycle, especially in long flight path diffractometers, rotating beam choppers 

are applied. 

 

Powder diffraction pattern 

 

A powder diffraction pattern is a 2D function of d-spacing, which describes 

the intensity of diffracted beams. A diffraction pattern contains four main types of 

information: 
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1. Diffraction peak positions are determined by the size and shape of 

crystal lattice and are influenced by the instrument geometry (zero correction, 

sample displacement); 

2. Peak intensities are determined by the type of atoms in the cell, their 

positions and amount in the diffraction planes, and their thermal motions. Further, 

some microstructural features like the preferred orientation of crystals can affect 

intensities. The nature of the beam may also affect the intensity. 

3. Peak width is determined by instrument optics and microstructural 

features such as crystallite size or microstrain. 

4. Background is determined by the instrument geometry and optics, the 

fluorescence of the sample and the presence of any amorphous phases. It may 

contain short-range order information as well. 

In this way, a powder diffraction pattern is a function of background, peak 

positions, peak broadening, and structural factors. Normally, to obtain crystal 

structure during the standard experimental data processing, most attention is paid 

to the peak positions and peak intensities. Peak broadening and background are       

treated only as mathematical functions that are not related to the sample. However, 

in some cases, particularly where the microstructure is being studied, the 

experiment may be set up in a way that the peak shape and background provide 

extra significant information. 

Peak positions can be defined via the equations discussed in the 

“Diffraction” section. In general, any peak position can be expressed as: 

2𝜃ℎ𝑘𝑙 = 𝐹(𝑑ℎ𝑘𝑙) + 𝑍𝐶 +
2∆𝐻 cos𝜃

𝑅
, 
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where F(dhkl) is a peak position in 2 defined via the cell parameters, with the 

current wavelength , ZC is the goniometer zero correction,  is the sample height 

displacement and R is the goniometer radius.   

Peak intensities are dependent on many factors: 

𝐼ℎ𝑘𝑙 = 𝐾 ∗ |𝐹ℎ𝑘𝑙|
2 ∗ 𝑃ℎ𝑘𝑙 ∗ 𝐸ℎ𝑘𝑙 ∗ 𝑇ℎ𝑘𝑙 ∗ (𝐿𝑃)𝜃 ∗ 𝐴𝜃 ∗ 𝐷𝑊𝜃 

where K is a scale factor, Fhkl is a structure factor that is related to the planar 

alignment of atoms within the unit cell, Phkl is the multiplicity of symmetrically 

equivalent reflections (e.g. for a cubic cell there are 8 planes (1 1 1), (-1 1 1), (1 -1 

1), (1 1 -1), (-1 -1 1), (-1 1 -1), (1 -1 -1) and (-1 -1 -1) which have the same d-spacing 

such that the reflection multiplicity is 8), Ehkl is the extinction coefficient, Thkl is the 

preferred orientation, i.e. texturing of the sample crystals, (LP) is the Lorentz-

polarisation factor (
1+cos2 2𝜃

sin𝜃 sin2𝜃
), A is the wavelength absorption coefficient, DW is 

the Debye-Waller factor (atomic displacement parameters, ADPs).  

The structure factor is a complex mathematical function that describes the 

amplitude and phase of a diffracted wave. In other words, the structure factor gives 

the scattering power from the crystal lattice planes that are characterised by Miller 

indices h, k, l, and is dependent on the atom types and their coordinates: 

𝐹ℎ𝑘𝑙 = ∑(𝑓𝑎)𝑛(cos[2𝜋(ℎ𝑥𝑛 + 𝑘𝑦𝑛 + 𝑙𝑧𝑛)] + 𝑖 sin[2𝜋(ℎ𝑥𝑛 + 𝑘𝑦𝑛 + 𝑙𝑧𝑛)])

𝑁

𝑛=1

 

𝑓𝑎  is an atomic scattering factor that is unique for every type of atom. This 

factor changes over the  range and can be calculated by the equation: 

𝑓𝑎 (
sin 𝜃

𝜆
) =∑𝑎𝑖𝑒

−𝑏𝑖
sin2 𝜃
𝜆2 + 𝑐

4

𝑖=1
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This expression is valid over the range 0 <
sin𝜃

𝜆
< 2 Å−1 and requires nine 

coefficients (also called Cromer-Mann constants).  

The Debye-Waller factor describes how the electron density of the scatterer 

is spread in space. Crystals are complex systems where the ions vibrate on their 

sites: with an increase in temperature, these vibrations get larger. The vibrations 

may be isotropic (spherical), but often have a more complex shape due to the 

structure formed by the surrounding ions. The vibrations are more noticeable at 

lower d-spacing. The coefficient for isotropic thermal displacement is given by: 

𝐷𝑊𝜃 = 𝑒
−
2𝜋2𝑈𝑖𝑠𝑜

𝑑2  

For a more accurate description of ions is the lattice, the anisotropic 

thermal displacement parameters for ellipsoidal vibrations can be used: 

𝐷𝑊𝜃 = 𝑒−(𝛽11ℎ
2+𝛽22𝑘

2+𝛽33𝑙
2+2𝛽23𝑘𝑙+2𝛽13ℎ𝑙+2𝛽12ℎ𝑘) 

This equation uses the reciprocal thermal parameters tensor, which is more 

convenient to use in a computational process. The following equations are used to 

convert these into real space displacements that are independent from unit cell 

dimensions: 

𝑈11 =
4𝛽11

8𝜋2𝑎∗
2 

𝑈22 =
4𝛽22

8𝜋2𝑏∗
2  

𝑈33 =
4𝛽33

8𝜋2𝑐∗
2 

𝑈23 =
4𝛽23

8𝜋2𝑏∗𝑐∗
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𝑈31 =
4𝛽31

8𝜋2𝑐∗𝑎∗
 

𝑈12 =
4𝛽12

8𝜋2𝑎∗𝑏∗
 

Roughly, U11, U22, U33 are related to the shape of the ellipsoid, whilst U12, U13, 

U23 are related to its orientation. Uiso can be obtained straight from the real-space 

metric (gij) and atomic displacement (bij) tensors via the contraction: 

𝑈𝑖𝑠𝑜 =
1

6𝜋2
𝑔𝑖𝑗𝑏

𝑖𝑗  

This kind of fine information can only be extracted from the very good data 

collected at very small d-spacings (down to 0.5Å).  

The background can normally be modelled using various functions (e.g. 

Chebyshev, cosine, logarithmic, linear approximation). The most suitable approach 

should be selected for each pattern collected. 

Several functions can be used to describe the peak shape. The most common 

function for XRD is the modified Thompson-Cox-Hastings pseudo-Voigt function. 

This is a combination of Gaussian and Lorentzian peak functions. 

𝑃(𝑥)𝑃𝑉 = 𝜂Γ𝐿 + (1 − 𝜂)Γ𝐺 

where η is a ratio of the Lorentzian to Gaussian with the same width, and Γ𝐺 is given 

by: 

Γ𝐺 = √𝑈 tan2 𝜃 + 𝑉 tan 𝜃 +𝑊 + 𝑍 cos2 𝜃  

Γ𝐿 = 𝑋 tan 𝜃 + 𝑌/ cos 𝜃 

A polynomial equation may be used to relate η and the full width at half 

maximum (𝑓𝑤ℎ𝑚) of the peak: 
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𝜂 = 1.36603 (
Γ𝐿
Γ
) − 0.47719 (

Γ𝐿
Γ
)
2

+ 0.11116 (
Γ𝐿
Γ
)
3

 

Γ = √Γ𝐺
5 + 𝑎Γ𝐺

4Γ𝐿 + 𝑏Γ𝐺
3Γ𝐿

2 + 𝑐Γ𝐺
2 Γ𝐿

3 + 𝑑Γ𝐺  Γ𝐿
4 +  Γ𝐿

5 
5

 

𝑎 = 2.69269, 𝑏 = 2.42843, 𝑐 = 4.47163, 𝑑 = 0.07842 

  This function has no physical interpretation. However, if also obtained on 

a corresponding standard, the function can be used as a basis for other 

microstructure related studies.  

For PXRD, several kinds of standards of well-characterised materials are 

available. These are used for angular calibration of diffractometers to reveal 

systematic errors, to obtain instrument impact to peak shapes and background, and 

for quantitative analysis for intensity calibration. One of the most common 

standards suitable for angular calibration are silicon powder (NIST SRM640c, 

a=5.4311946Å at 298K), silicon single crystal with Si/Ge epitaxial layer (NIST 

SRM2000 d(220)=1.920161Å at 296K), and Mica powder for low angles (NIST 

SRM675 d(001)=9.98101 Å at 298K). The main standard for peak shape calibration 

is lanthanum hexaboride LaB6 (NIST SRM660c a=4.15695Å at 299K). Sintered 

alumina plates (NIST SRM1976b) are widely used for instrument response 

calibration.  
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Rietveld refinement 

 

Hugo Rietveld reported this method in 1967 for neutron powder diffraction 

data100. Subsequently this method has been successfully used on data collected in all 

the other types of powder diffraction experiments. At this time, the processing of 

single crystal data was a relatively routine operation, even though it was not always 

possible to collect sufficient quality data for structure determination. However, the 

sustainable processing of powder patterns was nearly impossible due to the 

overlapping of peaks. The introduction of this method became a significant boost for 

crystallography and material science. 

To perform a Rietveld refinement on a powder pattern there should be 

initial model close to the studied crystal structure. This model is refined by least-

squares procedure of the residual. 

𝑀 =∑𝑤𝑖[𝑦𝑖(𝑜𝑏𝑠. ) − 𝑦𝑖(𝑐𝑎𝑙𝑐. )]
2

𝑁

𝑖=1

 

Where𝑦𝑖(𝑜𝑏𝑠. ) is the intensity of an observed point i on the diffraction pattern, 

𝑦𝑖(𝑐𝑎𝑙𝑐. )  is the calculated intensity, taking into account the impact of the 

background and peak broadening, wi is the weight of the data point given by 

1/𝑦𝑖(𝑜𝑏𝑠. ).  

The calculated intensity of each data point can be obtained by considering 

the overlapping of peaks via the equation: 

𝑦𝑖(𝑐𝑎𝑙𝑐. ) = 𝐵 + ∑ 𝐼ℎ𝑘𝑙𝑃(𝑥)

𝑘2

𝑘=𝑘1
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where B is the background intensity of the point, Ihkl is the intensity of the peak 

(discussed above) and P(x) is a profile function. This allows the impact of all 

overlapping reflections to be included.  

The whole process is iterative and is best applied in a computational 

manner. An improvement shift is calculated for every iteration and once this reaches 

a certain level the process stops. The following statistical indicators are used to 

estimate the agreement with the refinement model101.  

Profile R factor: 

𝑅𝑝 =
∑ |𝑖 𝑦𝑖(𝑜𝑏𝑠. ) − 𝑦𝑖(𝑐𝑎𝑙𝑐. )|

∑ 𝑦𝑖(𝑜𝑏𝑠)𝑖
 

Weighed profile R factor: 

𝑅𝑤𝑝 = √
∑ 𝑤𝑖𝑖 |𝑦𝑖(𝑜𝑏𝑠. ) − 𝑦𝑖(𝑐𝑎𝑙𝑐. )|2

∑ 𝑤𝑖𝑦𝑖
2(𝑜𝑏𝑠. )𝑖

  

Bragg R factor: 

𝑅𝐼 =
∑ |𝑘 𝐼𝑘(𝑜𝑏𝑠. ) − 𝐼𝑘(𝑐𝑎𝑙𝑐. )|

∑ 𝐼𝑘(𝑜𝑏𝑠. )𝑘
 

Expected R factor: 

𝑅𝑒𝑥𝑝 = √
𝑁 − 𝑃

∑ 𝑤𝑖𝑦𝑖
2(𝑜𝑏𝑠. )𝑖

 

Goodness-of-fit: 

𝐺𝑂𝐹 = 𝜒2 =
𝑅𝑤𝑝

𝑅𝑒𝑥𝑝
 

In the above equations I is the integrated intensity of a single reflection, N 

is the number of observed points, P is the number of refined parameters. Rexp 
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represents the quality of the data and Rwp indicates the quality of the fitted pattern. 

The Bragg R factor can be used to evaluate the structural parameters without profile 

influence. The best parameter to evaluate the quality of the refinement is a topic that 

remains under discussion102. Currently, the best approach is considered to be a 

combined revision of Goodness-of-fit, weighed profile R factor (Rwp) and visual 

evaluation of fitted and difference curves on the refinement graph. 

Several computer programs for performing Rietveld analysis of diffraction 

data are available. In this work GSAS-II103 and TOPAS-Academic104 were used. 

 

Structure solution techniques 

 

In this work, three methods were used for structure solutions: charge 

flipping, intrinsic phasing  and simulated annealing. Charge flipping is a method 

based on algorithms that work with dual-space (direct and reciprocal). It allows a 

Fourier map of scattering densities in the lattice to be obtained. This method only 

requires the lattice parameters and intensities of indexed peaks to be known: no 

symmetry information or chemical composition is required. This method can be 

used for all kind of diffraction experiment. Initially, every observed amplitude (Fhkl) 

is assigned to a randomly generated phase and all missing amplitudes are assigned 

to be zeros (reciprocal space). The iterative algorithm then begins by obtaining a 

map of electron densities in the lattice via inverse Fourier transform of observed 

amplitudes (direct space). The sign of the electron densities that are below a certain 

threshold level is flipped i.e. multiplied by -1, all others remains unchanged. The 
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obtained perturbed electron density map undergoes Fourier transform to gain 

provisional structure factors with new phase values (φG). Final structure factors are 

calculated by combining the experimental structure factors with phases φG and all 

unobserved Fhkl are reset to zeros. These calculated factors are compared with the 

experimental factors to find the convergence of solution. If the result is not 

satisfactory, the cycle is repeated. The disadvantage of this method is that the 

relatively high-resolution data (d<1.3 Å for light atoms) with reasonable 

completeness is required. 

The Intrinsic Phasing algorithm uses information obtained via the 

Patterson method (direct generation of the Fourier map with zero phase angles from 

square structural factors). Using indexed group, the equivalent reflections are 

averaged and the cell is transformed into the P1 space group. Unlike charge flipping, 

the intrinsic phasing starts with the defined Patterson superposition minimum 

function. Further dual-space recycling, which is similar to charge flipping, is 

accompanied by intermediate space group redetermination and followed by the 

averaging of equivalent reflections to enhance the quality of the electron density 

model. To improve the refinement, statistical noise is introduced in every cycle via 

the random omission of a certain fraction of reflections. This algorithm allows good 

results to be obtained (even with incomplete datasets) and requires slightly less 

computational resources.  

Simulated annealing is a method of structure solution based on 

randomising the parameters of the known model. Normally this method can be 

successfully used when some information about the system is known, for example 
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the expected range of cell parameters or the atomic composition of the lattice. The 

initial parameters of the model can be widely divergent from the actual structure. 

The model parameters are randomly modified within an amplitude that is related to 

the virtual temperature. The diffraction pattern of the new model is calculated and 

compared to the observed data. If the new parameters give an improved fit, they are 

accepted as the best and next point. If the new parameters make the fit worse, they 

are accepted as the next point with a probability depending on the current 

temperature. The temperature slowly decreases during the cycles and makes the 

probability of accepting the worse fit smaller. Eventually, when the temperature 

reaches zero, the system stabilises with the best-fit parameters. This method allows 

relaxation of a known system to fit the experimental data when regular Rietveld 

refinement cannot converge with such changes. 

All of these methods give an approximate model that should be further 

refined  by the Rietveld method to obtain an accurate structure. 

 

Mössbauer spectroscopy 

 

Mössbauer spectroscopy is a method of studying a crystalline material and 

is based on the Mössbauer effect. The principles of this effect are rather simple. A 

radioactive nucleus emits a gamma quantum without energy loss due to recoil and 

transits into a non-radioactive state. Subsequently another nucleus of the same kind 

in the sample to be studied, absorbs the emitted gamma quantum and turns into a 

radioactive isomer.  
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Not all isotopes are Mössbauer-active. To date, more than 40 elements were 

reported to have Mössbauer-active isotopes, but not all of them are convenient to 

use. The most commonly used are 57Fe, 119Sn, 121Sb, 129I.  

The experimental conditions, like the source of the initial radioactive 

nucleus, the temperature and the structure of the spectra may vary significantly 

depending on the element used. In all cases, there is a source of -rays containing 

the radioactive isomers of the studied isotope and an absorbing sample containing 

the same non-radioactive isotopes. 

For example, 57Co is used as the -ray source to study the state of iron in a 

crystal lattice. First, 57Co decays via electron capture into 57mFe: 

𝐶𝑜27
57 + 𝑒̅ → 𝐹𝑒26

57𝑚 + 𝜈𝑒 

The metastable isomer 57mFe turns into the stable condition 57Fe emitting a 

quantum: 

𝐹𝑒26
57𝑚 → 𝐹𝑒26

57 + ℎ𝜈𝛾(~14.4 𝑘𝑒𝑉) 

The emitted quantum irradiates the absorbing sample that contains 57Fe: 

𝐹𝑒26
57 + ℎ𝜈𝛾 → 𝐹𝑒26

57𝑚  

This last process is called nuclear gamma-resonance. This process is only 

possible when the -quantum has a very specific energy. For a gas or liquid, even the 

very weak energy of recoil during the emission process may be dissipated, affecting 

the gamma-quantum to the extent that it never has the required energy to be in a 

window for the corresponding nuclear gamma-resonance. In the case of a solid 

material, however, the crystal lattice may absorb only a discrete amount of energy 
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that is larger than a single -quantum of such transition and recoil energy loss does 

not happen. 

The energy of the emitted gamma-quantum varies depending on the 

surroundings due to thermal motion and the electron state of isotope. Thus, if the 

isotopes in the source and in the sample are in the same electron and 

crystallographic environment, there is no difference in energy and therefore no 

issues with gamma-resonance. However, if the oxidation state or surrounding atoms 

are not the same we need to modulate the energy of -rays very slightly in order to 

obtain gamma-resonance. The very elegant solution for this problem was done by 

use of the Doppler Effect (movement of -ray source from and towards the sample). 

Calculations have shown that already 1mm/s allows a successful change of 

quantum energy to potentially achieve resonance again. 

The two main options for the geometrical set up of Mössbauer experiment 

are transmission and reflection. When -rays are absorbed by the isotopes in the 

sample, they relax in the same way they do on the source. As this process happens 

isotropically (in all directions), there is the possibility to work out the change in the 

intensity of the beam caused by gamma-quantum absorption of the sample. In the 

case of a transmission experiment, the detector counts the amount of energy passed 

through the sample depending on the speed of moving source (absorption mode). 

In the case of reflection geometry being used, the detector distinguishes the amount 

of energy came from the sample only as well depending on the speed of moving 

source (fluorescence mode). Transmission geometry is more sensitive, but it is 

inapplicable for large samples, where reflection geometry has much more use. 
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The data obtained is interpreted by doing a comparison with the 

crystallographic state of the source. In the case where the source and sample are in 

the same state, a peak is observed at 0mm/s speed as there is no difference in 

energy. This difference is called chemical shift (isomeric shift, IS). For example, the 

chemical shift values for iron depends on the electron density in both the 4s and 3d-

orbitals. Increasing the oxidation state for iron ions normally changes the chemical 

shift towards negative values. The electronegativity of the ligands in the crystal also 

plays a significant role on the chemical shift (Table 4). 

 
Table 4. Examples of chemical shifts of the different compound of iron with 
different oxidation states 

Compound Oxidation state Chemical shift 

FeF2 +2 1,34 
FeCO3 +2 1,23 
FeF3 +3 0,48 

FeOF +3 0,41 
α-Fe2O3 +3 0,36 

α-Fe 0 0 
SrFeO3 +4 -0,17 

La2LiFeO6 +5 -0,41 
K2FeO4 +6 -0,89 

 

Another informative part of the data obtained is the quadrupole splitting 

(QS) of the resonant peaks. In practice, this depends on the symmetry of the 

surroundings of the studied atom. Highly symmetrical surroundings give very 

narrow quadrupole splitting while the opposite is true for unsymmetrical 

surroundings. In this work Mössbauer spectroscopy was used to gather more 

information on the Fe environment in doped NaFe(SO4)2. This allows local disorder 

that is invisible for other techniques to be evaluated. 
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Raman and IR spectroscopy 

 

Raman and IR spectroscopies are used to obtain information about the 

vibrational and rotational modes of functional groups in the crystal lattice. For liquid 

or gas phases, these techniques are relatively straightforward: the vibrations and 

rotations of the functional group are almost unaffected by the media and thus are 

very similar for different systems, making them easy to analyse. In crystalline 

systems however, the vibrations and rotations of functional groups are strongly 

affected by the lattice environment. Therefore the task of correlating the Raman/IR 

spectra with the structure is more challenging.  

When functional group adsorbs a photon ( ℎ𝜈 ) with an energy that 

corresponds to the medium or far IR spectrum, it transits from one vibrational 

energy level (ground state) to another (virtual exited state). The system cannot stay 

in the exited state and relaxes back to the ground state with photon emission (Figure 

Figure 21. Rayleigh scattering (black), Stokes scattering (red) and anti-Stokes 
scattering (blue) 
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21). If the photons are scattered elastically, the system returns to the same energy 

state: this is Rayleigh scattering. If however, the photons are scattered inelastically, 

the system returns to a different state. If it is lower in energy, the transition is called 

Stokes scattering; if it is higher in energy such case is called anti-Stokes scattering. 

The elastic scattering mode is IR active; inelastic scattering modes are Raman active.  

An IR spectrum is an absorption spectra as a function of wave number. 

There are two main ways to collect an IR absorption spectrum: with a 

monochromatic wavelength, where the intensity of each IR wavenumber is recorded 

separately; and with a polychromatic IR beam, when the whole spectrum is 

recorded using a Michelson interferometer and processed via Fourier transform. 

Raman spectrum data collection is a more complex task. A monochromatic 

laser light induces the polarisation of the functional groups in the sample. As most 

of the photons scatter elastically and only a few scatter inelastically, the signal is 

very weak. Complex interferometers are used to separate the elastic Rayleigh 

scattering from the inelastic Stokes and anti-Stokes scattering. Stokes and anti-

Stokes photons have a lower or higher frequency (Raman shift) than the source. A 

combination of the intensities of Raman shifts and their frequencies is the Raman 

spectrum. Normally, frequencies are converted to wavenumbers for convenience in 

the data processing. 

The intensity of the IR active line is a function of the dipole moment of the 

functional group. The intensity of the Raman active line is a function of the 

polarizability of the functional group. Therefore, these two spectroscopic techniques 

are complimentary and allow the study of how the bonds in functional groups vary 
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depending on the crystalline surrounding. Different neighbouring features in the 

crystal lattice give different dipole moments and polarisation of the functional 

group, therefore changing the intensities and/or positions of the peaks in the 

spectra. Compression caused by the lattice also affects the line positions and this can 

also be an important source of information. 

 

Electrochemical impedance spectroscopy 

 

Electrochemical impedance spectroscopy (EIS) is a method of investigating 

the conductive behaviour of a system with an alternating current. The technique 

varies depending on the physical state of the studied system. In this work only 

ceramic systems are considered. 

Every solid ceramic system contains certain elements responsible for 

charge transfer (red line on Figure 22). The first is the bulk grain conductivity of the 

material (G on the Figure 22). This is process happening in the mass of single crystal, 

i.e. conductivity of ideal crystal. Real ceramic systems are not ideal and consist of 

Figure 22. Model of charge transfer in ceramics during the EIS experiment 
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agglomerations of such crystals (grains). The charge passes through contact surface 

of grains – grain boundaries, second element (red dot on the Figure 22). To collect 

the charge from the ceramics it should be in contact with the current collector E, 

third element (blue dot on the Figure 22). This typical scheme represents all three 

main processes in conductive ceramics. 

In ceramics, these processes are not simply the movements of the charge 

carrier (electron or ion). All these transitions can be considered as heterogeneous 

passage between two phases. Thus for a single act of charge transfer to occur, the 

charge carrier must have enough energy, which can be designated as polarisation. 

Act of charge transfer happens once it exceeds certain level of polarisation. 

The nature of the polarisation depends on the surrounding and the type of 

the charge transfer. For bulk grain conductivity, the polarisation is between two 

small sites in the crystal lattice where the charge carrier may sit. For conductivity at 

the grain boundaries, the polarisation is between two relatively large grains that 

have charge carriers on their surfaces. In case of charge transfer between the grains 

and the electrode, there are polarisations responsible for possible transformations 

(electrochemical oxidation-reduction), adsorption on the surface or simple 

transition into a media with significantly different conductivity.      

 The concept of polarisations is very important for understanding the 

impedance experiment. It is very difficult to make an analytical equation that 

accurately describes the charge transfers in a system. In impedance spectroscopy, 

the equivalent electrical circuit that approximately corresponds to the processes of 
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charge transfer is built. Polarisation of the charge carrier can be considered as a 

capacitor with a certain capacity (C), given by: 

𝐶 =
𝑄

𝑈
 

 Here Q is a charge and U is a polarisation. Given that a capacitor does not 

conduct electricity once charged, an extra element is needed to allow current to leak 

– a resistor connected in parallel. Initially, when current is applied to the system, the 

resistance of the capacitor is ideally close to 0 Ohm and therefore all the current 

goes through the capacitor i.e. polarises the media. Once the capacitor is charged i.e. 

polarisation exceeds a certain level, the charge carrier is able to transfer to another 

site with some resistance (resistor impact) (Figure 23). 

In the standard case of ion conducting ceramics, there are two different 

polarisations with electricity leakages (grain bulk and grain boundaries) and one 

without leakage (electrode blocking). In the case of a material showing electronic 

conduction or electrochemical transition, the electrode blocking also has a leakage. 

From Figure 22, it is obvious that in such a model the elements responsible for grain 

bulk, grain boundaries and electrode part should be connected in series. 

Considering the infinite amount of grains in the sample, the total impact of one type 

Figure 23. Equivalent circuit of transition of charge carrier  
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can be modelled as a single element in superposition. This way the complete electric 

circuit would contain only three elements (Figure 24). 

Impedance is the total resistance of the system to alternating current. 

Alternating current is the current that changes direction according to sinusoidal 

function over the time: 

𝑖 = 𝐼𝑚𝑎𝑥 sin𝜔𝜏 

Where i is the current at time τ, ω is the frequency of sign change and Imax is 

the current at maximum amplitude.  

Direct current (DC) is not used as it does not provide enough information 

to build an equivalent circuit. However, if alternating current (AC) is applied the 

response of the system is different depending on the frequency of current. At a given 

current, the charge of the capacitor is a function of time, therefore at high enough 

frequencies the polarisation may not be completed until the current reverses in 

direction. As a result, the total resistance of the single element varies depending on 

AC frequency. This resistance is called active (real) resistance. Furthermore, when 

the direction of the current changes there is some time required for capacitor 

Figure 24. Equivalent circuit of ceramic ion conductor 
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discharging. This discharge is having a slightly different phase (φ) to the initial 

current. Accurate measurement of the difference between phases allows the 

reactive (imaginary) resistance to be calculated. 

tan𝜑 =
𝑍⃗𝐼𝑚𝑎𝑔𝑖𝑛𝑎𝑟𝑦

𝑍⃗𝑅𝑒𝑎𝑙
 

 Impedance is a complex number, which can be represented as a vector sum 

of these two resistances. 

𝑍⃗ = 𝑍⃗𝑅𝑒𝑎𝑙 + 𝑍⃗𝐼𝑚𝑎𝑔𝑖𝑛𝑎𝑟𝑦 = 𝑅 + 𝑖
1

𝜔𝐶
 

R is the resistance of the system, 𝑖 = √−1, ω is the AC frequency, C is the 

capacitance of the system.  

Knowing the real and imaginary resistances at different frequencies, it is 

easy to build a Nyquist plot 𝑍⃗𝐼𝑚𝑎𝑔𝑖𝑛𝑎𝑟𝑦 = −𝑓(𝑍⃗𝑅𝑒𝑎𝑙). Each point on this plot is a 

complex number and has extra information about the applied frequency (Figure 25). 

There are three main elements on the graph: two semicircles and a direct 

line. Semicircles represent the impact of the grain bulk and the grain boundaries; a 

direct line is the product of the electrode response. Often semicircles may slightly 

change their shape, for example, to be compressed, when extra processes happen in 

the material. To model this behaviour, an extra element can be introduced to the 

circuit – the Constant Phase Element (CPE). Whilst this element does not have any 

real world meaning, since it describes very complex processes, it introduces a 

coefficient showing how close it is to a regular capacitor. 
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The method of electrochemical impedance spectroscopy does not directly 

give any values (resistance, capacitance of elements) for the charge transfer 

processes occurring in the sample. However, a known model can be fitted via a least 

squares refinement, to extract all the necessary data. In this work this refinement 

procedure was performed using the ZView software105. The reliability of the 

obtained values should be judged on statistical indexes, graphical fit and the values 

themselves. The latter is important as the complexity of the model can, in some 

instances, give false minima in the fitting process. Any fit therefore should be a 

subject of careful investigation. 

The main information gathered from an EIS study are resistances of the 

components in the ceramic that are responsible for charge transfer. Nevertheless, it 

is also possible to extract some data about the capacitances of these elements. It 

should be noted that for each circuit elements, the values of the parameters remain 

Figure 25. Nyquist plot of typical ceramic ion conductor 
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similar across different systems106. For example, capacitance for grain bulk 

conductivity is typically of the order of 10-10-10-12F and the compression coefficient 

is close to 1. The capacitance for grain boundaries is normally of the order 10-7-10-8F 

and the compression coefficient is near 0.8. The capacitance of the electrode 

response usually shows values of the order of 10-3-10-6F and the compression 

coefficient is in the range 0.2-0.5. 

Samples for EIS are usually pellets that have two parallel sides and are of a 

known area and thickness. The electrodes applied to both sides, are usually noble 

metals that are inert to the sample (e.g. silver, gold, platinum), but can be made of a 

material that has the necessary redox properties. Often the electrodes are applied 

as a slurry in a polymer solution and are cured at a high temperature.  

To calculate the conductivity of sample the following equation is applied: 

𝜎 =
𝑙

𝑆𝑅
 

Where l is the distance between the electrodes, S is the area of the electrode 

and R is a resistance of the circuit element. 

Another interesting value to extract from conductivity data is the activation 

energy of ion migration (Ea). This energy can be calculated if measurements are 

repeated at different temperatures.  In this case, an Arrhenius equation for 

conductivity can be applied: 

𝜎 = 𝐴𝑒−
𝐸𝑎
𝑅𝑇 

Where A is a pre-exponential coefficient, R is a gas constant and T is 

absolute temperature. In practise, this equation needs to be transformed: 
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lg 𝜎 = lg 𝐴 −
1000

𝑇
∙

𝐸𝑎
2300𝑅

 

Using the data obtained by carrying out the impedance experiment at 

different temperatures, a graph of  lg 𝜎 = 𝑓(
1000

𝑇
)  can be plotted. If the studied 

sample does not undergo any changes, the plot is a straight line with a gradient equal 

to −
𝐸𝑎

2300𝑅
. If however, there is a break in the line direction, the activation energy 

must have changed suggesting a change in the charge transfer mechanism as the 

result of structural changes due to temperature. This method can allow phase 

transitions that are invisible to other methods (e.g. small rearrangement of atoms) 

to be detected. However, this method has a significant disadvantage in that it is also 

sensitive to impurities, as they overlap with the matrix making data interpretation 

very difficult. Furthermore, sometimes it is not possible to extract enough data as 

grain bulk and grain boundaries in the sample cannot always be separated.  

In this work, a system for the automatized collection of impedance data at 

different temperatures has been set up in order to allow long consistent 

measurements with reliable repeatability without any operator supervision. For 

this, the furnace and the impedance analyser were connected to a computer. A 

control program was written in the LabView Software environment107. This control 

program consists of several elements: the furnace/temperature control module, the 

impedance analyser control unit, the output data recording/calculation procedure, 

the schedule builder and a cycling module. There are three stages in a typical cycle. 

The first is the Temperature Set stage, where program sends a required temperature 

to the furnace and monitors it until the required heat level is reached. Once 
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temperature has stabilised in a defined corridor (usually ±1-2oC), the second, 

Equilibration stage begins: the program waits for a certain amount of time (15-30 

min, defined by user) to ensure equilibration. The Scanning stage starts when 

temperature is stable and the program send a signal to an impedance analyser with 

settings to execute the scanning. The analyser sends back to the computer the 

impedance spectrum that is reprocessed within the software and recorded to a file. 

After that, the program sets a new temperature point and the cycle repeated.  

 

Thermogravimetric analysis 

 

The idea behind thermogravimetric analysis (TGA) is simple: samples may 

change their mass during a change of temperature. It happens because of either 

elimination or absorption of gaseous components due to a chemical reaction as well 

as simple physical process. For inorganic materials, the most common elimination 

phase is either surface or bound water, although the elimination of carbon dioxide 

or oxygen also happens often. Normally the only thing responsible for an increase in 

mass during the TGA is oxygen incorporation causing sample oxidation and 

therefore mass gain.  

Whilst the change in mass of the sample is an important information, 

another technique is needed for the complete understanding of gases evolved. A 

mass-spectrometry is very helpful as it allows the mass of released gas to be 

identified. In a mass-spectrometer the gas molecules are charged (normally to 1+) 

in an ioniser. The system utilised in the present work uses an electron strike ioniser 
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to charge molecules. The beam of electrons strikes the flow of gas and picks off an 

electron of the molecule charging it. The ions produced travel through a quadruple 

mass-analyser that only allows ions with a specific mass-to-charge (m/z) ratio to 

pass to a detector. The presence of a signal indicates the presence of an ion. For an 

inorganic TGA experiment, the identification of the evolved gas is not difficult as 

there are not many options could be. For example, a single charged water molecule 

has the m/z ratio 18, carbon dioxide – 44. There are other fragments can also be 

generated during the ionisation process but their amount is normally rather small 

and constant.  

Another important feature of the sample normally studied during a TGA 

experiment, is the differential thermal analysis (DTA). This is an analysis of 

temperature difference between the sample and reference during temperature 

change. Most of the processes happening during the TGA are either exothermic or 

endothermic. It could be an energy adsorbed/emitted during the phase 

decomposition or phase transition of first/second order. This analysis allows 

detecting processes noticeable on TGA curve, as well as those not noticeable like 

melting or structural phase transitions where there is no change in mass.  

In this way, a TGA-MS experiment allows a simultaneous analysis of thermal 

changes in the sample, the change in mass and the gases emitted. 

The instrumental set-up consists of a highly sensitive balance in a furnace 

that is isolated from the external atmosphere. There is a constant controlled gas 

supply into the chamber with an exhaust after passing over the sample. The small 

part of the exhaust gas transfers into a mass-spectrometer for analysing.  
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Scanning electron microscopy 

 

Scanning electron microscopy (SEM) is a technique where a micro image is 

obtained pixel by pixel using a high-energy electron beam. As the wavelength of 

electrons is much smaller than that of visible light, a magnification of up to 106-x can 

be achieved.  When the electron beam hits a point on the surface of the sample, most 

of the beam is absorbed. However, secondary electrons with low energy are emitted 

from the same point and are detected. The fine electron tip required for an SEM 

study is generated in an electron gun using a known accelerating voltage. The beam 

is focused using electromagnetic condenser lenses. Two perpendicular deflection 

coils are used to control the point on the surface where the beam hits. 

The intensity of the signal depends on the nature of the sample (less 

significant) and topography of the surface (more significant). An image of the 

surface is built by accumulating these points.  

Samples for SEM should conduct electricity as most of the electrons remain 

on the sample surface. If these electrons do not move away then surface charging 

occurs and this interferes with the scanning process, as the beam scatters 

differently. Poorly conducting samples are coated in a very thin layer of conductive 

material (e.g. carbon, gold) to overcome this issue. Samples are scanned in a vacuum 

to eliminate interferences due to air scattering. 



 

 

 

 

 

 

 

 

Chapter Three 

Synthesis and characterisation of 

Li3xLa2/3-xTiO3 perovskite doped with 

silicate and borate 

 

Many studies recently have shown that the perovskite material,  

Li3xLa2/3-xTiO3 (0.03 ≤ × ≤ 0.167) (LLTO), have high grain ion conductivity at room 

temperature. However the grain boundary conductivity tends to be significantly 

lower, and so the total conductivity is much smaller than 10-3S/cm108. Numerous 

studies have been performed on A and B site cation substitution65,71, for example 

Inaguma et al. showed that LLTO doped with 5 mol% Sr showed higher ionic 

conductivity of the grain (1.5·10-3 S/cm at 300K) than the pure lanthanum lithium 
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titanate64. However, in all cases the total conductivity was limited by the grain 

boundary contribution. 

Recently boron addition led to good performance for lithium lanthanum 

zirconium garnet oxides (LLZ)109,110. It was proposed that boron decreased the 

sintering temperature to 900°C, so the lithium loss during heat-treatment is 

considered to be suppressed. In particular it was proposed that the lithium acted as 

an accelerator for inter-reaction of grains at grain boundaries and enhanced grain 

growth. The garnet phase thus formed as the dense composite with Li3BO3 at the 

grain boundary as an amorphous phase. The total electrical conductivity of the 

composite at room temperature was 1·10−4 S/cm. Considering these promising 

results for garnet Li ion conductors, the introduction of boron has been investigated 

in this work for potentially improving sintering and conductivity of LLTO materials, 

which, however, was not shown to be beneficial. 

Another potential related dopant is SiO2. By adding SiO2 particles into 

polymer electrolytes based on polyethylene oxide PEO, the ionic conductivity and 

lithium ion diffusion were shown to be enhanced111. Furthermore in prior work on 

LLTO it was shown that the total ionic conductivity of LLTO was enhanced to about 

10−4 S/cm at room temperature due to the formation of some amorphous lithium 

silicate in the grain boundary62. In this case,  silica was added to an already prepared 

LLTO phase. In the current work we have investigated adding silica in to mixture at 

very first stage in order to try to form a perovskite phase with Si on the B cation site. 

An attempt, however, was shown to be unsuccessful in these systems. This follows 
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recent reports from our group on the successful incorporate of Si into perovskite 

systems97,112. 

 

Experimental 

 

Dried Li2CO3 (10% extra to avoid evaporation losses during sintering), 

La2O3, TiO2 were accurately weighed in a stoichiometric ratio and milled using a ball 

mill to obtain 3g of a sample. In order to prepare the silicon and boron doped 

samples, SiO2 and B2O3 were added to the mixture in the first stage of preparation 

in the required stoichiometric ratio. The mixture was placed in an alumina crucible 

with a lid and heated at a temperature of 700°C for 12 hours. The product was 

reground in an agate mortar and pestle and pressed in a pellet (0.4-0.7g) with a 

diameter of 13mm under a pressure of 3 tons. These pellets were again placed in an 

alumina crucible with a lid and sintered at temperature 1100-1350°C for 6 hours. 

To avoid reaction of the pellet with the crucible at the elevated reaction 

temperatures, the pellet was placed on platinum foil. 

Phase purity was determined using powder XRD (Bruker D8 

Diffractometer). Data were collected in the range from 10 to 90o in Bragg-Brentano 

geometry with Cu (Kα) X-rays. The program GSASII was used for the cell parameters 

determination103. 

Pellets for the impedance spectroscopy were weighed and their dimensions 

were measured. They were coated with silver paste on both sides and two silver 

electrodes were attached. The conductivities of the obtained pellets were measured 
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in air by electrochemical impedance spectroscopy using a HP 4204 impedance 

analyser within a frequency range 5 – 1.3×107 Hz. Measurements were carried on in 

the temperature range 25-300˚C on cooling.  

 

Results and discussion 

Structural Study 

 

XRD analysis confirmed the successful synthesis of single phase 

Li0.3La0.567TiO3; patterns at different temperatures are shown in Figure 26. The 

Figure 26. XRD data of undoped Li0.3La0.567TiO3 prepared at various 
temperatures Tickmarks designate tetragonal perovskite phase 
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observed phase has a tetragonal structure with a doubling along the c direction. The 

calculated parameters are shown in Table 5. 

Table 5. Calculated cell parameters of undoped Li0.3La0.567TiO3 prepared at 
various temperatures 

Temperature a, Å c, Å c/a 
Pellet 

Density 
(% theor.) 

Cell 
Volume, 

Å3 
1100°C 3.8698(2) 7.7455(3) 2.0015(5) 72.9% 115.99(2) 

1200°C 3.8731(3) 7.7516(5) 2.0014(8) 70.8% 116.28(3) 
1300°C 3.8713(1) 7.7537(2) 2.0029(3) 77.1% 116.20(1) 
1350°C 3.8691(2) 7.7760(5) 2.0098(7) 77.0% 116.41(2) 

 

As this table shows the lattice parameters do not change substantially with 

the synthesis temperature, but there is a slight increase in the c/a ratio which 

indicates a reduction in tetragonal distortion. The density of the pellets increased 

with increasing temperature, as expected. 

 

Boron doping 

 

Initially B (0.5-2.5 wt.%) was added to the Li2CO3/La2O3/TiO2 mixture.  At 

a synthesis temperature of 1100°C the samples showed large impurities. With 

increasing temperature the phase purity was slightly improved (Figure 27). At a 

temperature 1300°C, some samples began to melt, which indicates that the addition 

of boron lowers the melting temperature, and thus the maximum temperature was 

shown to be limited to not more than 1300°C. 
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However, after several attempts, phase pure samples could not be obtained 

by this B addition process. This may relate to reaction with the boron to give Li3BO3 

which leads to the sample being off stoichiometric. 

Since a recent report97 has shown that boron can be introduced on the B 

cation site in perovskites, a B doping strategy was investigated. Assuming boron 

incorporates as BO33- the formula 𝐿𝑖3𝑥𝐿𝑎2𝑦 3⁄ −𝑥𝑇𝑖𝑦𝐵1−𝑦𝑂1.5(1+𝑦) (x=0.06; 0.1; 0.117; 

y=0.95) was applied, and a number of samples were prepared. The successful 

introduction of boron would lead to a loss of lattice positive charge, both through 

the fact that B3+ has a lower charge than Ti4+ and lower coordination number leading 

to oxide ion vacancies. A number of charge balancing strategies were then 

investigated. Here three cases of Li content were examined: lowered at x=0.06, 

normal at x=0.1 and enriched at x=0.117. If consistent with the results of Ibarra et 

al. tetragonal cells should be formed 66. 

 

  

Figure 27. XRD data of Li0.3La0.567TiO3 with addition of 1% weight B 1200°C.  
Asterisks show impurity peaks 
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Li0.2La0.567Ti0.95B0.05O2.925 

 

In the first instance, the charge was balanced with lowered Li content. XRD 

results showed that a pure phase was formed at a temperature 1100°C, but at higher 

temperatures, there were a small amount of impurities (Figure 28). The impurity 

appear to consist of La0.67TiO3, which may indicate too much lithium evaporation 

from the crucible during calcination. Impurities containing boron compounds were 

not found. 

In order to investigate the samples in more detail, Raman spectroscopy data 

were collected. For comparison, Raman spectra for pure B2O3 and Li0.3La0.567TiO3 

Figure 28. XRD data of Li0.2La0.567Ti0.95B0.05O2.925 prepared at various 
temperatures. Tickmarks designate tetragonal perovskite phase 
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were also collected. Figure 29 shows the collected data. Boron oxide spectra showed 

five peaks at 128cm-1,210cm-1, 500cm-1,810cm-1 and 880cm-1, with the latter the 

most intense. For LLTO six peaks were observed at 140cm-1, 238cm-1, 315cm-1, 

458cm-1, 527cm-1 and broad peak at 752-824cm-1. These peaks agree with previous 

reports62,113. 

The Raman spectra of the B doped samples showed peaks corresponding 

only to the LLTO phase (Figure 30). Since the detected impurity (La0.67TiO3) is also 

similar perovskite, their peaks overlap with those of the LLTO phase. Peaks 

belonging to borate components were not detected, which may be related to the low 

boron content and hence low intensity of peaks. 

Figure 29. Raman spectra of pure B2O3 and Li0.3La0.567TiO3 (according to XRD data) 
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As shown in table 6 the pellet densities were similar for all cases with values 

of 83-88% illustrating better sintering compared to LLTO without B doping. The 

1200°C and 1350°C samples were closer as representative samples for conductivity 

studies. 

Table 6. Calculated cell parameters of Li0.2La0.567Ti0.95B0.05O2.925 prepared at 
various temperatures 

Temperature a, Å c, Å c/a 
Pellet Density 

(% theor.) 

Cell 
Volume, 

Å3 

1100°C 3.8686(2) 7.7812(5) 2.0114(7) 83.3% 116.45(2) 
1200°C 3.8704(3) 7.7828(5) 2.0109(8) 87.5% 116.59(3) 
1300°C 3.8705(2) 7.7731(6) 2.0083(8) 85.4% 116.45(2) 
1350°C 3.8697(2) 7.7834(5) 2.0114(7) 86.0% 116.55(2) 

 

Figure 30. Raman spectra of Li0.2La0.567Ti0.95B0.05O2.925 prepared at various 
temperatures 
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Li0.3La0.533Ti0.95B0.05O2.925 

 

The next charge balance was investigated with the Li content maintained, 

while the La content was reduced. In this case, at various calcination temperatures 

the impurities La0.67TiO3 and TiO2 are observed.  Only TiO2 is present as an impurity 

at the higher temperatures (Figure 31). This may also indicate that too much lithium 

evaporation from the system occurs. Perhaps the presence of boron increases its 

volatility or there could be the formation of an amorphous Li/La borate phase. 

The Raman spectra of these phases showed similar results to before with 

no additional peaks (Figure 32). This probably indicates that existing impurity 

Figure 31. XRD data of Li0.3La0.533Ti0.95B0.05O2.925 prepared at various 
temperatures.  Tickmarks designate tetragonal perovskite phase 
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peaks (e.g. these due to TiO2) coincide with the peaks from the perovskite phase. 

Borate containing components were not identified. 

The cell parameters were determined from the XRD data. Similar cell 

parameters were observed, albeit with a small increase in the tetragonality with 

increasing temperature. 

The density of the obtained samples was shown to increase with increasing 

temperature (Table 7). Samples with higher density should have a higher total 

conductivity. Therefore, for further conductivity investigations, the samples 

sintered at 1200°C and 1350°C were selected. 

Figure 32. Raman spectra of Li0.3La0.533Ti0.95B0.05O2.925 prepared at various 
temperatures 
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Table 7. Calculated cell parameters of Li0.3La0.533Ti0.95B0.05O2.925 prepared at 
various temperatures 

Temperature a, Å c, Å c/a 
Pellet 

Density 
(% theor.) 

Cell 
Volume, 

Å3 

1100°C 3.8728(3) 7.7526(6) 2.0018(9) 74.5% 116.28(3) 
1200°C 3.8735(2) 7.7582(5) 2.0029(7) 79.2% 116.40(2) 
1300°C 3.8693(2) 7.7753(5) 2.0095(7) 83.3% 116.41(2) 
1350°C 3.8675(2) 7.7727(5) 2.0098(7) 87.5% 116.26(2) 

 

Li0.35La0.517Ti0.95B0.05O2.925 

 

The next charge balancing strategy investigated was to maintain the total A 

site occupancy which was achieved through increasing the Li content and lowering 

the La content. At lower temperatures, the XRD data showed a perovskite phase, 

which was very similar to a single cubic structure, and then, as the temperature 

increased, the peaks splitting indicative of the tetragonal cell become more apparent 

(Figure 33). Cell parameters are given in a table 8. 

Table 8. Calculated cell parameters of Li0.35La0.517Ti0.95B0.05O2.925 prepared at 
various temperatures 

Temperature a, Å c, Å c/a 
Pellet 

Density 
(% theor.) 

Cell 
Volume, Å3 

1100°C 3.8724(3) 7.7559(6) 2.0029(9) 82.2% 116.30(3) 
1200°C 3.8725(4) 7.7522(9) 2.0019(13) 87.5% 116.25(4) 
1300°C 3.8706(3) 7.7567(8) 2.0040(11) 87.5% 116.21(3) 
1350°C 3.8660(2) 7.7680(4) 2.0093(6) 85.0% 116.10(2) 
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Raman data of these samples showed that at a temperature 1100°C there was 

an additional peak at 860 cm-1, which subsequently disappeared at higher 

temperatures (Figure 34). This peak may correspond to a borate group or B2O3 as 

on the Figure 29. This may indicate that at low temperatures the boron component 

have difficulty in entering into the crystal structure of lanthanum lithium titanate. 

Moreover, as can be seen by the results of XRD (Figure 33), possibly replacing 

titanium with boron results in a transition to tetragonal from cubic symmetry and 

appear of superstructural peaks. 

Figure 33. XRD data of Li0.35La0.517Ti0.95B0.05O2.925 prepared at various 
temperatures. Tickmarks designate tetragonal perovskite phase 
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The density of the obtained samples was shown to increase with increasing 

temperature. Therefore, for further conductivity investigations, the samples 

sintered at 1200°C and 1350°C were selected.  

 Table 9 shows cell parameters for samples with different Li content 

prepared at 1350°C. In general, a decrease in the volume of the crystal lattice with 

increasing lithium content is observed, due to the decrease in the number of large 

lanthanum ions. The cell parameters for are consistent with prior studies114.  

Figure 34. Raman spectra of Li0.35La0.517Ti0.95B0.05O2.925 prepared at various 
temperatures 
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Table 9. Cell parameters for 𝑳𝒊𝟑𝒙𝑳𝒂𝟎.𝟔𝟑𝟑−𝒙𝑻𝒊𝟎.𝟗𝟓𝑩𝟎.𝟎𝟓𝑶𝟐.𝟗𝟐𝟓 samples with 
different Li content prepared at 1350°C 

x a, Å c, Å c/a 
Cell Volume, 

Å3 
0.067 3.8697(2) 7.7834(5) 2.0114(7) 116.55(2) 

0.1 3.8675(2) 7.7727(5) 2.0098(7) 116.26(2) 
0.117 3.8660(2) 7.7680(4) 2.0094(6) 116.10(2) 

 

Silicon doping 

 

A recent report from our group97 has shown that silicon can be introduced 

on the B cation site in perovskites. Considering this a range of doping strategies was 

investigated. Assuming silicon incorporates as SiO42- the formula 

𝐿𝑖3𝑥𝐿𝑎2𝑦
3
−𝑥
𝑇𝑖𝑦𝑆𝑖1−𝑦𝑂𝑦+2 (x=0.06; 0.1; 0.117; y=0.9) was used. Introduction of silicon 

would lead to a loss of negative charge, since although Si4+ has the same charge as 

Ti4+, it prefers a lower coordination number (CNSi=4, CNTi=6) thus leading to oxide 

ion vacancies. A number of charge balancing strategies were therefore investigated. 

Here were examined three cases of Li content compared to undoped materials114: 

lowered at x=0.06, normal at x=0.1 and enriched at x=0.117. 

 

Li0.2La0.533Ti0.9Si0.1O2.9 

 

In the first instance, the charge was balanced with lowered Li content. XRD 

results showed that a pure phase is obtained only at a temperature 1350°C, with 
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extra impurity peaks observed at 1300°C and below (Figure 35). The main 

perovskite phase was shown to have a tetragonal cell, as for the undoped system.  

The Raman spectra showed peaks corresponding to the LLTO phase, but at 

1100°C a significant amount of additional peaks due to impurity are observed 

(Figure 36). There is a peak at 800-830 cm-1 that is consistent with the presence of 

SiO4 group. Possibly, at lower temperature, lithium silicates are formed and then it 

reacts further at elevated temperature.  

Figure 35. XRD data of Li0.2La0.533Ti0.9Si0.1O2.9 prepared at various temperatures. 
Tickmarks designate tetragonal perovskite phase 
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The density of the obtained pellets was shown to be increased to almost 

90% of the theoretical value at a temperature of 1200°C (Table 10). Melting of 

lithium silicates at lower temperatures likely produces a beneficial effect on the 

sintering process and leads to the production of high-density samples. 

 
Table 10. Calculated cell parameters of Li0.2La0.533Ti0.9Si0.1O2.9 prepared at 
various temperatures 

Temperature a, Å c, Å c/a 
Pellet 

Density 
(% theor.) 

Cell 
Volume, 

Å3 

1100°C 3.8696(3) 7.7781(6) 2.0101(9) 70.8% 116.47(3) 
1200°C 3.8713(2) 7.7661(5) 2.0061(7) 89.6% 116.39(2) 
1300°C 3.8725(2) 7.7737(4) 2.0074(6) 89.6% 116.58(2) 
1350°C 3.8720(2) 7.7842(6) 2.0104(8) 89.6% 116.70(2) 

 

 

Figure 36. Raman spectra of Li0.2La0.533Ti0.9Si0.1O2.9 prepared at various 
temperatures 
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Li0.3La0.5Ti0.9Si0.1O2.9 

 

Maintaining the Li content, while charge balancing with a reduction in the 

La content was analysed next. XRD showed that a pure phase formed at a 

temperature of 1200°C (Figure 37). The phase has a tetragonal lattice, and no 

further significant changes were observed with increasing temperature. Compared 

to the Si-doped LLTO with Li0.2 sample it has a very small amount of impurities.  

Raman spectra showed similar results to the previous B-doping series. For 

the sample prepared at a temperature 1100°C a peak indicative of a SiO4 group was 

observed, which then disappeared for higher temperatures (Figure 38).  

Figure 37. XRD data of Li0.3La0.5Ti0.9Si0.1O2.9 prepared at various temperatures. 
Tickmarks designate tetragonal perovskite phase 
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 Table 11 shows that the ratio of cell height to its width remains essentially 

constant with temperature. The highest density pellet was observed for sintering at 

a temperature 1300°C. In addition, there is a slight increase in the crystal lattice, 

probably for similar reasons of lithium evaporation. 

Table 11. Calculated cell parameters of Li0.3La0.5Ti0.9Si0.1O2.9 prepared at 
various temperatures 

Temperature a, Å c, Å c/a 
Pellet 

Density 
(% theor.) 

Cell 
Volume, 

Å3 

1100°C 3.8699(3) 7.7601(6) 2.0052(9) 72.9% 116.22(3) 
1200°C 3.8714(4) 7.7706(7) 2.0072(11) 85.4% 116.46(3) 
1300°C 3.8701(2) 7.7751(4) 2.0090(6) 87.5% 116.45(2) 
1350°C 3.8725(2) 7.7803(7) 2.0091(9) 85.4% 116.68(2) 

 

 

 

Figure 38. Raman spectra of Li0.3La0.5Ti0.9Si0.1O2.9 prepared at various 
temperatures 
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Li0.35La0.483Ti0.9Si0.1O2.9 

 

The last charge balancing strategy was investigated with enriched Li 

content that led to decreasing of lanthanum amount on A site. XRD showed a pure 

tetragonal perovskite phase at the temperatures 1300°C and above (Figure 39).  

Raman spectra showed similar results to the previous samples. A peak 

indicative of a SiO4 group appears only for the sample prepared at 1100°C (Figure 

40). Perhaps at temperatures higher than 1100°C, loss of Si as Li silicate occurs. 

Figure 39. XRD data of Li0.35La0.483Ti0.9Si0.1O2.9 prepared at various temperatures. 
Tickmarks designate tetragonal perovskite phase 
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Table 12 shows that the pellet density of the obtained samples increases 

and reaches a maximum at a temperature 1350°C. The c/a ratio varies slightly 

depending on the temperature.  

Table 12. Calculated cell parameters of Li0.35La0.483Ti0.9Si0.1O2.9 prepared at 
various temperatures 

Temperatur
e 

a, Å c, Å c/a 
Pellet 

Density 
(% theor.) 

Cell 
Volume, 

Å3 

1100°C 3.8673(2) 7.7664(4) 2.0082(6) 72.9% 116.15(2) 

1200°C 3.8742(2) 7.7370(5) 1.9971(7) 85.4% 116.13(2) 
1300°C 3.8763(1) 7.7299(2) 1.9941(3) 85.4% 116.15(1) 
1350°C 3.8707(3) 7.7787(7) 2.0096(10) 91.7% 116.54(3) 

 

Table 13 shows cell parameters for Li3xLa0.6−xTi0.9Si0.1O2.9  samples with 

different Li content prepared at 1350°C. The increase of the Li content with 

Figure 40. Raman spectra of Li0.35La0.483Ti0.9Si0.1O2.9 prepared at various 
temperatures 
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simultaneous decrease of the La content causes small insignificant volume 

contraction. In comparison to undoped samples there is a very small expansion, 

which is, however, can be neglected as the doped sample has higher density and, 

therefore, could have different microstrain behaviour.   

Table 13. Cell parameters for 𝑳𝒊𝟑𝒙𝑳𝒂𝟎.𝟔−𝒙𝑻𝒊𝟎.𝟗𝑺𝒊𝟎.𝟏𝑶𝟐.𝟗 samples with 
different Li content prepared at 1350°C 

x a, Å c, Å c/a 
Cell Volume, 

Å3 
0.067 3.8720(3) 7.7842(8) 2.0104(11) 116.70(3) 

0.1 3.8725(2) 7.7803(6) 2.0091(8) 116.68(2) 
0.117 3.8707(3) 7.7787(7) 2.0096(10) 116.54(3) 

 

To evaluate potential changes in the ionic diffusion in the conductivity 

study, samples prepared at 1200°C and 1350°C for boron doping and at 1300°C and 

1350°C for silicon doping were examined.  

 

Conductivity study 

Boron doped samples 

 

The conductivity data were collected on the boron doped LLTO samples 

sintered at 1200°C and 1350°C. In all cases the total conductivity is similar nearly 2 

orders of magnitude lower than the grain bulk conductivity just like in undoped 

LLTO (Figure 41). The grain bulk conductivity has a slightly wider range of observed 

values. However, due to the nature of experiment and predominance of the grain 

boundary resistance in the system, these values have larger uncertainty. The similar 

gradient of lines on Arrhenius plot indicates that the activation energy of Li ion 
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migration is very similar for all samples. Thus boron addition to LLTO does not 

appear to affect the Li ionic transport in these materials. This is unusual as the 

density of doped samples is significantly higher than the undoped, and so a higher 

total conductivity might be expected. It is possible that the positive sintering effect 

of doping is countered by formation of very small amount of less conductive B 

containing impurities. 

 

Silicon doped samples 

 

Figure 41. Bulk (filled markers) and total (empty markers) conductivity of B-doped 
samples 
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The conductivity data were collected on the silicon doped LLTO samples 

sintered at 1300°C and 1350°C. For the end series, we observe similar conductivity 

behaviour as for B doped samples. The total conductivity of all samples is about 2 

orders of magnitude lower than the grain bulk conductivity (Figure 42). The grain 

bulk conductivity values have the same measurement uncertainty as in the case of 

B-doped compounds and, therefore, can be assumed to have negligible difference. 

Somewhat surprisingly the total conductivity of most of the samples remains 

constant despite significant Li content changes. Similarly the slope of lines on 

Arrhenius plots is similar for all samples suggesting no significant variations in Li-

Figure 42.  Bulk (filled markers) and total (empty markers) conductivity of Si-doped 
samples 
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ion transport. The Si-doped samples sintered at 1350°C did show some noticeable 

reduction in total conductivity, however, which may be related to the formation of a 

thin lithium silicate layer with higher resistivity on the surface of the grain. Partial 

melting of this impurity might also account for the good sinterability at this 

temperature. 

 

Conclusion 

 

The cell parameter data does not support incorporation of the boron or 

silicon into LLTO lattice. The small changes observed for the cell volume probably 

instead related to a small change of Li/La ratio.   

The addition of boron or silicon to LLTO perovskite showed negligible effect 

on ionic conductivity. While there is a significant improvement in the sintering 

giving denser pellets, it is possible that the formation of a higher resistivity Li 

borate/silicate layer on the grain negates any beneficial effect from the density 

increasing. 



 

 

 

 

 

 

 

 

Chapter Four 

Synthesis and characterisation of 

Li5+yLa3M2O12 (0<y<2, M=Nb/Ta/Zr) 

garnet doping with Na+ 

The high ionic conductivity, good chemical stability vs. lithium metal and 

wide electrochemical stability range makes the lithium-containing garnet oxides 

potential candidates for solid electrolytes in all-solid-state lithium ion batteries. The 

classic garnet structure is based on the orthosilicates AII3MIII2(SiO4)3 which consists 

of a framework of corner linked MO6 octahedra and SiO4 tetrahedra with the A 

cations filling eight coordinate cavity sites within this framework78. More recently 

Li containing garnets have attracted attention following reports of high Li ion 

conductivity in these systems82. One of the most interesting aspects of these Li ion 

garnets is their ability to accommodate excess Li ions far and above that expected 
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for the simple garnet structure. Thus, the general formula is LixA3M2O12, where 

3≤x≤7, with these Li ions accommodated in a combination of the traditional 

tetrahedral garnet site and other distorted interstitial six coordinate sites115. The 

first report of high Li ion conductivity in garnets was for the  Li5La3M2O12 (M=Nb, 

Ta) systems79. Although the conductivity at room temperature was relatively low 

(10-6 S/cm), the system showed high stability towards molten Li. This early seminal 

work by Thangadurai et al. has since inspired a wide range of doping studies on this 

material to increase conductivity87. It has been shown that substitution of La(III) 

with divalent alkaline earth metals Ba(II)88,89,116, Ca(II)90,91, Sr(II)89,91 in Li5La3M2O12 

(M=Nb, Ta) leads to an improvement in the Li-ion conductivity due to an increase in 

the Li content. Monovalent alkali metal substitution was also reported, with 

potassium doping successfully applied to improve Li conductivity in Nb based 

garnet92.  

Another promising garnet first reported by Murugan et al in 200783 is 

Li7La3Zr2O12 with conductivity about 10-4 S/cm at room temperature initially 

reported. This system has, however, proved to be quite complex, and it has since 

been shown that this phase Li7La3Zr2O12 (as well as the related Li7La3Sn2O12 and 

Li7La3Hf2O12) is actually tetragonal with low Li ion conductivity, due to Li ordering 

which is necessary to accommodate 7 Li ions per formula unit within the structure, 

while avoiding too short Li-Li interactions81,84,117–119. The frequently observed cubic 

symmetry for this material was shown to actually arise from Al3+ incorporation from 

reaction with the alumina crucible to give Li7-3xAlxLa3Zr2O1286,120. This was 
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confirmed by experiments investigating the deliberate incorporation of Al and other 

multivalent ions, e.g. Ga, on the Li site84,85.   

In addition to doping strategies into Li7La3Zr2O12 and Li5La3M2O12 (M=Nb, 

Ta), many researchers have investigated the solid solution between these two 

systems, with this work showing very high conductivities for Li contents of the order 

of 6.5-6.7593,121.   One issue with these garnet systems, however, is the difficulty in 

obtaining dense pellets while limiting Li loss. As a result, we have been interested in 

the introduction of Na into Li5La3M2O12 and Li7-xLa3Zr2-xMxO12 (M=Nb, Ta) to 

substitute La and subsequently increase Li-content/conductivity, and hopefully 

improve the sintering ability. During the course of this work Peng et al.122 reported 

results on Na incorporation into Li5La3Nb2O12 garnet prepared via a sol-gel route, 

with some significant differences in the results, which will be discussed in this 

chapter.  

With a view to investigate the influence of having 7Li per formula unit, there 

was recently reported new high Li ion content garnets Li7LnSr2Ta2O12 (Ln = La, Pr, 

Nd, Sm, Gd)81, which gave tetragonal cell for all systems. In addition to the main 

experiment reported in this chapter, such studies are extended and here the 

synthesis and conductivity of high Li ion content garnets Li7LaM2Nb2O12 (M = Ba, Sr, 

Ca) are reported, correlating the conductivities with the effect of ordering of the Li 

ions.  
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Experimental 

 

Two series of Na doped and a range of divalent alkali-earth metal doped 

garnets were prepared in this work via solid-state reaction: Li5+2xLa3-xNaxM2O12, 

Li7La3-xNaxZr2-2xM2xO12 (x=0-1, M=Nb, Ta) and LaX2Nb2Li7O12 (X = Ba, Sr, Ca). Dried 

Li2CO3 (Alfa Aesar) and Na2CO3 (Alfa Aesar) (10% excess to compensate evaporated 

lithium and sodium losses at high temperatures), BaCO3 (Aldrich), SrCO3 (Aldrich), 

CaCO3 (Alfa Aesar), La2O3 (Aldrich), Nb2O5 (Alfa Aesar), Ta2O5 (Alfa Aesar), ZrO2 

(Acros Organics) were wet milled (zirconia balls and bowls, hexane solvent) in a 

Fritsch Pulverisette 7 planetary ball mill to obtain 3g of a sample. After allowing for 

evaporation of the solvent, the powder was heated up to 700ºC for 12 hours. Then 

mixtures were reground in the planetary ball mill and pressed into pellets. These 

pellets were sintered at 900ºC for 12 hours under a layer of mother powder, and 

then analysed by X-ray diffraction and electrochemical impedance spectroscopy.  X-

ray diffraction data on a ground pellet were collected on a Panalytical Empyrean X-

ray diffractometer in Bragg-Brentano geometry with Cu (Kα) X-rays. The observed 

data were collected in the range from 15 to 145o, analysed to determine phase purity 

and lattice parameters were refined by the Rietveld method in TOPAS software104. 

Single crystals were grown via LiOH flux method on silver foil at 500ºC for 

48 hours. The prepared melt containing crystals was cooled down to 100ºC and 

washed in boiling deionised water. Crystals were filtered and dried at 300ºC for 6 

hours. Single crystals were mounted on glass fibre and diffraction data were 

collected on an Agilent SuperNova diffractometer using an Atlas detector. The 
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crystals were kept at 100K during data collection using an Oxford Cryosystems 

Cryostream. Using Olex2123, the structure was solved with the ShelXT124  structure 

solution program using Intrinsic Phasing, and refined with the ShelXL125 refinement 

package using a least squares approach.  

The conductivities of the obtained pellets were measured in air by 

electrochemical impedance spectroscopy using a HP 4204 impedance analyser 

within a frequency range 5 – 1.3×107 Hz. Measurements were carried in the 

temperature range 25-300˚C on cooling. Pellets were coated an both sides with 

silver ink and dried at 150˚C for 2 hours. Zview software was used to analyse the 

obtained data105. The diffusion coefficients were calculated using Nernst-Einstein 

relation: 𝐷 =
𝜎𝑘𝐵𝑇

𝑒̅2𝑛
, where kB is the Boltzmann constant, 𝑒̅ is the electron charge and 

n is charge carrier concentration (number of Li cations per unit-cell volume)126,127.  

 

Results and discussion 

Structural study 

Na doping in Li5La3(Ta/Nb)2O12 

 

Na doping in Li5La3(Ta/Nb)2O12 was investigated to increase the Li content 

through partial substitution of La3+ by Na+. Figure 43 shows the XRD powder 

patterns for the Li5+2xLa3-xNaxNb2O12 (x = 0, 0.2, 0.4, 0.6, 0.8, 1) samples prepared. 

These patterns indicate the formation of a single-phase garnet up to x=0.4. At higher 

values of x an impurity phase of 5Li2O·Nb2O5 (first reported by Nalbandyan in 

1989128) was observed. In order to confirm that the obtained garnet phases are not 
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simply La deficient (with no Na incorporated) a corresponding La deficient phase 

Li5+2xLa3-xNb2O12 was prepared for x=0.4 without Na added. A comparison of the 

X-ray diffraction patterns with and without Na addition (Figure 43 top) support the 

presence of Na in the garnet phase; samples without Na show significant amounts 

of impurities, mostly consisting of lithium-niobium mixed oxide.  

Figure 43. XRD patterns of Li5+2xLa3-xNaxNb2O12 (x = 0, 0.2, 0.4, 0.6, 0.8, 1). Top 
graph contains patterns of Li5.8La2.6Na0.4Nb2O12 and Li5.8La2.6Na0.0Nb2O12 

(tickmarks designate cubic garnet phase peaks) 
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A generally similar picture can be observed for the XRD powder patterns of 

the Li5+2xLa3-xNaxTa2O12 (x = 0, 0.2, 0.4, 0.6, 0. 8, 1) samples (Figure 44). A pure garnet 

phase is formed up to x=0.4, while above this level a similar impurity (5Li2O·Ta2O5) 

appears. A similar experiment to confirm the presence of Na in the structure was 

Figure 44. XRD patterns of Li5+2xLa3-xNaxTa2O12 (x = 0, 0.2, 0.4, 0.6, 0.8, 1). Top 
graph contains patterns of Li5.8La2.6Na0.4Ta2O12 and Li5.8La2.6Na0.0Ta2O12 

(tickmarks designate cubic garnet phase peaks) 
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carried out for the x=0.4 sample, with the results showing the presence of a Li - Ta 

rich impurity phase when no Na was added (Figure 44 top).  As above, this supports 

the conclusion that Na is also going into garnet structure for the Ta systems.  The 

successful incorporation of Na is further supported by Rietveld structure refinement 

using the XRD data for powders with and without Na addition (Figures A7 and A8, 

Appendix). In order to stabilise the occupancy refinement isotropic thermal 

displacement parameters were constrained to a general variable.  In particular, the 

Na doped sample was shown to have smaller cell parameters as well as a lower La 

occupancy value than undoped Li5La3Nb2O12, consistent with the smaller size and 

lower X-ray scattering factor of Na+ versus La3+. In contrast, the sample without Na 

revealed cell parameters very similar to the starting undoped phase Li5La3Nb2O12, 

and no reduction in La occupancy value.  

If we examine the changes across the  Li5+2xLa3-xNaxTa2O12 series, the lattice 

parameters for both Nb and Ta containing garnets showed a decrease in the cell 

parameter up to x=0.4 (Li5.8La2.6Na0.4(Nb/Ta)2O12 (Table 14)) consistent with 

increasing Na incorporation.  
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The nominal La site occupancy factor was also refined, and it was shown 

that this value also decreases, and indeed further decreases are seen up to x=0.6, 

albeit this latter phase contains impurities (Figure 44).  As noted above, the decrease 

in the nominal La site occupancy can be related to the lower X-ray scattering factor 

of Na+ versus La3+. In order to obtain more information on the actual amount of Na 

incorporation on the La site, the occupancy of Na on the lanthanum site was refined, 

assuming the constraint that the sum of the Na and La site occupancies=1. A plot of 

these refined Na site occupancies versus the cell parameters are shown in Figure 45. 

Initially there is the expected trend of decreasing cell parameters with increasing of 

the Na content on the La site. However, for the Nb system in particular the cell 

parameters remain approximately constant for refined Na content above 0.23 of 

total Na on La site. In this respect, it is interesting to note that these refined Na 

occupancies were lower than the expected from the starting stoichiometry (as 

Figure 45. Cell parameter versus refined Na occupancy on La site in Nb and Ta 
based garnet 
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illustrated in Figure 46). Thus it suggests that not all the Na added is going onto the 

La site. There are two main possibilities to explain this discrepancy: (1)  Na is being 

lost due to volatilisation at high temperatures, and (2) some of the Na is occupying 

another site within the cell, for example the lithium sites.  

Considering these data and presence of impurities the total Na solubility 

limit is around 0.4 Na per formula unit for both series. The limits for the individual 

La-site and Li-site are so far unclear.  

 

Na doping in Li7La3Zr2O12 

 

We also investigated the possibility of Na incorporation onto the La site in 

Li7La3Zr2O12. Since it is not possible to increase the Li content above 7 per formula 

unit in garnet systems, this doping strategy required charge balance by co-doping 

with Nb/Ta on the Zr site.  Figure 47 shows the resulting XRD powder patterns for 

Figure 46. Refined Na occupancy versus expected composition based on the 
amount of Na added. Dash line represents 1:1 ratio 
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Li7La3-xNaxZr2-2xM2xO12 (x = 0, 0.2, 0.4, 0.5, 0.6, 0.8, 1, M=Nb, Ta). All the doped 

samples were shown to have a cubic lattice, while a mixture of tetragonal and cubic 

garnet phases were observed for undoped Li7La3Zr2O12 due to partial contamination 

from the crucible. For the simultaneous Na and Nb/Ta doped samples, impurities 

were observed for all samples. Moreover, the amount of impurity phases, consisting 

of Li-Ta, Li-Nb, Li-Zr oxides, appeared to increase with Na content. In order to gather 

more information on these systems, Rietveld refinement was performed as for 

earlier synthesis (Table 15). 

Figure 47. XRD patterns of Li7La3-xNaxZr2-2xM2xO12 (x=0-1, M=Nb, Ta),*-
impurities, tickmarks designate cubic garnet phase peaks 
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It was previously reported that the change of the cell parameters with 

transition from Zr to Nb/Ta containing garnet shows a decrease with increasing Na 

content 93,129. Those obtained for the Li7La3-xNaxZr2-2xM2xO12 series should decrease 

even more significantly considering the smaller size of the Na potentially being 

incorporated. Indeed, samples show a decrease in cell parameters with an increase 

of Ta/Nb content for both series (Figure 48). However, there is no significant 

deviation from the values corresponding to systems without Na doped – just 

Li7-xLa3Zr2-xMxO12 (dash line). There is only one sample that is noteworthy as being 

significantly different, and that is the Nb/Ta endmember phase discussed earlier. It 

Figure 48. Cell parameters of Li7La3-xNaxZr2-2xM2xO12 (x=0-1, M=Nb, Ta) 
series. Dash line represents reported change of cell parameters in 

transition from Zr-garnet to Nb/Ta-garnet 
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therefore appears that zirconium forms a more thermodynamically stable phase 

with sodium that can be the source of impurities. Considering this fact, it is 

surprising to observe a small change of the La occupancy parameter in these series 

of samples. To investigate possibility of forming of La vacancies on their own in 

garnet the La-deficient samples were prepared. They showed the same cell 

parameters and La occupancy lower than 1 for both series. Previous similar 

experiment with only Nb/Ta containing garnet showed that these structures are 

intolerant to La deficiency. Obviously, in case of presence of Zr the system is more 

stable with higher strength margin. This can be due to larger ionic radii of Zr4+ 

causing formation of larger cell with smaller repulsion of oxygen atoms within the 

empty eight-coordinated La-site. Concluding this experiment, we can surely say that 

Na is not able to be on the La site in the Zr-containing garnets. 

 

Conductivity study 

 

Conductivity measurements were made on the pellets sintered at 900°C. 

Unfortunately, it did not appear that Na improved the sintering and all the pellet 

densities were relatively low (~60%). The measured impedance data could 

however be resolved into bulk, grain boundary and electrode responses (fitted with 

an equivalent circuit consisting of a series of two parallel resistance-CPE (constant 

element phase) contributions). The presence of a tail consistent with the electrode 

response confirms that the observed conductivity is ionic and that the electronic 

conductivity is negligibly small130 (Figure A5, Appendix). Samples with higher Na 
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content (in which XRD data showed the presence of impurities) were also measured 

but the conductivities were found to be lower and accurate separation of bulk and 

grain boundary contributions could not be achieved.  

The room temperature bulk conductivity for the undoped starting garnet-

phases Li5La3M2O12 were found to be 2.5·10-6 S/cm and 1·10-6 S/cm for Nb and Ta, 

respectively. These values are comparable to values previously reported in 

literature for solid state synthesis route79 but lower than reported in later studies 

by Peng at al131. The relatively poor sintering of the pellets is most likely the reason 

for this lower conductivity.  

In addition, it was observed that the room temperature bulk and grain 

boundary conductivities decrease with increasing Na content. It therefore appears 

Figure 49. Arrhenius plots of Li5+2xLa3-xNaxM2O12 (x=0-0.6, M=Nb,Ta) 
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that in this case the general increase of Li content in the system does not increase 

the Li ion conductivity. Previous reports have shown that a reduction in the rare 

earth size lowers the conductivity of these garnet systems132, and so the fact that 

Na+ is smaller than La3+ may at least partly explain the conductivity reduction. In 

addition, the possibility that a small amount of Na goes onto the Li site cannot be 

excluded. In this case, Na ions, due to their bigger size, could block the Li conduction 

pathways and therefore decrease conductivity. In this respect, Na substitution on 

the La site in perovskites ((Li/La)1-xTiO3) has been shown to decrease the lithium-

ion conductivity65. In such cases the material turns from a typical fast ionic 

conductor, 10-3 S/cm, in to a good insulator, 10-10 S/cm, attributed to Na blocking Li 

transportation tunnels. 

The variation of the conductivities with temperature are shown in Figure 

49. For the Ta systems all the Na doped samples had lower conductivity over the 

whole temperature range studied. For the Nb systems the conductivity difference 

between the different samples was smaller and the x=0.2 sample showed higher 

conductivity than the undoped system at elevated temperatures. It is possible that 

for the Ta systems Li-Na disorder is increased and so has larger effect on ion 

transportation tunnels. Ion migration activation energy and diffusion coefficients at 

293K are presented in Table 16. 
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Table 16. Ion migration activation energy and diffusion coefficients at 
293K for Li5+2xLa3-xNaxM2O12 (x=0-0.6, M=Nb,Ta) 

Nominal sample 
composition 

 Scm D293K (cm2/s) Ea (eV) 

La3Li5Nb2O12 2.5 × 10-6 1.4 × 10-11 0.44(1) 
La2.82Na0.18Li5.37Nb2O12 1.4 × 10-6 7.4 × 10-12 0.50(1) 
La2.76Na0.24Li5.47Nb2O12 1.1 × 10-6 6.1 × 10-12 0.48(1) 
La2.63Na0.38Li5.75Nb2O12 4.8 × 10-7 2.5 × 10-12 0.53(1) 

La3Li5Ta2O12 1.0 × 10-6 5.6 × 10-12 0.49(1) 
La2.91Na0.09Li5.19Ta2O12 1.3 × 10-7 6.9 × 10-13 0.54(1) 
La2.65Na0.35Li5.70Ta2O12 4.0 × 10-8 2.1 × 10-13 0.61(1) 
La2.60Na0.40Li5.80Ta2O12 1.0 × 10-8 5.2 × 10-14 0.54(1) 

 

The activation energy increases with increase in Na content for both Nb/Ta 

series of Li5+2xLa3-xNaxM2O12, which may be due to Li-Na disorder and its’ blocking 

effect on Li conduction pathways. The calculated diffusion coefficients decrease with 

increasing Na content and are in agreement with the data reported for this type of 

materials133. In order to fully clarify these differences further work is required to 

confirm the presence of Na on the Li site. 

 

Structural study of Li7LaSr2Nb2O12 

 

In order to gather further structural information on garnet Li ion 

conductors, new Li7 tetragonal phases were prepared and their structures and 

conductivity examined.  

The nominal samples of LaX2Nb2Li7O12 (X = Ba, Sr, Ca) were prepared at 

various conditions (800-1200C and 2-24 hours). It was found to not be possible to 

obtain barium and calcium containing tetragonal phases (Figure 50). This may 

relate to the large difference in size compared to La, which limits the level of 
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incorporation possible. However, in case of Sr doping we obtained a sample 

(prepared at 850oC for 12 hours) which contained 66% of tetragonal Li7LaSr2Nb2O12 

and 34% of cubic garnet (Figure A6, Appendix). The inability to prepare sample 

containing 100% tetragonal garnet can be related to the fact that these systems are 

very difficult to make as they are extremely sensitive to the Li content and moisture.  

The structural study was performed on the single crystals, which were 

extracted from the mixture containing both tetragonal and cubic garnet. Table 17 

contains main crystal data, experimental parameters and refinement indices. 

Figure 50. XRD patterns of Li7LaX2Nb2O12 (X = Ba, Sr, Ca) and Li5La3Nb2O12 
for comparison. Asterisks designate non-garnet impurities, tickmarks 

designate cubic garnet phase peaks 
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Table 17 Crystal data and structure refinement parameters 

Identification code Tetragonal Cubic 

Empirical formula Li7La0.99Nb2O12Sr2.01 Li6.63La1.35Nb2O12Sr1.65 

Formula weight 739.97 756.07 
Temperature/K 100.01(10) 100.00(10) 
Crystal system tetragonal cubic 

Space group I41/acd Ia-3d 

a/Å 13.027(3) 12.8267(2) 
b/Å 13.027(3) 12.8267(2) 

c/Å 12.429(5) 12.8267(2) 
α/° 90 90 
β/° 90 90 
γ/° 90 90 

Volume/Å3 2109.4(12) 2110.30(10) 

Z 8 8 

ρcalcg/cm3 4.66 4.759 

μ/mm-1 61.011 69.782 

F(000) 2654 2701 

Crystal size/mm3 0.054 × 0.041 × 0.025 0.06 × 0.039 × 0.022 

Radiation CuKα (λ = 1.54184) CuKα (λ = 1.54184) 

2Θ range for data collection/° 13.594 to 149.902 16.932 to 149.766 

Index ranges 
-9 ≤ h ≤ 13, 

 -10 ≤ k ≤ 16, 
 -10 ≤ l ≤ 15 

-15 ≤ h ≤ 15, 
 -13 ≤ k ≤ 16, 
 -15 ≤ l ≤ 16 

Reflections collected 1709 8697 

Independent reflections 
530 [Rint = 0.0881,  

Rsigma = 0.0834] 
184 [Rint = 0.0418,  

Rsigma = 0.0085] 
Data/restraints/parameters 530/6/60 184/1/23 

Goodness-of-fit on F2 1.084 1.192 

Final R indexes [I>=2σ (I)] 
R1 = 0.1094,  

wR2 = 0.2656 
R1 = 0.0379,  

wR2 = 0.1038 

Final R indexes [all data] 
R1 = 0.1405,  

wR2 = 0.2963 
R1 = 0.0379,  

wR2 = 0.1038 

Largest diff. peak/hole / e Å-3 2.81/-2.88 1.35/-1.29 

 

The least squares refinement of the structure of the tetragonal phase was 

difficult due to non-merohedral multi-twinning of the crystal. However, it was 

possible to extract the main component and refine it as the single crystal. This 
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approach affected the quality of the refinement and the final Rint is only 10.94% with 

the presence of electronic density artefacts related to the crystal twinning. Tables 

18 and 19 contain the obtained atomic structural information for tetragonal 

Li7LaSr2Nb2O12. 

Table 18. Fractional Atomic Coordinates and Equivalent Isotropic 
Displacement Parameters (Å2×100) for Tetragonal Garnet Li7LaSr2Nb2O12. 
Ueq is defined as 1/3 of the trace of the orthogonalised UIJ tensor. 
Atom x y z Occupancy Ueq 

La1 0.5 0.75 0.625 0.31(7) 2.78(17) 
La2 0.6273(2) 0.5 0.75 0.34(6) 2.78(13) 
Nb 0.5 0.5 0.5 1 2.84(14) 
Sr2 0.6273(2) 0.5 0.75 0.66(6) 2.78(13) 
Sr1 0.5 0.75 0.625 0.69(7) 2.78(17) 
O2 0.5480(13) 0.6425(14) 0.4601(16) 1 3.0(4) 
O1 0.5319(13) 0.4485(12) 0.3528(17) 1 2.8(4) 
O3 0.6427(12) 0.4698(16) 0.5480(18) 1 3.4(5) 
Li1 0.6620(40) 0.3340(40) 0.5610(40) 1 3.2(9) 
Li2 0.5 0.75 0.375 1 1.8(15) 
Li3 0.6780(40) 0.4280(40) 0.375 1 7.0(30) 

 

Table 19. Anisotropic Displacement Parameters (Å2×100) for Tetragonal 
Garnet Li7LaSr2Nb2O12.  

Atom U11 U22 U33 U23 U13 U12 

La1 2.41(17) 2.41(17) 3.5(3) 0 0 0.13(13) 

La2 2.35(16) 2.52(16) 3.45(19) 0.03(10) 0 0 

Nb 2.7(2) 2.22(18) 3.6(2) -0.10(12) -0.23(11) -0.08(10) 

Sr2 2.3.(16) 2.52(16) 3.45(19) 0.03(10) 0 0 

Sr1 2.41(17) 2.41(17) 3.5(3) 0 0 0.13(13) 

O2 2.8(8) 2.8(9) 3.3(10) 0.4(8) 1.0(8) 1.1(7) 

O1 2.7(8) 1.1(7) 4.7(11) -1.0(7) 0.1(8) 0.5(5) 

O3 1.2(7) 4.4(11) 4.7(12) -1.0(10) 1.2(8) 0.1(7) 

Li1 3.6(12) 2.8(12) 3.2(12) 0.5(9) 0.6(9) -0.4(9) 

Li2 1.6(19) 1.6(19) 2.0(40) 0 0 0 

Li3 6.0(30) 6.0(30) 10.0(80) 3.0(50) -3.0(50) -3.0(40) 

 

The refined chemical composition confirms the presence of seven Li ions 

per formula unit corresponding to Li7LaSr2Nb2O12. As expected, the tetragonal phase 
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shows the presence of three fully occupied Li sites. There is an average 2.55Å 

distance between these Li sites without evidence of disorder. We also didn’t observe 

any evidence of ordering of Sr and La between the two crystallographic sites, even 

with allowing relaxation of the symmetry down to orthorhombic. 

The extracted single crystal with cubic structure had good quality and 

showed no twining, therefore least squares refinement of the cubic phase is more 

complete (Rint 3.79%) and has much less electronic density artefacts than tetragonal 

phase. Tables 20 and 21 contain atomic structural information for this cubic garnet. 

Table 20. Fractional Atomic Coordinates and Equivalent Isotropic 
Displacement Parameters (Å2×100) for Cubic Garnet 
Li6.63La1.35Sr1.65Nb2O12. Ueq is defined as 1/3 of the trace of the 
orthogonalised UIJ tensor. 

Atom x y z Occupancy Ueq 

La1 0.5 0.25 0.375 0.45(3) 1.53(6) 
Sr1 0.5 0.25 0.375 0.55(3) 1.53(6) 
Nb1 0.75 0.25 0.75 1 1.39(7) 
O1 0.6059(4) 0.2998(4) 0.7172(4) 1 2.05(11) 
Li1 0.6540(20) 0.3260(20) 0.5601(19) 0.42(3) 2.5(6) 
Li2 0.5 0.25 0.625 0.52(10) 2.5(6) 

 

Table 21. Anisotropic Displacement Parameters (Å2×100) for Cubic Garnet 
Li6.63La1.35Sr1.65Nb2O12. 
Atom U11 U22 U33 U23 U13 U12 

La1 1.42(6) 1.42(6) 1.75(7) 0 0 0.16(3) 
Sr1 1.42(6) 1.42(6) 1.75(7) 0 0 0.13(3) 
Nb1 1.39(7) 1.39(7) 1.39(7) 0.05(2) -0.05(2) -0.05(2) 
O1 2.2(2) 2.0(3) 1.9(3) -0.30(18) 0.0(2) 0.26(19) 
Li1 3.4(10) 3.4(10) 0.6(9) 0 0 0 
Li2 3.4(10) 3.4(10) 0.6(9) 0 0 0 

 

The refined chemical composition gives a slightly smaller strontium content 

than expected, such that the overall stoichiometry is Li6.63La1.35Sr1.65Nb2O12. Due to 

lower strontium content the cell has only 6.63 Li ions per formula unit to maintain 
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the charge balance and, therefore, the cell is cubic. The relaxation of the cell 

symmetry down to orthorhombic did not show any evidence for strontium – 

lanthanum ordering. The cubic phase has an evenly distributed partially occupied Li 

sites. The average distance between Li sites is small (1Å), indicating that the 

distribution of the Li on these partially filled sites must be such that adjacent sites 

cannot be filled at the same time. 

Figure 51 represents the distribution of the Li ions in the tetragonal and 

cubic cells of garnet. As was already mentioned above, the average Li-Li interatomic 

distance is almost 2.5 times greater for tetragonal lattice than for cubic. Li ions in 

the cubic cell are very evenly distributed in the migration channels albeit adjacent 

sites cannot be occupied at the same time. In the tetragonal cell Li ions are instead 

ordered on specific sites and this ordering supresses Li ion mobility. 

The conductivity study revealed very typical ionic conductivity values for 

tetragonal garnet. The Arrhenius plot showed that the tetragonal phase 

Cubic phase Ia3̅d 
Li6.63La1.35Sr1.65Nb2O12 

Partially occupied Li sites are present 

Tetragonal phase I41/acd 
Li7LaSr2Nb2O12 

Li sites are fully occupied 

Figure 51. Distribution of Li sites for different structures of Li rich garnets 
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Li7LaSr2Nb2O12 has a much lower conductivity and a higher Li migration activation 

energy than the parent undoped cubic phase Li5La3Nb2O12, associated with the 

ordering of Li ions (Figure 52).  

 

Conclusion 

 

Sodium doped Li5+2xLa3-xNax(Nb/Ta)2O12 (x = 0, 0.2, 0.4) garnet materials 

were successfully synthesized. Na incorporation onto the La site was supported by 

Rietveld refinement results. However, the conductivity data of the materials were 

found to be lower than for the undoped phase. Attempts to incorporate Na into 

mixed Ta/Zr and Nb/Zr systems suggested that the presence of Zr suppresses the 

accommodation of Na in the structure.  

Figure 52. Activation energy and conductivity data for Li5La3Nb2O12 and 
Li7LaSr2Nb2O12 pellets 
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A new garnet Li7LaSr2Nb2O12 was synthesized showing tetragonal 

symmetry because of Li ordering. Due to this Li ordering the conductivity of 

obtained tetragonal phase is lower than that of the cubic phase. 

 



 

 

 

 

 

 

 

 

Chapter Five 

Structural features, phase changes 

and conductivity of Na2Mg2(SO4)3 

 

Interest in sodium metal sulphate materials has grown in the last decade as 

a consequence of interest resulting from the development of new cathode materials 

for Na ion batteries46,49,53,54,98,134–137. In this area, nasicon and alluaudite-type 

materials have been attracting considerable interest. The former systems have also 

been widely investigated for their ionic conductivity following the reports of 

excellent Na ion conduction in the nasicon-type phosphate-silicates, 

Na1+xZr2(PO4)3-x(SiO4)x 38–44. In the case of sulphate systems, previous studies have 

shown that nasicon materials could be formed in the NaxMgxAl2-x(SO4)3 for 0≤x≤1.0, 

with ionic conductivity increasing with Na content. The structure consists of a 

framework of corner linked Mg/AlO6 and SO4 tetrahedra, with the Na ions occupying 
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cavity sites within this framework. Attempts to increase the Na content above x=1 

led to the appearance of impurities. Nevertheless, the nominal x=2 phase,  

Na2Mg2(SO4)3, has been highlighted in the literature, with it first being reported as 

an unknown mineral in 2008 by Jacobsson et al138. This mineral was found in a 

sample from the Eldfell volcano eruption, albeit the composition and structure were 

not confirmed and so the sample was simply labelled as “mineral EI”. In later work, 

Balić-Žunić et al. reported the composition of this phase as Na2Mg2(SO4)3 from  SEM 

studies, although they were unable to determine the room temperature structure139. 

However, the authors did report interesting changes with temperature; in 

particular, above 550oC the phase was observed to transform into the langbeinite 

structure with cubic space group P213. The results further showed that this high 

temperature langbeinite-type phase was non-quenchable, i.e. the cubic langbeinite 

phase could not be obtained at room temperature by either slow or rapid cooling.  

The langbeinite structure shows some similarities with that of the nasicon-type 

structure in that it too consists of a framework of corner linked MgO6 octahedra and 

SO4 tetrahedra. However, in this structure, the cavity sites tend to be larger and so 

the structure is favoured by the presence of larger alkali ions such as potassium, 

caesium, and rubidium. Moreover, these two large cavity sites tend to be fully 

occupied, giving formulas such as K2Mg2(SO4)3 (the mineral langbeinite itself)140,141. 

The fact that an apparent langbeinite-type phase is observed for Na2Mg2(SO4)3 at 

elevated temperatures is therefore interesting, as sodium would normally be 

considered to be too small for the langbeinite structure, without the presence of a 

larger ion to help to stabilise the structure 142,143. 
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The aim of this study was therefore to determine the room temperature 

structure of Na2Mg2(SO4)3 and account for the transformation to the langbeinite 

structure at elevated temperatures.   Through these studies it was shown that the 

structural changes in this Na2Mg2(SO4)3  system are more complex than initially 

reported, and these complexities are clarified through single crystal and variable 

temperature powder X-ray diffraction and Raman spectroscopy studies to provide 

a detailed understanding of this system.  

 

Experimental 

 

Na2Mg2(SO4)3 powder samples were prepared via a dissolution-

evaporation route by dissolving stoichiometric amounts of Na2SO4 and MgSO4·7H2O 

(for 3g of sample) in water with subsequent evaporation to produce the precursor 

mixture. This precursor mixture was reground and heated in air at 750°C for 12 

hours. Two cooling regimes were examined, quenching (removal of the sample from 

the furnace at 750°C) and slow cooling in the furnace (1oC/min). Powder XRD data 

were collected on a Panalytical Empyrean diffractometer with copper X-ray source 

in reflection geometry equipped with Pixcel 2D detector. Variable temperature 

powder XRD data up to 750oC were collected on a Bruker D8 advanced 

diffractometer with copper X-ray source and LynxEye detector in an Anton Paar 

HTK1200N furnace. Rietveld refinement of powder XRD data was performed using 

GSAS-II software103.  
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Single crystals were prepared by two methods. In the first instance it was 

found that small crystals could be found in the powder (quenched or slow cooled) 

samples prepared above. For the second method, crystals were grown via 

crystallisation from the melt at 900oC on gold foil with the cooling rate 0.2oC/min in 

air. Single crystals were mounted on glass fibre and diffraction data for samples 

were collected on an Agilent SuperNova diffractometer using an Atlas detector. The 

crystals were kept at 100K during data collection using an Oxford Cryosystems 

Cryostream. Due to the large complex triclinic unit cell, data for one single crystal 

(Na2Mg(SO4)2) sample were collected (at 100K) by the UK National Crystallography 

Service144 on a Rigaku FRE+ diffractometer equipped with rotating anode with VHF 

Varimax confocal mirrors, an AFC12 goniometer and HyPix 6000 detector.  Using 

Olex2 123, the structure was solved with the ShelXT124  structure solution program 

using Intrinsic Phasing, and refined with the ShelXL125 refinement package using a 

least squares approach.  

Powder samples were also studied by means of Raman spectroscopy using 

the 488 nm excitation line of an Ar+ ion laser in a DILOR XY spectrometer with a CCD 

detector and approximately 2 cm-1 of spectral resolution. The excitation and light 

collection were made through a 50X microscope objective lens, meaning that a small 

sample region is analysed at a time, and sampling was needed in order to confirm 

the homogeneity of the powder. High temperature Raman measurements were 

carried out in a LINKAM TS1500V stage up to 750°C, and laser output power was 

kept between 20 and 50 mW for measurements out/in the heating stage. Samples 
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were also analysed by thermal analysis (STA449 F1 Jupiter (Netzsch) TGA/DTA) to 

750°C in N2, heating at a rate of 5°C/min.  

For the conductivity experiment, samples were pressed into 10mm pellets. 

These pellets were sintered the same way as the initial powders to keep the crystal 

structures the same. The conductivities of the obtained pellets were measured in air 

by electrochemical impedance spectroscopy using a HP 4204 gain-phase impedance 

analyser within a frequency range 5 – 1.3×107Hz. Pellets were coated on both sides 

with platinum ink and heated at 700oC for 2 hours. Zview software was used to 

analyse the obtained data105.  

 

Results and discussion 

Initial results identifying the phase transitions  

 

In the preparation of Na2Mg2(SO4)3 powders it was found that depending 

on the cooling process two different results were obtained. In particular, it was 

found that slow cooling in air led to a mixture of two phases (indicating phase 

separation), while quenching led to single phase Na2Mg2(SO4)3 (Figure 53). The 

quenched Na2Mg2(SO4)3 phase was shown to be a new phase, monoclinic (P21) 

Na2Mg2(SO4)3 from the structural analysis using single crystal data (discussed later). 

It is worth noticing that the potential influence of moisture on forming these 

structures was also studied. The samples sintered in dry nitrogen atmosphere have 

no difference to those sintered in air.  
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 In contrast to the single phase monoclinic Na2Mg2(SO4)3 obtained on 

quenching, the slow cooled sample shows a mixture of two phases. Via extraction of 

single crystals from a slow cooled melt we were able to identify these two phases 

and determine their crystal structures through single crystal XRD analysis. These 

two phases were identified as orthorhombic (Pbca) Na2Mg3(SO4)4 and triclinic (P1̅) 

Na2Mg(SO4)2, both of which have not been previously reported. The results 

therefore indicate that Na2Mg2(SO4)3 disproportionate during the slow cooling 

process, and so an overall phase scheme for the “Na2Mg2(SO4)3” system can be 

described as below:   

Figure 53. XRD patterns of Na2Mg2(SO4)3 at room temperature after quenching 
(Na2Mg2(SO4)3 phase maintained) and slow cooling (phase separation of 

Na2Mg2(SO4)3  to Na2Mg3(SO4)4 and Na2Mg(SO4)2 
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1

2
Na2Mg3(SO4)4 (𝑃𝑏𝑐𝑎)

1

2
Na2Mg(SO4)2 (𝑃1̅)

Slow cooling
←           Na2Mg2(SO4)3 (750oC) 

Quenching
→        Na2Mg2(SO4)3 (𝑃21) 

In order to gather further information on the phase changes in this 

“Na2Mg2(SO4)3” system, variable temperature powder XRD (Figure 54) studies were 

performed. These studies showed similar results to those previously reported by 

Balić-Žunić  et al.139, with the transformation of both the low temperature systems 

(quenched and slow cooled) into the cubic langbeinite (P213) Na2Mg2(SO4)3 

structure at a temperature near 600oC during the heating stage (Figure 54).  

In case of the slow cooled decomposed mixture of Na2Mg3(SO4)4 and 

Na2Mg(SO4)2 we observe a simple reaction between these component phases 

resulting in formation of the langbeinite Na2Mg2(SO4)3 phase, starting at 610oC . This 

is a slow process, as highlighted by the fact that we can still observe peaks due to 

the starting phases in the pattern up to 675oC (Figure 54a). The cooling stage of the 

variable temperature data, highlights that, on slow cooling, decomposition of the 

langbeinite-type, Na2Mg2(SO4)3 phase to Na2Mg3(SO4)4 and Na2Mg(SO4)2  occurs at 

≈525oC (Figure 54c).  

The variable temperature powder XRD studies on the quenched monoclinic 

Na2Mg2(SO4)3 phase, showed a different thermal behaviour on heating. This phase 

first transits into a cubic langbeinite phase at ≈250oC, and then decomposes at 

≈350oC into the Na2Mg3(SO4)4 and Na2Mg(SO4)2 mixture (Figure 54b). On heating to 

higher temperature, this Na2Mg3(SO4)4 and Na2Mg(SO4)2 mixture recombines 
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(at ≈575°C) to give cubic langbeinite-type Na2Mg2(SO4)3 again. The whole phase 

transformation process for quenched Na2Mg2(SO4)3 can thus be expressed with the 

following scheme: 

Figure 54. Contour plots of variable temperature XRD of Na2Mg2(SO4)3 

compositions: a) heating the slow cooled sample (mixture of Na2Mg3(SO4)4 and 
Na2Mg(SO4)2) shows one transition caused by reaction of components to give 

langbeinite-type Na2Mg2(SO4)3, b) heating the quenched (Na2Mg2(SO4)3 ) phase 
shows a range of different transitions caused by phase transformation and 

decomposition/recombination of components, c) slow cooling samples show a 
single decomposition point at ≈525oC into a mixture of Na2Mg3(SO4)4 and 

Na2Mg(SO4)2. 

a      b 

с 
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Monoclinic P21  
250℃
→    Langbeinite P213 

350℃
→    Mixture Pbca+P1̅ 

575℃
→    Langbeinite P213 

In this case reaction between Na2Mg3(SO4)4 and Na2Mg(SO4)2 occurs 

completely after reaching 575oC, a slightly lower temperature than previously for 

the slow cooled system. The reason for this lower temperature is most likely related 

to the highly homogeneous distribution of the compounds after phase 

decomposition of the lower temperature langbeinite phase.  

In addition to analysing Na2Mg2(SO4)3 we also managed to synthesise the 

pure triclinic Na2Mg(SO4)2 phase by slow cooling (1°C/min) 1:1 mixtures of Na2SO4 

Figure 55. Contour plots of variable temperature XRD and DTA curves of 
Na2Mg(SO4)2 showing a decomposition into langbeinite-type Na2Mg2(SO4)3 and 
high temperature vantgoffite Na6Mg(SO4)4 at elevated temperature on heating, 

with a recombination on cooling to give Na2Mg(SO4)2. For the latter, slow 
kinetics for this process means that there is a small range of temperatures 

where all three phases are present. Note the difference in temperature 
between the phase transition in XRD and DTA relates to these slow kinetics 

and the fact that the latter cooling stage corresponds to a faster rate  
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and MgSO4 from 650oC. Interestingly, relatively rapid cooling gives a mixture of 

vantgoffite Na6Mg(SO4)4 and MgSO4.  The thermal evolution of this Na2Mg(SO4)2 

phase is also interesting (Figure 55). In particular, high temperature powder XRD 

suggests that this phase decomposes at ~625oC into a langbeinite phase (𝑎923𝐾 =

9.855(1)Å), and an extra phase which is related to the high temperature form of 

vantgoffite Na6Mg(SO4)4 (triclinically distorted hexagonal lattice a=5.292(7)Å, 

b=7.775(3)Å, c=5.413(7)Å, =89.62(3)o, =91.25(5)o, =119.34(3)o). On cooling 

these two phases recombine to form the original Na2Mg(SO4)2 although slow 

kinetics can lead to incomplete reaction/recombination for samples which are 

cooled rapidly, and so consequently slow cooling is required to produce pure 

Na2Mg(SO4)2. These slow kinetics are highlighted in the variable temperature XRD 

data on cooling, which show that there is a small range of temperatures where all 

three phases are present. 

 

Single crystal study  

 

A small single crystal of monoclinic Na2Mg2(SO4)3 was picked from the 

freshly quenched powder. Single crystals of orthorhombic Na2Mg3(SO4)4 and 

triclinic Na2Mg(SO4)2 were grown from the melt at 900oC on gold foil. In the case of 

the former, a small single crystal of the orthorhombic Na2Mg3(SO4)4  phase was 

picked from the decomposed slow cooled melt of Na2Mg2(SO4)3. Triclinic 

Na2Mg(SO4)2 crystal was grown from the premade pure powder phase. 
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Due to the rather large and relatively simple orthorhombic cell, a copper X-

ray tube was selected for the data collection on the Na2Mg3(SO4)4 crystal. Data 

collection for the complex monoclinic Na2Mg2(SO4)3 single crystal was more 

complicated because of the chirality of the cell and non-merohedral twinning of the 

single crystal. To handle this the whole diffraction sphere of the data was collected 

with a molybdenum X-ray source. No specific restraints were used for structural 

refinement.  

Data collection for the triclinic Na2Mg(SO4)2 phase proved to be a 

challenging task, given the complexity of the structure and the small size of the 

single crystal. In this case, collection of the whole diffraction sphere was performed 

with a molybdenum X-ray source. However, it was found that the crystal structure 

didn’t produce many strong reflections and so we couldn’t collect sufficient amount 

of data in adequate time on our in-house diffractometer. In order to solve this issue, 

crystals of the Na2Mg(SO4)2 phase were sent to the UK National Crystallography 

Service (Southampton, UK) for data collection.  It was found that the standard single 

crystal growth process is not efficient and during the high temperature synthesis 

process (complexities of phase formation noted in the variable temperature powder 

diffraction study) the crystals are formed with some defects. Therefore the data 

were collected on a non-merohedrally twinned crystal with one significant domain 

and several much smaller domains. It was found best to treat the main domain as if 

it was a dataset from a single crystal. This treatment of the data allowed us to 

successfully solve the structure. The main information about the single crystal 

experiments and results are shown in table 1 (the full refined structural parameters 

are given in the appendix). 
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Table 22. Single crystal study information  

Empirical formula Mg2Na2O12S3 Mg3Na2O16S4 MgNa2O8S2 

Formula weight 382.78 503.15 262.41 

Temperature/K 100.00(10) 100.00(10) 100(2) 

Crystal system monoclinic orthorhombic triclinic 

Space group P21 Pbca P1̅ 

a/Å 13.6986(3) 9.51764(19) 11.14950(10) 

b/Å 9.5323(2) 8.70474(15) 13.42540(10) 

c/Å 21.3167(4) 29.1089(6) 16.9497(2) 

α/° 90 90 99.7390(10) 

β/° 105.114(2) 90 106.9960(10) 

γ/° 90 90 105.2980(10) 

Volume/Å3 2687.23(10) 2411.63(8) 2255.40(4) 

Z 12 8 14 

ρcalcg/cm3 2.838 2.772 2.705 

μ/mm-1 1.138 10.567 1.068 

F(000) 2280 2000 1820 

Crystal size/mm3 
0.092 × 0.082 × 

0.057 
0.238 × 0.171 × 

0.113 
0.11 × 0.09 × 0.05 

Radiation 
MoKα 

(λ = 0.71073) 
CuKα 

(λ = 1.54184) 
MoKα 

 (λ = 0.71075) 
2Θ range for data 

collection/° 
4.336 to 64.062 

11.108 to 
139.948 

3.264 to 61.012 

Index ranges 

-20 ≤ h ≤ 20, -11 ≤ h ≤ 7, -15 ≤ h ≤ 15, 

-14 ≤ k ≤ 14, -10 ≤ k ≤ 10, -19 ≤ k ≤ 19, 

-31 ≤ l ≤ 31 -35 ≤ l ≤ 20 -24 ≤ l ≤ 24 

Reflections collected 36911 6016 155205 

Independent 
reflections 

36911 
[Rsigma = 0.0613] 

2274  
[Rint = 0.0194,   

Rsigma = 0.0200] 

13757  
[Rint = 0.0456,  

Rsigma = 0.0177] 
Data/restraints/ 

parameters 
36911/1/1028 2274/0/226 13757/25/870 

Goodness-of-fit on F2 0.977 1.055 1.032 
Final R indexes 

[I>=2σ (I)] 
R1 = 0.0310, 

wR2 = 0.0643 
R1 = 0.0246, 

wR2 = 0.0666 
R1 = 0.0367,  

wR2 = 0.0835 
Final R indexes 

[all data] 
R1 = 0.0398, 

wR2 = 0.0655 
R1 = 0.0263, 

wR2 = 0.0678 
R1 = 0.0399,  

wR2 = 0.0851 
Largest diff. peak/hole 

e/Å3 
0.54/-0.53 0.40/-0.55 3.69/-2.38 

Flack parameter -0.02(3) n/a n/a 
CCDC deposition 

number 
CCDC 1881701 CCDC 1881700 CCDC 1881702 
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Monoclinic Na2Mg2(SO4)3  

 

The quenched sample of Na2Mg2(SO4)3 was shown to be monoclinic with 

space group P21. The unit cell is relatively complex and the whole structural pattern 

becomes clear only on examination of an enlarged supercell.  The chiral structure 

consists of SO4 tetrahedra corner sharing with MgO6 or MgO5 units. The latter MgO5 

units are mostly distorted square pyramids, although one in every three units 

adopts a more trigonal bipyramid arrangement due to local distortions. The 

Figure 56. Single crystal structure of Na2Mg2(SO4)3 at 100K 
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distorted square pyramids have a dipole moment with positive base and negative 

top corner. These MgO5 units are gathered in two types of clusters in the crystal 

lattice (Figure 56).  

The first type is a cluster of two square pyramids with non-parallel base-

facing. These double pyramid clusters via symmetry form a surface in the (0 0 2) 

plane with polarisation vector along b axis. The second cluster consists of an 

aggregation of four MgO5 units forming helixes with positive polarisation in the 

centre directed along the axis of the helix (Figure 57). The resultant stack of helixes 

forms a layer in the (0 0 1) plane. In total, the structure consists of alternating 

parallel layers of helixes and double pyramid clusters. The overall polarisation 

vectors of both cluster systems are collinear. A close inspection of the MgO5 square 

pyramids shows that they can also be described as distorted MgO6 octahedra with 

one of oxygen atoms at a significantly longer distance. This can be illustrated by 

Figure 57. left) The orientations of MgO5 pyramids forming helixes in monoclinic 
Na2Mg2(SO4)3 (100K). Arrows show downwards rotation of the helixes forming the 
layer. Double pyramid clusters layers are above and below the helix layer; middle) 
Single helix in profile; right) The enlarged helix view from top showing spiralling of 

pyramids. 
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Figure 58, which shows the distribution of interatomic distances at room 

temperature surrounding the magnesium, with Gaussian fitting. The main peak in 

the interatomic distances around Mg can be described with a maxima at 2.02Å 

corresponding to the expected Mg-O distance. However an extra peak is observed at 

around 2.3 Å corresponding to the longer bond to the oxygen atom making up the 

sixth bond to the MgO5 units. 

The low temperature (~250°C) phase transition to cubic langbeinite can be 

explained by the fact that, despite the apparent complex structure of Na2Mg2(SO4)3, 

in reality this phase is similar to langbeinite in that  it requires only a small amount 

of rotation of the SO4 units in langbeinite to conduct the change of the unit cell 

symmetry (cubic-monoclinic). The variable temperature data shows, however, that 

the structure is unstable at intermediate (≈350-≈600°C) temperatures, and so it 

decomposes into the two compounds Na2Mg3(SO4)4 and Na2Mg(SO4)2.  This phase 

decomposition is a complex process and so has relatively slow kinetics, and so the 

Na2Mg2(SO4)3 phase can be preserved at low temperatures by quenching. It is 

Figure 58. Distribution of interatomic distances in quenched Na2Mg2(SO4)3 for 
magnesium surroundings with Gaussian fitting. 
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possible that the decomposition might also be avoided on heating by using rapid 

heating rates.  

In order to confirm that the quenched Na2Mg2(SO4)3  powder was indeed 

monoclinic Na2Mg2(SO4)3, a basic Rietveld refinement was performed using the 

powder XRD data (using the single crystal structural parameters for monoclinic 

Na2Mg2(SO4)3). This refinement led to a good fit to the data, thus confirming that the 

quenched powder was indeed monoclinic Na2Mg2(SO4)3 (Figure 59). 

  

  

Figure 59. Observed, calculated and difference plots for structural refinement 
of Na2Mg2(SO4)3 using X-ray powder diffraction data. Rwp= 5.6%, GOF = 1.41 

 



 
Chapter Five 

Structural features, phase changes and conductivity of Na2Mg2(SO4)3 

137 

Na2Mg3(SO4)4 

 

The single crystal data showed that Na2Mg3(SO4)4 has an orthorhombic cell 

with space group Pbca. The crystal structure  consists of the SO4 tetrahedra corner 

sharing with MgO6 or MgO5 units. All the SO4 tetrahedra are relatively undistorted 

and the average S-O bond length is 1.472 Å. The magnesium atoms in this system 

Figure 60. Structure of Na2Mg3(SO4)4 with different plane projections. SO4 units are 
omitted for clarity. Top left – view along a axis, top right – view along b axis, bottom 

– view along c axis. 
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occupy three different sites. On the first site, Mg1, magnesium is six-coordinate and 

forms MgO6 octahedra, where all the Mg-O bonds have similar lengths in the 

equatorial plane around 2.038 Å, while the axial oxygen atoms are at a slightly 

further average distance of 2.128 Å. On the Mg2 site, magnesium is five-coordinate 

trigonal bipyramidal. The central oxygen triangle is close to be isosceles with 

dimensions 2.38-2.95-3.07Å. The distances from Mg2 to O are also relatively similar 

- 2.02 Å. The third magnesium site, Mg3, is also five-coordinate, but in this case the 

MgO5 unit forms a square pyramid. All the Mg-O distances in the pyramid are 

roughly the same. The four oxygen torsion angles within the pyramid base do not 

exceed 2˚ i.e. the base surface is fairly flat. The absence of the sixth oxygen leads to 

a Mg-O dipole, which causes polarisation of the 

adjacent MgO6 octahedra as illustrated by the 

longer Mg-Oaxial bond, and results in a long range 

(3.036Å) interaction of this axial O with the MgO5 

pyramid (Figure 61).  

The overall crystal structure can be 

considered as layered. It consists of four 

symmetrical triple-layers of Mg1-Mg2-Mg3 units. 

Within each triple-layer MgO5 square pyramids 

are collinear and point in the same positive 

direction at 42.4o towards the centre of the layer. 

The dipole vectors of the MgO5 bipyramids 

alternate with 69.1o difference and therefore the 

Figure 61. Arrangement of 
MgO6 octahedra and MgO5 

pyramid 
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resulting dipole vector is non-zero (Figure 62). The next triple layer is the exact 

mirror reflection of the first layer along the plane perpendicular to c axis, beginning 

with the MgO6 octahedra followed by the MgO5 bipyramids and finishing with the 

MgO5 square pyramids. The total dipole vector of the first two triple-layers 

associated with MgO5 units is non-zero and lies parallel to the b axis. The next two 

layers are a centrosymmetric reflection of first two. Thus they have the same total 

dipole vector but with an opposite direction, resulting in the dipole sum over all four 

layers being equal to zero. This complex structural arrangement thus explains the 

rather large unit cell parameters for this compound. The differently oriented dipoles 

in this structure suggest an interesting 3D-landscape of local polarisations, which 

may be of interest for future dielectric studies. 

The calculated bond valence sum (BVS) for the Mg2 and Mg3 sites are close 

to ideal at +2.005 and +1.995 respectively, which explains the stability of these five 

coordinate units. The BVS for the octahedral Mg1 site is, however, lower than 

Figure 62. Alternations of bipyramids in half of the lattice. Dark and pale 
colours represent different levels of the lattice. Arrows show vector of positive 

polarisation 
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expected: +1.869, which may be the result of the polarisation caused by the adjacent 

MgO5 pyramid as highlighted above (Figure 61).  

Examination of Na2Mg3(SO4)4 through VT-XRD experiments shows that 

unlike Na2Mg2(SO4)3  or Na2Mg(SO4)2, there are no phase transitions with 

temperature up to 750oC.  

In order to confirm that single crystal of Na2Mg3(SO4)4 corresponds to the 

whole powder, a Rietveld refinement of the model obtained in SX experiment was 

performed using powder XRD data.  The refinement demonstrated a relatively good 

fit of data for such complex unit cell confirming matching of structures (Figure 63). 

  

Figure 63. Observed, calculated and difference plots for structural refinement of 
Na2Mg3(SO4)3 using X-ray powder diffraction data. Rwp = 7.637% GOF = 1.80. 
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Na2Mg(SO4)2 

 

Structure refinement using the single crystal data indicated that the 

Na2Mg(SO4)2 phase is triclinic with space group P1̅. The unit cell mostly consists of 

Figure 64. Na2Mg(SO4)2 view perpendicular to plane (-4 0 -5) 
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SO4 tetrahedra corner linked with MgO6 octahedra, with the sodium ions distributed 

in the resultant network. The view along the vector perpendicular to plane (-4 0 -5) 

implies a hexagonal pattern structure similar to that of the Nasicon structure (Figure 

64). However the crystal slice along the (1 -3 0) plane perpendicular to (-4 0 -5) 

shows a different pattern. While this has some elements similar to the Nasicon 

structure, such as two octahedral MgO6 units linked via three tetrahedral SO4 units 

(Nasicon lantern unit145)(Figure 65, red selection), the presence of some Na 

occupying Mg sites causes deformation and disorder in the cell. In these regions, the 

structure is more similar to Na rich Vantgoffite (Na6Mg(SO4)4) phase, where MgO6 

units are surrounded by Na ions with interstitial SO4 tetrahedra (Figure 65, black 

selection). These areas can be classed as large cavities containing sodium ions, and 

the sulphate groups are rotationally distorted when surrounded by a large amount 

of Na ions in these regions. The presence of large disorder of the Na in the structure 

may suggest that this material might show significant ionic mobility. Furthermore, 

possible spontaneous polarisation within this structure can be generated via 

disordering and lowering the symmetry to P1 i.e. if Na ions would tend to occupy 

the same pole of the large cavities.  

Indeed, while we have produced a good solution to the structure with space 

group P1̅, the symmetry may possibly be lower (P1).  Twinning artefacts from the 

data set may have affected the structure solution, causing the extra visual disorder. 

Indeed, the presence of large amounts of disorder, as well as mixed Na/Mg occupied 

sites across the centre of symmetry (pink labelled Mg8), may suggest that the space 

group is P1 rather than of P 1̅ . The main difficulty in providing a conclusive 
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description either way is the mixed Na/Mg occupied sites. The scattering factors of 

these elements are essentially identical and so normally the only way to distinguish 

them is to compare the bond lengths. However, the large degree of complexity 

within this structure makes such an analysis impractical, and so we have kept the 

higher symmetry P1̅ description. In order, to fully distinguish between these two 

possibilities, a neutron single crystal diffraction study would be required. However 

this method requires a much larger crystal which has not been achievable via the 

current synthesis route.  

Figure 65. Na2Mg(SO4)2 slice along (1 -3 0). Mg8 site labelled pink. The region that is 
similar to Nasicon is highlighted by the red dash line. The vantgoffite-like region is 

highlighted by the black dash line. 
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In order to confirm a correspondence of the single crystal structure to a 

powder, a basic Rietveld refinement was conducted on powder XRD pattern. Due to 

very high complexity of the cell, only cell parameters, background and profile 

function were refined (Figure 66). This pattern matches with pattern reported for 

mineral “EI” by Jacobsson et al.138. 

 

Na2Mg2(SO4)3 at higher temperatures 

 

At elevated temperatures quenched monoclinic structure Na2Mg2(SO4)3 

turns into cubic langbeinite at 250oC, which decomposes at 350oC and then is 

formed again at 575oC. The crystal cell has the standard regular langbeinite space 

group P213. Based on the data collected in the VTXRD experiment, the langbeinite 

Figure 66. Observed, calculated and difference plots for structural refinement 
of Na2Mg(SO4)2 using X-ray powder diffraction data. Rwp= 2.27%, GOF = 1.36 
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structural model was refined to obtain cell parameters of the sample at different 

temperatures. Na-rich langbeinites K2-xNaxMg2(SO4)3 (discussed in the next chapter) 

were shown to have significant rotational disorder of the SO4 group, and therefore, 

to model this system SO4 tetrahedron was split into three units with the constant 

centre (atom S) and partial occupancy ⅓. Considering the lack of small d-spacing 

information in powder XRD due to high thermal motion at high temperatures, SO4 

tetrahedrons were treated as rigid bodies and the S-O distance was constrained to 

be equal for all tetrahedrons. 

The cell has a linear expansion with increasing temperature (Figure 67). 

Indeed, despite the intermediate decomposition of the structure into mixture of 

orthorhombic Na2Mg3(SO4)4 and  triclinic Na2Mg(SO4)2, the cubic langbeinite 

Figure 67. Cell parameter a of cubic langbeinite phase Na2Mg2(SO4)3 at 
different temperatures 
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formed at higher temperature has the same expansion properties as at lower 

temperatures.  

The structural refinement was also performed on monoclinic Na2Mg2(SO4)3 

phase before the transition into cubic langbeinite. If we assume that monoclinic cell 

is a rearrangement of the langbeinite supercell, then it can be treated as 1x1x3 

supercell. Therefore, if we take ⅓ of the cell volume of the monoclinic cell, compared 

with the volume of cubic langbeinite cell (Figure 68). The graph shows that cell 

volume increases significantly with the transition into the langbeinite structure. 

This latter structure contains large cavities, which may be responsible for such a 

large expansion.   

Figure 68. Unit cell volume of Na2Mg2(SO4)3 versus temperature obtained 
from refinement of powder VT-XRD data. Unit cell volume for the cubic 

phase is taken as it is, unit cell volume for the monoclinic phase is taken as 
⅓of cell volume(due to the expanded unit cell) 
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Raman Spectroscopy  

 

Further information about the thermal evolution of Na2Mg2(SO4)3 was 

obtained from Raman scattering measurements. Some surface hydration was 

observed in the stored samples, as denoted by the presence of a broad band in the 

3500 cm-1 region as well as some narrow bands around 1000 cm-1 with variable 

intensity which did not belong to the proper Na2Mg2(SO4)3 phase. In order to avoid 

any humidity effect, the samples were thermally treated at 700oC in the measuring 

stage under an air flow just before the Raman measurements. Figure 69 shows the 

Raman spectrum of dried Na2Mg2(SO4)3, and although an exhaustive mode 

assignment is out of the scope of the present work, the bands in the 1040, 460 and 

630 cm-1 regions would correspond to the 1,2 and 4 internal modes of the 

Figure 69. Thermal evolution of the Raman spectra of Na2Mg2(SO4)3. Dotted line, 
spectra at 100 °C and room temperature during the cooling step. 
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sulphate groups 146. Bands above 1100 cm-1 are attributed to the 3 internal modes. 

More interesting is the evolution of the Raman spectrum with increasing 

temperature (Figure 69). From this evolution, a first phase transition seems to occur 

at 100oC, as suggested by the disappearance or coalescence of some bands in all 

groups of internal modes.  This spectrum at 100°C is remarkably similar to that of 

lightly (5%) K doped Na2Mg2(SO4)3, which we have shown to adopt a orthorhombic 

cell related to a heavily distorted langbeinite structure (see next chapter on mixed 

K/Na systems, shown in Figure 70 for reference purposes), which leads us to 

propose that Na2Mg2(SO4)3 is transforming from monoclinic to orthorhombic 

symmetry.  

Figure 70. Reference Raman spectra of a) K0.1Na1.9Mg2(SO4)3, b) Na2Mg3(SO4)4 at 
room temperature, c) Na2Mg3(SO4)4 at 500oC, d) Na2Mg(SO4)2 at room temperature, 

c) Na2Mg(SO4)2 at 500oC 
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The phase change is subtle, which may explain why the transition is not 

clearly observed in the variable temperature XRD study (Figure 54). At 290oC the 

spectrum transforms to that of the langbeinite phase, being identical to that of the 

high temperature phase, allowing for thermal broadening effects. In agreement with 

the variable temperature XRD data, as temperature increases, the sample 

decomposes into a mixture of Na2Mg3(SO4)4 and Na2Mg(SO4)2 and the spectrum 

overlaps those of both phases. Figure 70 also includes the room temperature and 

500oC spectra of both phases for reference purposes. It is interesting that the 

decomposition temperature (480°C) of Na2Mg2(SO4)3 to give Na2Mg3(SO4)4 and 

Na2Mg(SO4)2 is significantly higher in the Raman measurements than in VTXRD 

(350°C). The difference is ascribed to the higher heating rates used in the Raman 

experiments, which help to retain the langbeinite phase to higher temperatures than 

in the XRD experiment.  Finally, at 600oC the Na2Mg3(SO4)4 and Na2Mg(SO4)2 phases 

recombine and the spectrum becomes that of the langbeinite Na2Mg2(SO4)3 phase, 

which is maintained on fast cooling (20oC/min) down to 250oC where it transforms 

to the orthorhombic phase, recovering the original monoclinic spectrum at room 

temperature. Once again, the relatively high cooling rates used in the Raman stage 

help to maintain the langbeinite phase, in this case completely avoiding the 

decomposition observed on cooling in the variable temperature XRD studies. 
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Conductivity study 

  

Following the structure determination, the conductivities of these phases 

were assessed. The conductivity of Na2Mg3(SO4)4 was shown to be very low (Figure 

71). Even at 300oC the conductivity is below 10-8S/cm with a high activation energy 

of 1.3eV.  This correlates with the structure determination which showed a lack of 

Na ion conduction channels. Conductivities on heating and cooling vary somewhat 

what may be related to the presence of a small amount of residual moisture in the 

sample. 

Figure 71. Arrhenius plot and dielectric permittivity of Na2Mg3(SO4)4 system via EIS 
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In contrast to Na2Mg3(SO4)4, the Na2Mg2(SO4)3 system shows some 

interesting features as revealed via conductivity measurements of the quenched 

phase. (Figure 72) The conductivity of this phase changes several times as phase 

transitions happen. Interestingly some temperatures of these phase transitions 

differ from those observed on VTXRD. Transformation of the monoclinic phase P21 

(or orthorhombic, suggesting from Raman study) in to cubic langbeinite P213 

around 250oC corresponds to the bend of the Arrhenius curve and an increase of the 

activation energy in the same region. Decomposition of the langbeinite phase into a 

Na2Mg3(SO4)4 and Na2Mg(SO4)2 composite in VTEIS experiment happens only at 

520oC and is accompanied with rise of conductivity. This stabilisation is apparently 

Figure 72. Arrhenius plot and dielectric permittivity of Na2Mg2(SO4)3 system via 
EIS 
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related to the rate of temperature change.  After the phase transition at 620oC into 

the langbeinite structure, the conductivity drops, which is most likely due to the fact 

that in langbeinite, the two cavity sites are full. The final phase transition causing 

increase in conductivity may be related to similar feature seen in the related phase 

Na1.9K0.1Mg2(SO4)3 (discussed in the next chapter), where the significant change in 

ordering of the SO4 tetrahedra happens. In Na1.9K0.1Mg2(SO4)3, the tetrahedra are 

disordered only rotationally before the phase transition while after the phase 

transition the disorder affects the tetrahedron position as well. It is postulated that 

this opens a small windows between langbeinite cavities allowing enhanced ionic 

transport in the crystal. However, it should be noted that for Na2Mg2(SO4)3 the 

structural refinement of the VTXRD data did not show strong evidence of such 

transition happening for Na2Mg2(SO4)3. Therefore the further investigation of this 

high temperature phase is required. 

On the cooling the conductivity predictably changes with the apparent 

change of SO4 tetrahedrons ordering. The other phase transition, as expected 

happens near 450oC, as the langbeinite structure decomposes into Na2Mg(SO)2 and 

Na2Mg3(SO4)4 composite.  For comparison the linear extrapolation of the 

conductivity section responsible for the composite conduction on cooling (500oC-

RT, red line Figure 72) fits with analogous section on heating (520-620oC black line 

Figure 72). 



 
Chapter Five 

Structural features, phase changes and conductivity of Na2Mg2(SO4)3 

153 

The Na2Mg(SO4)2 showed higher  Na-ion conductivity (Figure 73) than the 

rest of studied compounds, which can be related to the disorder within the cell. At 

high temperature there is the beginning of upward curvature related to the 

observed decomposition of the compound. The activation energy of ionic 

conductivity in this compound is 0.98eV. 

The conductivity values at 400oC and activation energy of all samples in 

different phases are summarised in table 23.  

 

 

 

Figure 73. Arrhenius plot and dielectric permittivity of Na2Mg(SO4)2 
system via EIS 
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Table 23. Summary of conductivities of compounds at 400oC and activation 
energy of different phases. 

 

Conclusion 

 

This detailed X-ray diffraction and Raman spectroscopy study of the 

Na2Mg2(SO4)3 system highlights enormous complexities within this system. We 

show that single phase Na2Mg2(SO4)3 can only be prepared by quenching/rapid 

cooling from high temperature, as otherwise phase decomposition to give 

Na2Mg(SO4)2 and Na2Mg3(SO4)4 results. These complexities are highlighted by the 

changes observed on heating quenched Na2Mg2(SO4)3 to elevated temperatures, 

with the XRD data showing the following phase transformations 

Monoclinic P21, Na2Mg2(SO4)3 
250℃
→   Langbeinite P213, Na2Mg2(SO4)3  

350℃
→   Mixture 

Na2Mg(SO4)2 and Na2Mg3(SO4)4
575℃
→   Langbeinite P213, Na2Mg2(SO4)3 

Moreover, Raman data suggest an additional transformation at ≈100°C to a 

distorted langbeinite-type phase. Another additional phase transition near 700oC, 

Compound Composition Stage 𝝈𝟒𝟎𝟎℃, S/cm Ea, eV 

Na2Mg2(SO4)3 
 

P21 Heating - 0,71(1) 
P213 Heating 1.24⨯10-5 0,40(1) 

Pbca+ P1̅ Heating - 0,98(1) 
P213 Heating - 0,34(1) 

P213distorted Heating - 1,49(2) 
P213distorted Cooling - 0,94(2) 

P213 Cooling - 0,41(1) 

Pbca+ P1̅ Cooling 1.26⨯10-5 1,91(2) 

Na2Mg3(SO4)4 
 

Pbca Heating 4.32⨯10-8 1,32(1) 
Pbca Cooling 1.69⨯10-7 0,91(1) 

Na2Mg(SO4)2 
 

P1̅ Heating 3.15⨯10-5 0,98(1) 
P1̅ Cooling 2.62⨯10-5 0,98(1) 
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probably related to the SO4 units disorder increasing, is suggested by the 

conductivity study. Overall the chapter highlights the interesting observation of the 

langbeinite structure for Na2Mg2(SO4)3 at elevated temperature, which is unusual 

given that this structure is only usually formed for larger alkali metal ions, and it is 

likely that the local strain due to the smaller Na in the langbeinite framework is 

responsible for the complex changes in structure/composition that are observed on 

heating/cooling.  Overall the interesting and complex structural features for these 

sodium magnesium sulphate systems highlight the need for detailed structural 

study of other Na mixed metal sulphate systems. 

 



 

 

 

 

 

 

 

 

Chapter Six 

Synthesis and structures of sodium 

doped K2Mg2(SO4)3 langbeinite phases 

 

Materials with the langbeinite (K2Mg2(SO4)3) structure have attracted 

attention in a wide variety of areas. In geology, interest in them has principally 

derived from their study to  help to understand sulphate planetochemistry and the 

formation of marine salt deposits on Earth147. In addition, there have been attempts 

to use K2Mg2(SO4)3 mineral for absolute dating via the 40Ar/40K method148. Other 

studies have involved investigations into thermoluminescence properties occurring 

in doped langbeinites149,150. While at room temperature, langbeinite systems show 

cubic symmetry, there have been reports of lowering of the symmetry to tetragonal 

and orthorhombic for some langbeinite-type phases at low temperature, leading to 

a polar crystal which shows ferroelectric properties151–154. More recently, there has 
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been interest in the potential use of these systems as Na ion conducting electrolytes, 

albeit with low conductivity observed155. Further interest has been generated in 

their potential use as electrodes for Na ion batteries. In this respect, Tarascon et al. 

have shown that K2Fe2(SO4)3 can be used in a Na-ion battery via electrochemical 

exchange of K by Na in a Na ion conducting electrolyte, albeit the capacity was low 

due to the low level of exchange156. 

The original structure of langbeinite (K2Mg2(SO4)3) itself was studied by 

Zemann and Zemann in 1957140. It consists of a framework of corner-sharing MgO6 

octahedra and SO4 tetrahedra, which creates large cavities in which the potassium 

atoms sit. The coordination of the two potassium sites differs; the K1 site is 9-

coordinate while the K2 site is 12 coordinate. A close inspection of the structure 

shows that the larger K1 site cavity could potentially be considered as 

15-coordinated if evaluated from the centre of the cavity. However, due to the fact 

that the K in this site is slightly shifted off-centre, the effective coordination is 9-

coordinate. These K ion cavities form a 1-3-3-1 pattern with respect to the metal 

octahedra that form the general cage containing them (Figure 74); two types of 

metal octahedra alternate (Mg1-Mg2-Mg1-Mg2) to form the cage through corner 

sharing with the SO4 tetrahedra.  

Structurally the general framework of corner linked octahedra and 

tetrahedra shows some similarity with that of the Nasicon structure, widely studied 

as excellent Li/Na ion conductors42–44. However, while the Nasicon structure has 

four cavity sites within the framework, a key aspect of the langbeinite structure is 

the presence of only two cavity sites within the structure. The large size of these 
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cavity sites means that the langbeinite structure favours larger alkali ions like 

potassium, caesium, and rubidium, while the nasicon structure prefers smaller alkali 

ions such as Na, Li.  Despite this, there have been some reports of Na incorporation 

in langbeinite-type phase, provided that some larger cations are present to stabilise 

the framework, e.g. NaBaM2(PO4)3 (M=transition metal) systems 142,143. This would 

therefore suggest that it should be possible to prepare mixed K/Na langbeinite-type 

phase.  Therefore in this work we have examined the solid solution range for K2-

xNaxMg2(SO4)3 to examine the range of Na content for which the langbeinite 

structure is retained. The results demonstrate a wide solid solution range and a 

Figure 74. Langbeinite cage containing two alkali metals (green), view along the 
[1 1 1] axis 
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complex structural chemistry particularly for high Na contents. In this respect, our 

prior work on the Na2Mg2(SO4)3 endmember showed that while at room 

temperature, the material was shown to possess a complex monoclinic structure, 

there was a transition to cubic langbeinite at elevated temperatures for this phase 

157. This transition was attributed to the fact that, despite the apparent complex 

structure of room temperature Na2Mg2(SO4)3, only a small amount of rotation of the 

SO4 units was required to convert it to the cubic langbeinite structure. 

 

Experimental  

 

A range of K2-xNaxMg2(SO4)3 (0 ≤ x ≤ 1.9) powder samples were synthesised. 

These were prepared via a dissolution-evaporation route used previously for the 

synthesis of mixed metal sulphate systems 98,137,158. In this method, stoichiometric 

amounts of Na2SO4, K2SO4 and MgSO4·7H2O (for 3g of sample) were dissolved in 

water. The solutions were then heated to evaporate the water; the resulting solid 

was then ground and heated at 750°C for 12 hours in air. Two cooling regimes were 

examined: slow cooling (1oC/min) and quenching by removal of the sample from the 

furnace at 750°C to room temperature.  

Single crystal samples for selected compositions across the series were 

grown via spontaneous crystallisation from the melt at 900oC on the gold foil with a 

cooling rate of 0.2oC/min in air.  

Powder XRD data were collected on a Panalytical Empyrean diffractometer 

with copper X-ray source, in reflection geometry, equipped with a Pixcel 2D 



 
Chapter Six 
Synthesis and structures of sodium doped K2Mg2(SO4)3 langbeinite phases 

160 

detector. Variable temperature powder XRD data, up to 750oC, were collected on a 

Bruker D8 advanced diffractometer with copper X-ray source and LynxEye detector 

in an Anton Paar HTK1200N furnace. Rietveld refinement using powder XRD data 

was performed using GSASII software103.   

For the single crystal studies, a suitable crystal was selected, mounted on 

glass fibre, and diffraction data were collected on an Agilent SuperNova 

diffractometer using an Atlas detector. The crystals were kept at 100K during data 

collection using an Oxford Cryosystems Cryostream. Using Olex2 123, the structure 

was solved with the ShelXT124  structure solution program using Intrinsic Phasing, 

and refined with the ShelXL 125 refinement package using a Least Squares approach.  

Samples were also analysed by TGA-MS (Netzsch), heating at a rate of 

5°C/min to 750°C in the N2 atmosphere.  

Powder samples were studied by Raman spectroscopy using the 488 nm 

excitation line of an Ar+ ion laser in a DILOR XY spectrometer with a CCD detector 

and approximately 2 cm-1 of spectral resolution. The laser output power was kept 

between 20 and 50 mW. The excitation and light collection were made through a 

50X microscope objective lens. High temperature Raman measurements were 

carried out in a LINKAM TS1500V stage up to 775 °C. For measurements below RT, 

a SMC-TBT cryostat and liquid nitrogen were used. 

For the conductivity experiment 0.1g of prepared samples were pressed 

into 10mm pellets. These pellets were sintered the same way as the initial powders 

to keep the crystal structures the same. The conductivities of the obtained pellets 

were measured in air by electrochemical impedance spectroscopy using a HP 4204 
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gain-phase impedance analyser within a frequency range 5 – 1.3×107Hz. Pellets 

were coated on both sides with platinum ink and heated at 700oC for 2 hours. Zview 

software was used to analyse the obtained data105. The activation energy was 

calculated using the Arrhenius equation: 𝜎 = 𝐴𝑒−
𝐸𝑎
𝑅𝑇, where σ is the conductivity, A 

is the pre-exponential coefficient, Ea is the activation energy, R is the gas constant 

and T is the temperature. 

 

Results and discussion 

Solid solution range for K2-xNaxMg2(SO4)3 

 

The investigation of the effect of substitution of sodium for potassium in 

K2Mg2(SO4)3 langbeinite revealed the presence of two systems in the studied range.  

It was shown that the cubic langbeinite structure could accommodate a large 

amount of Na in place of K. Thus K2-xNaxMg2(SO4)3 exhibits the cubic langbeinite 

structure for 0 ≤ x ≤ 1.75 at room temperature (Figure 75). For higher Na levels, 1.8 

≤ x ≤ 1.9, a new non-cubic phase, with very complex pattern, was observed. Through 

single crystal studies (see later), this phase was identified to be orthorhombic with 

a very large unit cell. The main information about collected data in single crystal 

experiments including cell parameters and refinement indexes is presented in table 

24 (see two-page opening).  
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Table 24. Single crystal study data 

Empirical 
formula 

K
2
M

g
2
O

1
2
S

3
 

K
1

.6
4
N

a
0

.3
6
M

g
2
O

1
2
S

3
 

K
1

.3
3
N

a
0

.6
7
M

g
2
O

1
2
S

3
 

K
0

.7
N

a
1

.3
M

g
2
O

1
2
S

3
 

Formula 
weight 

415 409.34 404.13 394.1 

Crystal 
system 

cubic cubic cubic cubic 

Space group P213 P213 P213 P213 
a/Å 9.89490(10) 9.86050(10) 9.82940(10) 9.75410(10) 
b/Å     

c/Å     

Volume/Å3 968.80(3) 958.73(3) 949.69(3) 928.03(3) 
Z 4 4 4 4 

ρcalcg/cm3 2.845 2.836 2.826 2.821 
μ/mm-1 16.754 15.84 14.743 12.871 
F(000) 824 813 802 782 

Crystal 
size/mm3 

0.074 × 0.044 
× 0.038 

0.131 × 0.105 × 
0.088 

0.124 × 0.096 × 
0.078 

0.112 × 0.079 × 
0.053 

2Θ range for 
data 

collection/° 

12.652 to 
136.378 

12.696 to 
149.116 

12.736 to 
147.712 

12.836 to 
148.102 

Reflections 
collected 

5285 9769 18015 8983 

Independent 
reflections 

601 
[Rint = 0.0585, 
Rsigma=0.0239] 

661 
[Rint = 0.0310, 

Rsigma = 0.0099] 

660 
[Rint = 0.0597, 

Rsigma = 0.0126] 

636 
[Rint = 0.0436, 

Rsigma = 0.0147] 

Data/ 
restraints/ 
parameters 

601/0/59 661/157/100 660/178/101 636/115/103 

Goodness-
of-fit on F2 

1.116 1.132 1.14 1.114 

Final R 
indexes 

[I>=2σ (I)] 

R1 = 0.0183, 
wR2 = 0.0484 

R1 = 0.0129, 
wR2 = 0.0359 

R1 = 0.0146, 
wR2 = 0.0395 

R1 = 0.0199, 
wR2 = 0.0487 

Final R 
indexes 

[all data] 

R1 =0.0185, 
wR2=0.048 

R1 = 0.0129, 
wR2 = 0.0359 

R1 = 0.0146, 
wR2 = 0.0395 

R1 = 0.0203, 
wR2 = 0.0490 
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K
0
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K
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K
0

.1
N

a
1

.9
M

g
2
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1
2
S
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391.38 389.87 386.41 384.47 

cubic cubic cubic orthorhombic 

P213 P213 P213 P212121 
9.74080(10) 9.72610(10) 9.71040(10) 9.56550(10) 

   28.3065(3) 
   30.0116(3) 

924.24(3) 920.06(3) 915.61(3) 8126.12(15) 
4 4 4 36 

2.813 2.815 2.803 2.828 
12.308 12.039 11.322 11.041 

777 774 767 6870 

0.153 × 0.111 × 
0.066 

0.185 × 0.144 × 
0.117 

0.149 × 0.068 × 
0.058 

0.108 × 0.08 × 0.061 

12.852 to 147.302 12.872 to 147.896 12.894 to 135.594 6.906 to 147.866 

5222 9459 5044 77038 

629 
[Rint = 0.0751, 

Rsigma = 0.0285] 

633 
[Rint = 0.0305, 

Rsigma = 0.0096] 

563 
[Rint = 0.0479, 

Rsigma = 0.0196] 

16241 
[Rint = 0.0293, 

Rsigma = 0.0193] 

629/187/98 633/5/103 563/76/98 16241/0/1589 

1.097 1.139 1.093 1.064 

R1 = 0.0282, 
wR2 = 0.0743 

R1 = 0.0192, 
wR2 = 0.0495 

R1 = 0.0259, 
wR2 = 0.0684 

R1 = 0.0266, 
wR2 = 0.0694 

R1 = 0.0285, 
wR2 = 0.0747 

R1 = 0.0193, 
wR2 = 0.0496 

R1 = 0.0265, 
wR2 = 0.0696 

R1 = 0.0288, 
wR2 = 0.0710 
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Structural features for K2-xNaxMg2(SO4)3 (0 ≤ x ≤ 1.75) 

 

As noted earlier, K2-xNaxMg2(SO4)3 exhibits a cubic langbeinite structure at 

room temperature for 0 ≤ x ≤ 1.75. The cell parameters obey Vegard’s Law, showing 

a linear decrease with increasing Na content (Figure 76), confirming solid solution 

formation across the series.  

Figure 75. Powder XRD patterns for K2-xNaxMg2(SO4)3 for 0 ≤ x ≤ 1.9 at 
room temperature showing formation of a cubic langbeinite phase for 0 ≤ 
x ≤ 1.75, with a more complex pattern for x=1.9. Tickmarks indicate peaks 

related to cubic phase 
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Detailed structural characterisations for selected samples across the series 

were performed on single crystals. These data showed that the S-O bond lengths 

remain essentially unchanged across the series with increasing of Na content. This 

confirms that the SO4 unit is rigid and does not tolerate any distortions leading to 

loss of tetrahedral symmetry. However, there was evidence for significant rotational 

disorder of the SO4 tetrahedra, which was fitted by three split sites with the same 

atomic displacement parameters (Figure 77). Speer et al. reported a similar 

Figure 76. Cell parameters of K2-xNaxMg2(SO4)3 where x is 0-1.75 at 100K 
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behaviour in a range of potassium containing langbeinites, where such disorder 

increased with increasing ionic radii of divalent cation (Zn-Co-Mn-Cd) 159. In that 

previous study, the disorder was successfully modelled with prolate disk shaped 

thermal ellipsoids. In our case modelling with the same strategy did not 

demonstrate a good fitting result and therefore the split sites approach was used. 

Interestingly for the K2-xNaxMg2(SO4)3 samples studied here, this disorder  does not 

appear in the x=0 parent phase but rather becomes more significant with increasing 

sodium content. To provide a numerical measure of the rotational disorder in this 

system we have calculated a “disorder factor”, which we define as the average 

separation between the oxygen split sites. Larger values suggest the presence of 

more significant rotational disorder. From this calculated “disorder factor”, it is clear 

that increasing the Na content leads to increasing disorder (Figure 78), with a strong 

linear dependence for this parameter versus Na content. 

 

Figure 77. Rotational disorder of the SO4 tetrahedra modelled through the use 
of split sites with partial occupancy 
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From the single crystal experiments, we were also able to obtain 

information about the separate sodium and potassium positions, with a significant 

difference in the positions of sodium and potassium atoms on the same site. 

Potassium/sodium-oxygen environments were fitted to the ellipsoids to define the 

actual centre and shape of the cavities using ellipsoidal analysis of coordination 

polyhedral (PIEFACE software)160. This analysis showed that potassium (K1) is 

shifted off-centre of the larger cavity (axially stretched) towards the centre of the 

general cage and remains relatively close to the centre in the smaller one (K2) 

(axially compressed) (Figure 79). The size of this displacement increases as the 

potassium content decreases, which may explain the interesting rotational disorder 

Figure 78. Variation of the disorder factor and average bond length of SO4 
tetrahedron with K2-xNaxMg2(SO4)3 composition 
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of the SO4 tetrahedrons. It suggests that the cavities containing potassium have to 

distort to form a more spherical environment for K with similar K-O distances. For 

the sodium ions, the off-centre displacement is shown to be larger (Figure 80), and 

increases with increasing potassium content as the unit cell expands. This increasing 

displacement is not surprising, as conventionally the langbeinite cavities are 

favoured by larger alkali metal ions. From analysis of the displacement, it can be 

seen that sodium tends to shift towards the wall of each cage, to allow it to be closer 

Figure 79. Langbeinite cage of K0.4Na1.6Mg2(SO4)3 consisting of two cavities 
with off-centre displaced potassium. Blue (axially stretched) and green (axially 

compressed) areas are schematic representation of the ellipsoids fitted to 
cavities. 
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to those oxygen atoms and therefore achieve a more satisfactory bonding 

environment.  These increasing off-centre displacements most likely account for the 

instability of sodium rich phases with respect to adopting the cubic langbeinite 

structure at room temperature. In particular, it is likely that local stresses result 

from the different cavity sizes/displacements for K/Na, and so the system reaches a 

point when it cannot tolerate any more stresses and so the cubic structure collapses 

to form the orthorhombic structure (described in the next section).  

As highlighted in the introduction, there are two K sites in the langbeinite 

structure, and the data indicate that sodium shows some evidence of ordering 

between two sites within the cell favouring the smaller Na2 site (Figure 81), while 

correspondingly K shows a general preference for the larger K1 site.  

Figure 80. Potassium and sodium off-centre displacement within cavities of the 
cage for K2-xNaxMg2(SO4)3 
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In view of the structural complexity of these langbeinites and the limitations 

of diffraction techniques, where a high number of constraints are needed in order to 

obtain stable refinements, we have performed Raman measurements with the aim 

of providing further information about the local coordination around the SO4 

groups.  

Figure 82 shows the evolution of the RT Raman spectrum of the K2-

xNaxMg2(SO4)3 series with composition in the region of the internal modes of the 

sulphate groups146. Only compounds crystallizing in the P213 cubic langbeinite 

phase at RT are included in the figure. Bands appearing around 460, 630, 1040 and 

above 1100 cm-1 are identified as arising from the 2 (symmetric bending), 4 

(antisymmetric bending),  1 (symmetric stretching) and 3 (antisymmetric 

Figure 81. Disorder factor and sodium occupancies for K2-xNaxMg2(SO4)3 
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stretching) tetrahedral modes. We shall focus on the 1 band, whose displacements 

involve the symmetric breathing mode of the four oxygen atoms forming the SO4 

tetrahedron. The inset shows in detail the evolution of the 1 band with composition. 

The band displays an unstructured aspect, as corresponds to a non-degenerate 

mode in a compound where all tetrahedra are crystallographically equivalent. 

However, a closer look highlights that this band is anomalous in several ways. First, 

and contrary to what would be expected according to lattice parameters, the 1 

frequency increases with K content, suggesting shorter S-O bonds despite the lattice 

Figure 82. Raman spectra for K2-xNaxMg2(SO4)3 at RT. The inset shows the 
evolution of the 1 band 
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expansion (Figure 76). This behaviour is not uncommon: lattice expansion may 

result in weaker SO4 bonding with second neighbours, and thus in a reduction of the 

S-O bond lengths. While the crystallographic data suggest that the average S-O bond 

length appears to essentially remain constant throughout the series, the obtained 

structure showed quite large anisotropic atomic displacement parameters for 

oxygen, so that the actual oxygen sites might be even more disordered than initially 

accounted for using the split sites. In that case, the possibility of lengthening of the 

S-O bonds with increasing Na content cannot be discarded. 

Another peculiarity of the 1 band is its composition-dependent broadening 

and asymmetric shape. Figure 83 shows the total linewidth and the difference 

between the left and right widths as a function of K content. Among the possible 

sources of asymmetry in the Raman spectra we propose that in the present case it is 

Figure 83. a) Raman shift of the 1 breathing mode at RT as a function of K 
content in the K2-xNaxMg2(SO4)3 series; b) Full width at half maximum (black 

circles) and asymmetry (red triangles) of the 1 breathing mode at RT as a 
function of K content in the K2-xNaxMg2(SO4)3 series. The asymmetry is defined 

as the difference between the left and right half widths. 
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caused by the positional disorder of oxygen and Na/K cations. Oxygen split sites are 

indeed expected to result in a distribution of SO4 breathing mode frequencies, but 

the question arises as to what is the actual origin of this splitting. In the structural 

analysis, the oxygen disorder has been parameterized by the disorder factor (O-O 

distance between split sites) and this is seen to increase with Na content. Similarly, 

the linewidth of the 1 band increases toward the Na rich side with a maximum 

around [Na] = 1.5. We note that remarkable broadening is also observed for 

Na2Mg2(SO4)3 in its high temperature cubic langbeinite-type phase157. Thus, it seems 

likely that the positional disorder of Na ions is the main cause of broadening and 

asymmetry, with a smaller contribution of chemical disorder required to explain the 

presence of a maximum as a function of K/Na content. At this point we note that 

different coordinates were refined for Na and K atoms sharing sites, which suggests 

that local displacements may occur because of the large size of the (Na, K) cavities 

in the langbeinite structure, and that these displacements will be different for Na 

and K cations. Then, Na ions might be closer to the SO4 tetrahedra than assumed, 

implying local O shifts toward the nearby Na atoms thus resulting in longer S-O 

distance and in site-splitting. Broadening and asymmetry, therefore, reflect the 

instability of the cubic langbeinite structure at room temperature, as the amount of 

the smaller Na cations is increased. 

Variable temperature spectra of Na-rich members of the series with cubic 

symmetry at RT were recorded down to 77K with a twofold purpose: first, despite 

the fact that single crystal XRD at 100K does not show evidence of symmetry 

lowering for K content above x = 0.1, we thought that Raman scattering might unveil 



 
Chapter Six 
Synthesis and structures of sodium doped K2Mg2(SO4)3 langbeinite phases 

174 

local structures preluding to a change to orthorhombic symmetry for 

K0.2Na1.8Mg2(SO4)3. The second goal was to see, in the event that no phase transition 

occurs, whether minimising thermal contributions to the linewidth helps to resolve 

underlying components of the 1 band belonging to different local configurations of 

the SO4 tetrahedra. The K2Mg2(SO4)3 endmember compound was also measured for 

comparison purposes. Figure 84 shows the 1 band of K0.2Na1.8Mg2(SO4)3 and of 

K2Mg2(SO4)3  at RT and 77K. The full spectra of K0.2Na1.8Mg2(SO4)3, shown in figure 

A1 of the appendix, suggest that no phase transition occurs for this composition 

down to 77K. With regards to the totally symmetric mode, we can see that for 

K2Mg2(SO4)3 the band narrows and hardens on cooling in a conventional way. On 

the contrary, for K0.2Na1.8Mg2(SO4)3, the band looks essentially the same at room and 

low temperature: the linewidth, intensity and even the frequency remain fairly 

constant, and the same can be said for the rest of the spectrum (Figure A1 appendix). 

Figure 84. 1 band of K0.2Na1.8Mg2(SO4)3 (lower graphs) and of K2Mg2(SO4)3 (upper 
graphs) at RT (in red) and 77K (in black) 
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This difference implies that for K0.2Na1.8Mg2(SO4)3, the linewidth does not arise from 

the usual thermal broadening processes, neither from dynamic ones, but rather 

from static positional disorder, as proposed above. The non-observation of well 

resolved components is then attributed to the quasi-continuous distribution of O 

positions, which can be described by means of split sites and large thermal 

ellipsoids. 

 

Structural features of Na1.9K0.1Mg2(SO4)3  

 

The structure of Na1.9K0.1Mg2(SO4)3 was solved from single crystal data (see 

table A7 in the appendix information for the complete structural information). It is 

a non-centrosymmetric orthorhombic cell with space group P212121. The structure 

is very complex, with a very large unit cell. The unit cell consists of the SO4 

tetrahedra corner sharing with MgO6 octahedra or MgO5 square pyramid units, with 

the latter essentially highly distorted six-coordinated octahedral with one longer 

bond distance (Figure 85). The average interatomic distances in the MgO6 and the 

MgO5 units are 2.031(3)Å and 1.978(2)Å respectively. The presence of MgO5 square 

pyramids in sulphate crystals is not common, which is most likely due to the lower 

stability expected for polar units. Here a very narrow range of bond distances and 

close to ideal bond valence sum +2.030(27) might explain the formation of these 

polar pyramids.  
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Despite the orthorhombic symmetry and very large unit cell, structurally 

the system is closely related to that of langbeinite. Indeed, it can be considered as a 

highly relaxed 1x3x3 superstructure of langbeinite with some distorted MgO6 units. 

The origin of this complex superstructure lies in the ordering of the MgO5 pyramids 

(Figure 86). The MgO5 pyramids are combined in two types of clusters in the crystal 

lattice. The first type is a cluster of two square pyramids with non-parallel base-

facing (double pyramid cluster).  There are two orientations of this type of cluster 

in the unit cell forming two almost perpendicular surfaces (0 1 1) and (0 -1 1) via 

symmetry. Both have polarisation along a axis with opposite direction to each other. 

Interestingly, 6 coordinated Mg11 site atoms, which have the largest BVS +2.24, are 

located at the crossing of these surfaces. This could mean that there is significant 

distorting polarisation present in this region, which places a large strain on these 

MgO6 units.  The surfaces divide the lattice into squares with a side length of around 

20Å. Each square contains a second type of MgO5 cluster - a combination of four 

MgO5 units in the centre of square forming a helix with total polarisation in the 

centre directed along the axis of the helix. There are two types of helixes in the lattice  

Figure 85. Distribution of bond lengths (with Gaussian fitting) for Mg sites. 
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Figure 86. 2x2x2 super cell structure showing orientations of two types of 
helix pyramid clusters(black diamonds) separated by surfaces formed by 

double pyramid clusters (black dash lines) and comparison with high 
temperature langbeinite unit cell (top left corner) (MgO5 pyramids are 

labelled pink). In the right top corner an enlarged view of the helix 
showing the spiralling of the pyramids 
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 organised in a chequered fashion in relation to the squares formed by the surfaces. 

Both types have the same clockwise downwards rotation, with, however, the 

opposite polarisation.  As for the cubic langbeinite structure series, the SO4 

tetrahedra are symmetrical, with a narrow distribution of bond lengths (Figure 87), 

and an average S-O bond length of 1.458(1) Å. Similarly, some of the tetrahedra 

show evidence of rotational disorder, modelled as split sites, which could be related 

either to alignment of helixes and formation of an even larger supercell or to local 

variations in Na/K content as suggested for the cubic langbeinite series.   

The cell contains 18 alkali metal sites, with only half of these containing 

potassium ions, with an average occupancy of ≈0.1. The other sites are only occupied 

by sodium (Table 25), which can be explained by the different sizes of these cavity 

sites.  

Figure 87. Distribution of bond lengths in SO4 units with Gaussian fitting 
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Table 25. Selected Atomic Occupancies for K0.1Na1.9Mg2(SO4)3. Not mentioned 
sites here are all equal 1. 

Atom Occupancy  Atom Occupancy  Atom Occupancy 

K1 0.116(13)  K2 0.108(12)  K4 0.110(12) 

K6 0.090(12)  K9 0.104(13)  K12 0.096(12) 

K13 0.110(12)  K15 0.095(11)  K18 0.115(12) 

Na1 0.884(13)  Na2 0.892(12)  Na4 0.890(12) 

Na6 0.910(12)  Na9 0.896(13)  Na12 0.904(12) 

Na13 0.890(12)  Na15 0.905(11)  Na18 0.885(12) 

O1 0.57(2)  O2 0.562(16)  O7 0.584(5) 

O10 0.584(5)  O11 0.584(5)  O13 0.531(8) 

O103 0.535(3)  O104 0.636(15)  O105 0.535(3) 

O106 0.535(3)  O108 0.465(3)  O109 0.465(3) 

O110 0.465(3)  O111 0.416(5)  O112 0.416(5) 

O113 0.416(5)  O114 0.364(15)  O115 0.469(8) 

O116 0.522(8)  O117 0.478(8)  O118 0.43(2) 

O119 0.438(16)       

 

The sodium sites form a 3D chiral network with relatively high translational 

symmetry related to a 1x⅓x⅓ subcell unit. Sites partially occupied with potassium 

form the same chiral network with opposite rotation. Figure 88 shows that the 

distribution of the Na-O bonds for the Na only sites has sharp peak at 2.471Å. At the 

same time distribution of Na/K-O bonds for mixed sites is more complex. The figure 

shows the presence of more than three broad distribution peaks. These can be 

Figure 88. Distribution of interatomic distances (with Gaussian fitting) for 
selected potassium and sodium surroundings. 
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described as spheres of oxygen surrounding the potassium containing sites, with the 

first peak at 2.488 Å, second at 3.000 Å and third at 3.738Å. This may indicate that 

K containing cavities are larger and have lower symmetry. 

At higher temperature the structure of Na1.9K0.1Mg2(SO4)3 converts into the 

simple cubic P213 langbeinite structure (Figure 89). A similar transition was 

previously reported for Na2Mg2(SO4)3157. VTXRD showed that the phase transition 

into the cubic langbeinite structure occurs at a temperature slightly below 200oC 

(Figure 90), which is a slightly lower temperature than observed for Na2Mg2(SO4)3. 

In agreement with this phase transition, the DTA curve of the TGA experiment also 

Figure 89. XRD patterns of K0.1Na1.9Mg2(SO4)3 at 20°C and 750°C 
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showed a peak at 186.2oC (Figure 90), corresponding to the phase transition. Cell 

volume data show a clear change at this phase transition (Figure 18), with an 

effective discontinuous expansion at this temperature. 

Considering strong motions of ions at high temperatures and the previously 

described significant rotational disorder of SO4 units in related cubic langbeinite 

phases at room temperatures, we assumed that in this case similar rotational 

disorder might be observed. Rietveld refinement using the high temperature 

powder diffraction data was, therefore, performed using a rigid body approach for 

Figure 90. Contour plot of variable temperature XRD and DTA curve of 
K0.1Na1.9Mg2(SO4)3 during the cooling stage. The results show a transition to a 

cubic langbeinite structure at elevated temperatures 
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the SO4 unit with splitting into three tetrahedrons with partial occupancy ⅓ in order 

to model rotational disorder around a single sulphur atom. The size of the rigid 

body, i.e. S-O bond length, was allowed to refine as well. Isotropic thermal 

displacement parameters were constrained to be the same for all oxygen atoms, 

while the alkali metals were constrained to be on the same site and the site 

occupancy constrained to the values expected from the chemical composition.  

This approach allowed us to improve the Rwp from ~15% down to ~10% 

while maintaining a sensible structural solution (Figure A4 appendix). Further 

improvements to the model would require the introduction of anisotropic atomic 

Figure 91. Unit cell volume of K0.1Na1.9Mg2(SO4)3 versus temperature obtained 
from refinement of powder VT-XRD data. Unit for cubic phase is taken as it is, 

unit for orthorhombic phase is taken as 1 9ൗ . 
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displacement parameters, however this makes the refinement unstable due to the 

high number of variables and the insufficient amount of data available in powder 

XRD. Table A8 in appendix contains structural information about K0.1Na1.9Mg2(SO4)3 

at 750oC. 

The refined structure at 750oC suggested very large rotational distortions 

of the SO4 unit, with a disorder factor in this system of up to 0.94 (Figure 92). In 

addition the apparent S-O bond length in the rigid body converged to a value of 

1.638(4)Å. This value is much larger than expected for a sulphate group, and would 

suggest that there are some local displacements of the sulphur. It is particularly 

Figure 92. Rigid body bond length and disorder factor for K0.1Na1.9Mg2(SO4)3 
with varying temperature. 
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noteworthy that the disorder factor and apparent rigid body bond length 

significantly rise in value between 650 and 700oC. This could be an indication of 

another phase transition, although at the same time, the cell does not appear to 

change symmetry. There is, however, a weak feature in the DTA curve in this region 

(Figure 17).  Fractional occupancies of sodium and potassium show the same 

ordering between two sites as at room temperature (potassium favours the larger 

cavity, while sodium the smaller).  

The transition from the low temperature orthorhombic cell to high 

temperature cubic langbeinite can be explained by the fact that the structure of the 

former is similar to a 1x3x3 langbeinite supercell. Thus, the low temperature 

orthorhombic phase can be classed as a highly disordered variant of the langbeinite 

structure. While orthorhombic langbeinite phases have been previously reported 

below room temperature, e.g. K2(Ca/Cd)2(SO4)3150,151, the orthorhombic distortion 

is much lower than observed for the K0.1Na1.9Mg2(SO4)3 system reported here, and 

there was no evidence for an enlarged supercell in the former studies. 

The structural evolution of K0.1Na1.9Mg2(SO4)3  was also followed by Raman 

scattering from 77 K to 775°C (1048 K) (see the whole series of spectra in figures 

A2 and A3 of the appendix). Measurements below RT were undertaken in the search 

for a possible phase transition from orthorhombic to monoclinic symmetry, similar 

to the one detected in our previous study on Na2Mg2(SO4)3 at around 100 °C 157. As 

figure A2 shows, no clear evidence of new modes or of mode splitting can be 

ascertained, although some modes display an anomalous intensity increase that 

might be a hint of a nearby transition occurring perhaps below 77K. On the contrary, 
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the phase transition to cubic symmetry is clearly observed between 150 and 200 °C, 

in perfect agreement with the XRD results (Figure A3 appendix). Above 200 °C the 

cubic phase spectrum varies very little with increasing temperature; the observed 

broadening is ascribed to conventional thermal effects. 

The conductivity of K0.1Na1.9Mg2(SO4)3 phase was investigated and it was 

shown to possess low conductivity 1.2×10-5 S/cm at 400oC with a high temperature 

activation energy of 0.38 eV. This can be explained by low mobility of alkali metal 

ions in the cell as transport channels are not wide and vacancies are not present in 

the system. The Arrhenius plot shows a step-like rise in the conductivity at around 

180oC that corresponds to the phase transition from orthorhombic structure into 

cubic langbeinite (Figure 93). This change is reversible as shown by measurements 

Figure 93. Arrhenius plot of K0.1Na1.9Mg2(SO4)3  via EIS 
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on both heating and cooling. In addition, the conductivity data show a bend near 

688oC what can be related to enlarged disorder of SO4 tetrahedrons and partial 

opening of the general cages to each other. DTA curve has a small peak in this 

temperature area as well.  

 

Conclusion 

 

In this work we show that Na can be incorporated into the langbeinite 

phase, K2Mg2(SO4)3. The cubic langbeinite structure is maintained at room 

temperature for high Na levels; K2-xNaxMg2(SO4)3 ( 0 ≤ x ≤ 1.75). For higher Na levels, 

1.8 ≤ x ≤ 1.9, an enlarged orthorhombic cell is obtained, with the structure 

resembling a highly distorted variant of the langbeinite structure. This relationship 

is also illustrated by the fact that the latter phases transform to the cubic langbeinite 

structure at relatively low temperature (≈200°C). The work therefore highlights the 

flexibility of the langbeinite structure to accommodate high levels of Na ions, thus 

offering another avenue to manipulate the properties of materials with this 

structure-type. 

 

 

 



 

 

 

 

 

 

 

 

Chapter Seven 

Synthesis and study of Eldfellite based 

materials doped with SeO4, HPO4 and 

PO3F 

The growing demand for low cost large-scale energy storage to balance the 

intermittency of renewable energy technologies is driving renewed interest in Na 

ion batteries, which are viewed as lower cost alternatives to lithium-ion batteries. 

As a result there is renewed interest in the development of new cathode materials 

for Na ion batteries. While layered Na transition metal oxide materials are currently 

the favoured cathode materials161–164, there is growing interest in alternative 

materials containing oxoanion groups, as for Li ion batteries. In this respect, a wide 

range of such materials have been investigated: including Na3V2(PO4)3165–168, 
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NaFePO4169,170, Na2MnP2O7171, Na4Co3(PO4)2P2O7172, Na3V2O2(PO4)2F173–176, 

Na2.5Fe1.75(SO4)346, Na2FeSiO4177, NaFe(SO4)254. 

As shown by the examples above, the focus of this research has been on 

systems containing a single oxoanion, despite the potential for tuning both structure 

and properties by substitution on the oxoanion site. Recently we have illustrated 

how isovalent substitution of SO42- by SeO42- and PO3F2- in the bimetallic metal 

sulphates  Na2M(SO4)2·2H2O (M=transition metal)98, and the resultant phases 

obtained on dehydration158. In this work, we extend such studies to investigate the 

effect of SeO42-, PO32-, HPO42- into  the layered eldfellite structured NaFe(SO4)2 . This 

phase was first reported by Balić-Žunic et al.178 and more recently evaluated as a 

potential cathode for a Na-ion battery by Singh et al.54. In this latter work, 

NaFe(SO4)2 was  shown to have a capacity near 80 mAh/g (at 0.1 C) for more than 

80 cycles, with an average voltage of 3.2V versus sodium. Banerjee et al. predicted 

by DFT calculations that this material can be improved by transition metal 

substitution56.  However, while partial substitution of iron with chromium 

demonstrated better thermal properties, the inactivity of the Cr2+/Cr3+ redox couple 

meant that the electrochemical performance was poorer179. Given that the nature of 

oxoanion group plays a great role in polarisation effects in the crystal  lattice of these 

compounds180, the partial substitution at this site is of interest. With this in mind, 

here we report a study of oxoanion doping in NaFe(SO4)2 to give NaFe(SO4)1.5(X)0.5  

(X=SeO4, HPO4, PO3F), examining the effect on structure and properties. It was 

observed later that fluorophosphate undergoes hydrolysis into hydrophosphate. 
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Experimental 

 

NaFe(SO4)1.5(X)0.5 samples were prepared via a dissolution-evaporation 

route. In this facile route, stoichiometric amounts of Fe2(SO4)3 and Na2X (X=SeO4, 

HPO4, PO3F, SO4) (for 3g of sample) are dissolved on heating in water. Evaporation 

of the water is then performed to obtain a thick slurry. This slurry was then dried 

for 12 hours at 150C in a drying oven, the powder was then ground and heated in 

alumina crucible for 12 hours at 300C in a furnace. The obtained products were 

then analysed by powder XRD experiment with data collected on Panalytical 

Empyrean diffractometer with copper X-ray source (λCuKα1 = 1.54056 Å, λCuKα2 = 

1.54439 Å) in Bragg-Brentano reflection geometry equipped with Pixcel 2D detector 

in the range from 15 to 145o. Time of flight powder neutron diffraction (TOF) data 

were collected on the POLARIS diffractometer (Backscattering bank) at the ISIS 

pulsed spallation source (Rutherford Appleton Laboratory, Harwell, UK). 3g of 

powder were loaded into 8 mm diameter thin-walled cylindrical vanadium sample 

cans. Data were collected at room temperature for 150Ah proton beam energy to 

the ISIS target for each sample. Structural refinements (doped systems: neutron 

diffraction data, undoped system: X-ray diffraction data) were performed by the 

Rietveld method with the program GSASII103. 

In order to investigate the thermal stability and possible presence of water 

or carbonate in the samples, thermogravimetric analysis (TGA-MS, Netzsch) was 

performed at a rate of 10°C/min to 400°C in a nitrogen atmosphere with the MS 

detection of volatile substances for m/z = 18, 44 and 64 corresponding to water, 



 
Chapter Seven 
Synthesis and study of Eldfellite based materials doped with SeO4, HPO4 and PO3F 

190 

carbon dioxide and sulphur dioxide. In order to determine more information on the 

oxoanion groups, Fourier transform infrared spectroscopy (Perkin Elmer FTIR 

Spectrum Two) as well as Raman spectroscopy (Renishaw inVia) data were 

collected.  SEM images were collected on Philips XL-30 FEG Environmental SEM with 

Oxford Inca EDS. 

In order to determine more information on the Fe oxidation state, 57Fe 

Mössbauer spectra were recorded in constant acceleration mode using a 25mCi 

57Co/Rh source. All spectra were computer fitted and all chemical isomer shift data 

are quoted relative to metallic iron at room temperature.  

The conductivities of the obtained pellets were measured in air by 

electrochemical impedance spectroscopy using a PSM impedance analyser within a 

frequency range 1 – 106 Hz. Measurements were carried on in the temperature range 

50-300˚C on cooling in dry N2 atmosphere. Pellets were coated from both sides with 

silver paste and dried at 150˚C for 2 hours. Zview software was used to analyse the 

obtained data105. The diffusion coefficients were calculated using Nernst-Einstein 

relation: 𝐷 =
𝜎𝑘𝐵𝑇

𝑒̅2𝑛
, where kB is the Boltzmann constant, 𝑒̅ is the electron charge and 

n is charge carrier concentration (number of Na cations per unit-cell volume)126,127.  
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Results and discussion 

Diffraction study 

 

The XRD data (Figure 94) indicated the successful synthesis of 

NaFe(SO4)1.5(X)0.5 (X is SeO4, HPO4, PO3F, SO4). The data indicated that all materials 

were isostructural without any traces of impurity phases.  

Neutron diffraction (ND) data were collected for the doped materials and 

the structures were refined using the  Rietveld method, with the previously reported  

structural model for NaFe(SO4)2 (space group C 1 2/m 1) used178 (Figure 95). For 

comparison, we also prepared undoped NaFe(SO4)2 and performed a structure 

refinement using the XRD data. The obtained cell parameters for both doped and 

undoped samples are shown in table 26. 

Figure 94. XRD patterns for NaFe(SO4)1.5(X)0.5 (X=SeO4, HPO4, PO3F, SO4), 
showing single phase isostructural samples 
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Table 26. Cell parameters and refinement quality indexes for 
NaFe(SO4)1.5(X)0.5 (X=SeO4, HPO4, PO3F, SO4) 

C12/m1 SeO42- PO3F2- HPO42- SO42- 
a(Å) 8.0786(3) 8.1441(3) 8.1445(4) 8.0227(1) 
b(Å) 5.2203(2) 5.1920(2) 5.1942(2) 5.1596(1) 
c(Å) 7.1709(3) 7.0199(3) 7.0184(3) 7.1506(1) 
(°) 92.311(2) 91.684(2) 91.401(3) 92.097(1) 

Volume(Å3) 302.169(29) 296.705(27) 296.822(31) 295.791(9) 
Rwp 1.90% 2.16% 1.84% 2.09% 
GOF 1.81 1.92 1.94 1.83 

 

As shown previously, the structure of NaFe(SO4)2 consists of corner sharing 

FeO6 octahedra and SO4 tetrahedra forming a triple layer SO4-FeO6-SO4 

perpendicular to the c axis with Na ions lying between these layers (Figure 96). It 

Figure 95. Plot for structural Rietveld refinement of ND data for NaFe(SO4)1.5(X)0.5  
(X = SeO4, HPO4, PO3F) 
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has been proposed that the relatively rigid framework of layers allows a facile 

change in size of the cell along c axis without decomposition during Na intercalation-

deintercalation into these layers.  

From the cell parameter data, it is clear that the unit cell expands on doping, 

with the largest expansion on selenate doping. In all cases an expansion along the  a 

and b axes are observed. However, for the samples doped with HPO42-, or PO3F2-, a 

contraction along the c axis is observed.  

The refined occupancies confirm successful incorporation of the dopants 

(Table 27-28). An attempt to refine the sodium occupancies showed no significant 

deviations from full occupancy, as expected. Consequently, in the final refinement, 

the sodium site occupancy was fixed to 1. 

Figure 96. Structure of Eldfellite NaFe(SO4)2 
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Table 27. Structural parameters obtained for NaFe(SO4)1.5(X)0.5 (X=SeO4, 
HPO4, PO3F) 

Atom Multiplicity x y z Fractional occupancy Ueq×100(Å2) 

NaFe(SO4)1.5(SeO4)0.5 

Na 8 0.0226(14) 0.0402(10) 0.5094(25) 0.25 1.00(37) 

Fe 2 0 0 0 1 0.70 (5) 

S 4 0.3624(3) 0 0.2260(3) 0.727(8) 0.63(5) 

Se 4 0.3624(3) 0 0.2260(3) 0.273(8) 0.63(5) 

O1 4 0.2375(2) 0 0.0598(2) 1 1.20(6) 

O2 4 0.2906(2) 0 0.4070(2) 1 2.40(5) 

O3 8 0.4716(1) 0.2370(2) 0.2016(2) 1 1.80(4) 

NaFe(SO4)1.5(PO3F)0.5 

Na 8 0.0306(8) 0.0422(12) 0.5018(12) 0.25 0.90(25) 

Fe 2 0 0 0 1 0.90(7) 

S 4 0.3619(3) 0 0.2242(4) 0.727(22) 0.60(7) 

P 4 0.3619(3) 0 0.2242(4) 0.273(22) 0.60(7) 

O1 4 0.2343(2) 0 0.0688(3) 1 1.40(8) 

O2 4 0.2896(2) 0 0.4143(3) 1 2.50(7) 

O3 8 0.4648(2) 0.2354(2) 0.2044(2) 1 1.50(6) 

NaFe(SO4)1.5(HPO4)0.5 

Na 8 0.0268(12) 0.0420(16) 0.5118(24) 0.25 1.00(49) 

Fe 2 0 0 0 1 0.90(7) 

S 4 0.3602(4) 0 0.2244(4) 0.732(21) 0.56(7) 

P 4 0.3602(4) 0 0.2244(4) 0.268(21) 0.56(7) 

O1 4 0.2348(2) 0 0.0686(3) 1 1.20(8) 

O2 4 0.2894(2) 0 0.4154(3) 1 2.50(7) 

O3 8 0.4640(2) 0.2356(3) 0.2051(2) 1 1.50(5) 
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Table 28. Anisotropic Displacement Parameters Å2×100 for 
NaFe(SO4)1.5(X)0.5 (X=SeO4, HPO4, PO3F) 

Atom U11 U22 U33 U12 U13 U23 

NaFe(SO4)1.5(SeO4)0.5 

Na 0.53(53) 0.76(32) 1.72(33) -0.18(17) 0.29(39) -0.25(27) 
Fe 0.62(6) 0.43(6) 1.11(6) 0 0.08(4) 0 
O1 0.65(5) 0.97(5) 1.88(6) 0 0.06(5) 0 
O2 2.14(6) 2.87(5) 2.15(5) 0 0.05(4) 0 

O3 1.86(6) 1.48(4) 2.05(4) -0.69(3) -0.72(3) 0.99(3) 

NaFe(SO4)1.5(PO3F)0.5 

Na  2.67(28) 1.51(40) 1.00(12) -0.21(17) 0.79(27) 0.52(21) 

Fe 0.71(7) 0.27(7) 1.83(7) 0 -0.35(6) 0 
O1 1.22(8) 1.49(7) 1.51(8) 0 -0.70(6) 0 
O2 3.62(7) 2.09(7) 1.76(8) 0 0.79(5) 0 

O3 1.74(5) 1.29(6) 1.37(6) -0.56(4) -0.50(4) 0.55(4) 

NaFe(SO4)1.5(HPO4)0.5 

Na 1.06(55) 1.19(54) 0.84(42) -0.05(24) 0.02(46) 0.05(30) 
Fe 0.42(7) 0.56(7) 1.62(7) 0 -0.07(6) 0 

O1 0.42(8) 1.47(7) 1.60(8) 0 -0.48(5) 0 

O2 3.90(7) 1.94(7) 1.70(8) 0 1.17(6) 0 

O3 1.41(5) 1.12(5) 1.92(5) -0.79(4) -0.56(4) 0.47(4) 

 

Selected bond distances are given in Table 4, and these show a particular 

increase in average distance for the selenate doped sample, as expected (Table 29), 

while there is little change in the Fe-O distances.  
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Table 29. Selected interatomic distances (Å) and it’s multiplicity from TOF 
neutron Rietveld refinement of NaFe(SO4)1.5(X)0.5 (X=SeO4, HPO4, PO3F) 

NaFe(SO4)1.5(SeO4)0.5  

S/Se-O1 1 1.530(2)   Fe-O1 2 1.949(1) 

S/Se-O2 1 1.443(2)  Fe-O3 4 2.013(1) 
S/Se-O3 2 1.533(2)     

NaFe(SO4)1.5(PO3F)0.5 

S/P-O1 1 1.484(2)   Fe-O1 2 1.955(2) 
S/P-O2 1 1.474(2)  Fe-O3 4 2.013(1) 

S/P-O3 2 1.490(1)     

NaFe(SO4)1.5(HPO4)0.5  
S/P-O1 1 1.478(2)   Fe-O1 2 1.960(2) 
S/P-O2 1 1.472(2)  Fe-O3 4 2.016(1) 
S/P-O3 2 1.495(1)     

For the PO3F2- doped sample, it was expected that there may be a significant 

change in one of the average S/P-O bond lengths, as a result of the P-F bond, 

assuming there is an ordered arrangement for the PO3F2- group. However, the data 

showed this not to be the case. Further discussion on this sample is outlined in the 

Raman data section. For the HPO42- doped sample, the H position could not be 

defined, most likely due to random distribution and high thermal motion. However, 

considering the observed contraction along the c direction, we suspect that the 

proton is located pointing at adjacent layers to allow the formation of hydrogen 

bonds between layers and hence a contraction in this direction.  

The sodium ions in these structures occupies an essentially 6 coordinated 

site, with a further 4 oxygen ions in an outer sphere at longer distance.  The 

calculated volumes of distorted NaO6 octahedra and extended NaO10 coordination 

spheres reveal an increase in the order HPO4-PO3F-SeO4-SO4 (Table 30). Thus, the 

largest Na-O coordination volume was found in the undoped material. Given that a 

larger coordination volume may improve Na-ion diffusion, this may indicate that the 
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doping strategies may be detrimental to diffusion rates, particularly for the 

HPO4/PO3F doped samples.  

Table 30. Volumes of NaO6 and NaO10 units for NaFe(SO4)1.5(X)0.5 (X=SeO4, 
HPO4, PO3F) 

Dopant Volume NaO6(Å3) Volume NaO10(Å3) 

HPO42- 18.41 40.45 

PO3F2- 18.53 40.36 

SeO42- 19.02 42.23 

SO42- 19.29 42.53 

 

Vibrational spectra 

 

In order to gather more information on these materials, IR and Raman 

spectra were recorded (Figure 97). In all cases corresponding spectra are relatively 

similar showing the same bands. The bands from the SO42-, HPO42-, SeO42- and PO3F2- 

in most cases can be distinguished separately as tetrahedral (Td) anions, however 

overlapping of the peaks does complicate the assignments. The proposed 

assignments181 are shown in table 31. In all cases ν1 symmetrical vibrations (XY4) of 

SO4 are located in a similar region of frequencies in the Raman as well as in the IR 

spectra. For the phosphate containing compound there can be observed small shift 

towards lower frequencies. This shift is most likely attributed to the overlapping of 

the peaks of PO4 and SO4 groups which therefore couldn’t be individually 

distinguished accurately. The shift in the SeO4 group compared to the SO4 group is 

clearer, with the former found in the expected region 830-850 cm-1 in both IR and 

Raman spectra. The ν3 asymmetric vibrations (XY4) for SO4 were located in the same 
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region for all compounds with slight shift towards higher frequencies for the doped 

phases. The same vibration mode peaks of the SeO4 group are observed in the 

expected range as well. The ν3 vibrations are found at lower frequencies than 

expected for the PO4 group.  The ν4(f2) δ(XY3) vibrations of SO4 group are very 

consistent for all compounds and located at the same energy (600cm-1 and 673cm-1). 

However, there is splitting of these peaks for NaFe(SO4)1.5(PO3F)0.5 indicating local 

disorder on this site.  

For the fluorophosphates doped sample, there was no trace of the expected 

ν(P-F) band in the region 700-800cm-1 182. This may be an indication that the PO3F2- 

group has been hydrolysed during the synthesis leading to the formation of HPO42- 

anion instead. In this regard, the overall similarity of the spectra for both HPO42- and 

PO3F2- would support this suggestion. It also explains unexpected location of the ν3 

asymmetric vibrations for NaFe(SO4)1.5(PO3F)0.5 as such a region was reported for 

hydrophosphate compounds by Frost et. al.183. The similar cell parameters for the 

HPO42- and PO3F2- doped samples would also support this, although there may still 

be the presence of small amount of residual fluorine. 

An interesting additional band at around 515cm-1 is also observed for the 

doped samples. This peak is not present in the undoped system, and we suggest that 

it may be related to the asymmetry of FeO6 caused by different anions generating 

extra vibrations in anion with undefined vibrational mode. The larger signal of this 

band on the IR spectra suggests that there is significant polarisation associated with 

this mode. 
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Figure 97. IR and Raman spectra of NaFe(SO4)1.5(X)0.5 (X = SeO4, HPO4, PO3F, SO4) 
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Mössbauer spectroscopy 

 

The 57Fe Mössbauer spectra recorded at 298K are shown in Figure 98 and 

the 57Fe Mössbauer parameters are collected in Table 32. 

  
a) NaFe(SO4)3 b) NaFe(SO4)1.5(SeO4)0.5 

  
c) NaFe(SO4)1.5(HPO4)0.5 d) NaFe(SO4)1.5(PO3F)0.5 

Figure 98. Mössbauer spectra recorded at 298K of  NaFe(SO4)1.5(X)0.5 (X = SeO4, 
HPO4, PO3F, SO4) 

 
We associate the small (<2%) components in the spectra recorded from 

NaFe(SO4)2  and NaFe(SO4)1.5(HPO4)0.5 with the presence of  a small impurity phase  

which is below the limits of detection by X-ray powder diffraction.   The chemical 

isomer shifts of all spectral components in all spectra were characteristic of Fe3+.  

The values are at the higher end of the positive range expected for Fe3+   indicative 

of higher ionicity which is normal for iron sulphate compounds184. 
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Table 32.  57Fe Mössbauer parameters recorded from materials of 
composition NaFe(SO4)1.5[X]0.5      X=SeO4, HPO4, PO3F  at 298K. 

Compound 
 δ 

±0.02( mms-1)  
 Δ 

±0.04 (mms-1) 
Area  
±5% 

Comment 

NaFe(SO4)2 
0,46 0,45 98  
0,44 1,46 2 Impurity 

NaFe(SO4)1.5(SeO4)0.5 
0,46 0,40 64  

0,46 0,68 36  

NaFe(SO4)1.5(PO3F)0.5  
0,47 0,40 52  

0,46 0,91 48  

NaFe(SO4)1.5(HPO4)0.5 

0,46 0,41 55 
 

0,45 0,92 44 
 

0,43 1,64 1 Impurity 

The spectrum recorded from NaFe(SO4)2  showed a single quadrupole split 

absorption with Δ= 0.45 mm/s which we attribute to Fe3+ coordinated to only SO4 

units. Similar sites were observed in the spectra recorded from the SeO42-, HPO42- 

and PO3F2- doped materials. However, the spectra recorded from these doped 

materials   showed an additional doublet with larger quadrupole splitting indicative 

of the distorting effect of these substituents on the environment of the Fe3+ ions to 

which they are coordinated, by reason of their increased size and polarisabilty. The 

similar parameters recorded from the materials in which X= HPO4 and PO3F 

supports the evidence from Raman spectroscopy (see above) for hydrolysis of the 

fluorophosphate group to a hydrophosphate unit in NaFe(SO4)1.5(PO3F)0.5 . 

 

Scanning electron microscopy 

 

The SEM images of obtained materials exhibit similar planar layered 

structures. All structures consist of crumbled platelets of agglomerated layers.  
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a) NaFe(SO4)3 b) NaFe(SO4)1.5(SeO4)0.5 

  
c) NaFe(SO4)1.5(HPO4)0.5 d) NaFe(SO4)1.5(PO3F)0.5 

Figure 99. SEM images of  NaFe(SO4)1.5(X)0.5 (X = SeO4, HPO4, PO3F, SO4) 

 

Thermogravimetric analysis 

 

 As was expected, all the synthesised compounds have relatively low 

decomposition temperatures (Figure 100). While undoped NaFe(SO4)2 is stable up 

to ~570oC, the doped materials are less thermally stable, as illustrated by weight 

losses  above 350oC.  

The peak m/z 64 corresponding to SO2+ appears only above 600oC in every 

case. Both hydrophosphate and fluorophosphate doped compounds decompose 



 
Chapter Seven 
Synthesis and study of Eldfellite based materials doped with SeO4, HPO4 and PO3F 

204 

with significant water elimination, which can be correlated with a condensation of 

two hydrogenphosphate anion into a pyrophosphate anion.  The fact that the data 

for the fluorophosphate doped compound are similar for the hydrogenphosphate 

doped compound, supports the hypothesis about the hydrolysis of the 

fluorophosphates group during the synthesis.   

 

Ionic conductivity study 

 

Conductivity measurements were performed on pellets sintered at 350°C. 

Overall density showed relatively high values (~75%) for such low temperature 

Figure 100. Thermogravimetric analysis data for NaFe(SO4)1.5(X)0.5 (X = SeO4, 
HPO4, PO3F, SO4) 
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sintering. Due to very low conductivity, the impedance data could not be resolved 

into bulk and grain boundaries and so total conductivity are reported (fitted with a 

single semi-circuit element (constant phase element with resistor in parallel)). To 

perform accurate evaluation of activation energy and minimise instrumental error 

due to very low conductivity of samples only data in the temperature region 150-

300°C was used and room temperature conductivity values reported are 

extrapolated estimates (Figure 101). 

Estimated room temperature conductivities for undoped and selenate 

doped samples were found to be very similar near 10-14 S/cm (Table 33). Therefore 

Figure 101. Conductivity Arrhenius plot for NaFe(SO4)1.5(X)0.5 (X = SeO4, HPO4, PO3F, 
SO4) 
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diffusion coefficients showed similar values. Activation energies for both samples 

are around 0.74eV slightly higher than values calculated by Yu et al. (0.6eV)55.  

On the other hand, the estimated conductivities for the phosphate doped 

compounds were two orders of magnitude higher, along with a lower activation 

energy.  Such a significant difference may be related to the presence of a proton in 

the crystal lattice and, therefore, the observed conductivity is mixed Na+/H+. Nearly 

equal parameters for the hydrophosphate and fluorophosphate doped samples once 

again suggest that fluorophosphate has apparently hydrolysed during the synthesis.  

Table 33. Ion migration activation energy and diffusion coefficients at 
293K for NaFe(SO4)1.5(X)0.5 (X = SO4, SeO4, HPO4, PO3F) 

 

Compound 
Pellet 

density, (% of 
theor.)  

 Scm D293K (cm2/s) Ea (eV) 

NaFe(SO4)2 71% 2.37 × 10-14 5.53 × 10-19 0.75(1) 

NaFe(SO4)1.5(SeO4)0.5 76% 5.56 × 10-14 1.32 × 10-18 0.73(1) 

NaFe(SO4)1.5(PO3F)0.5 75% 1.18 × 10-12 2.76 × 10-17 0.52(1) 

NaFe(SO4)1.5(HPO4)0.5 77% 4.92 × 10-12 1.15 × 10-16 0.46(1) 

Overall the ion diffusion is low in these systems. Such poor ion-diffusion 

behaviour for oxyanion compounds is not unusual. For example, commercially 

successful cathode material LiFePO4 has very similar conductivity20. The key for 

such successful utilisation of these systems in batteries is an electron conductive 

additive (carbon) and minimisation of the powder particle size to reduce ion 

diffusion path lengths.  
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Conclusion 

 

The work presented in this chapter shows that anion doping can be 

successfully applied for modification of the eldfellite materials. Hydrophosphate and 

selenate was incorporated in to the structure. Structure suggests that ionic mobility 

could be inhibited for doped phases due to contraction of the ion transport 

pathways. Conductivity measurements however do not reveal any significant 

difference between samples. It was noted that fluorophosphate anion hydrolyses in 

this synthesis route. The further work is needed to evaluate electrochemical 

performance of obtained materials in batteries.    



 

 

 

 

 

 

 

 

Chapter Eight 

Synthesis and structure of mixed K/Na 

containing langbeinite phosphates 

K2-xNax(Ti/V)2(PO4)3 

Alkali metal containing transition metal phosphates with general formula 

Mx(Ti/V)2(PO4)3 have been shown to have promising properties for alkali ion 

batteries. The structure they adopt depends on the nature of the alkali metal M. 

KxTi2(PO4)3 (1<x<2) forms a cubic crystal lattice with a langbeinite framework185. In 

contrast, the Na and Rb containing compounds crystallize with a NASICON 

framework186,187. The Cs containing compounds form a complex garnet 

framework188. For compositions where two alkali metals are present per formula 

unit, the transition metal in these phosphates has mixed valency. Thus K2Ti2(PO4)3 
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was shown to contain both Ti3+ and Ti4+ for charge balance189. A similar situation is 

observed for V containing phosphates. 

Apart from potential applications in batteries, the high chemical and 

thermal stability of phosphate systems provides the possibility to utilise langbeinite 

compounds in nuclear waste  disposal186. There have been also reports of using 

these phosphates for their luminescence190, while NaTi2(PO4)3 systems have been 

widely investigated as a potential cathode material for sodium ion batteries191–193. 

Considering the low cost of K and its ability to intercalate into graphite, there is 

growing interest in similar K containing compounds for K ion batteries194,195. Studies 

by Tarascon et al.156 have showed that a sulphate langbeinite structured material 

can potentially be used in rechargeable batteries albeit the performance was rather 

limited. It was proposed that the lack of connecting tunnels between isolated 

cavities in the langbeinite structure inhibits ionic transport for alkali ions. However, 

modification of the composition could potentially stabilise other structures to alter 

the ionic transport for these K rich compounds. For example, some studies of this 

system showed the possibility for the accommodation of Na ions in the langbeinite 

systems for K2Ti2(PO4)3 with the formation of vacancies on alkali ion site142,196. 

However the absence of detailed investigation of these systems related to 

framework formation dependencies inhibits further development of such materials. 

In this chapter we report initial structural findings on new potential electrode 

materials for K/Na-ion batteries based on mixed Ti4+/(V3+/Ti3+) phosphates.   
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Experimental 

 

K2-xNaxTi2(PO4)3 and K2-xNaxTiV(PO4)3 samples were prepared via the solid-

state route. Stoichiometric amounts of K2HPO4, Na2HPO4, TiO2, Ti2O3/V2O3 and 

NH4H2PO4 (for 3g of sample) were mixed and heated at 350oC for 8 hours in N2 

atmosphere. The powders were then reground in a planetary ball mill, pressed into 

pellets and sintered at 850oC in a N2 atmosphere for 8 hours. The ball milling and 

sintering procedures were then repeated until phase pure samples were achieved. 

The resulting samples were then examined using X-ray diffraction with a Panalytical 

Empyrean diffractometer in Bragg-Brentano reflection geometry with Cu X-rays, 

(λCuKα1 = 1.54056 Å, λCuKα2 = 1.54439 Å) equipped with a Pixcel 2D detector in the 

range from 15 to 145o. Using these data, the lattice parameters were refined by the 

Rietveld method in GSASII software103. In order to obtain more information on 

potential Ti/V ordering, time of flight powder neutron diffraction (TOF) data were 

collected for  one sample (K1.5Na0.5TiV(PO4)3) on the POLARIS diffractometer at the 

ISIS pulsed spallation source (Rutherford Appleton Laboratory, Harwell, UK). 3 g of 

powder was loaded into 8 mm diameter thin-walled cylindrical vanadium sample 

cans, and data were collected at room temperature for Ah proton beam energy 

to the ISIS target. Structure refinements of the neutron TOF data were performed 

using the Rietveld method with the program TOPAS. 

Further structure determination was performed using single crystal X-ray 

diffraction. For these experiments small single crystals were picked from the 

prepared powder sample, mounted on glass fibre and diffraction data were 
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collected on an Agilent SuperNova diffractometer using an Atlas detector. The 

crystals were kept at 100K during data collection using an Oxford Cryosystems 

Cryostream. Using Olex2 software123, the structure was solved with the ShelXT124  

structure solution program using Intrinsic Phasing, and further refined with the 

ShelXL125 refinement package using a least squares approach. 

 

Results and discussion 

K2-xNaxTi2(PO4)3 system 

 

A range of samples with composition K2-xNaxTi2(PO4)3, where 0<x<2, was 

synthesised. A three-stage ball-milling-heating process was required to eliminate 

impurity phases consisting of K or Na pyrophosphates. XRD analysis show that the 

langbeinite structure is observed up to the K:Na ratio of 1.1:0.9 (Figure 102).  Above 

this level the amount of NASICON type ((Na/K)2Ti2(PO4)3) impurity becomes 

significant.  

Rietveld refinement was performed for these phases in order to clarify the 

structure and occupancy of the alkali metal sites (Figure A9, Appendix). The 

determination of the phase fraction of langbeinite from structural refinement allows 

us to determine that a pure langbeinite phase can be synthesized only up to x ≈ 0.87, 

although cell parameter data suggest this range may be lower, and so there may be 

another impurity present. Cell parameters and goodness-of-fit indexes are given in 

table 34. The refinement of Na/K site occupancies was performed with the total sum 

per site constrained to 1.  
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Table 34. Lattice parameters for K2-xNaxTi2(PO4)3 for 0 ≤ x ≤ 1. K content 
given (Na content = 1 – K content). 

x a,Å Volume,Å3 K1 occ K2 occ Ktotal GOF Rwp 

0 9.8771(1) 963.569(17) 1 1 2 1.84 4.43 
0.1 9.8777(1) 963.763(7) 1.023(21) 0.865(21) 1.888 1.589 3.814 
0.2 9.8777(1) 963.763(9) 1.003(23) 0.874(23) 1.877 1.683 4.011 
0.3 9.8724(1) 962.208(7) 0.979(21) 0.770(22) 1.749 1.558 3.759 
0.5 9.8675(1) 960.769(9) 0.894(22) 0.691(21) 1.585 1.497 3.509 

0.7 9.8533(1) 956.624(9) 0.800(23) 0.617(22) 1.417 1.531 3.663 
0.9 9.8498(1) 955.608(15) 0.690(26) 0.522(26) 1.212 1.634 3.768 
1 9.8536(1) 956.712(13) 0.514(25) 0.737(31) 1.252 1.971 4.621 

 

These cell parameter data show an interesting behaviour with varying 

sodium content (Figure 103). In particular, negligible change is observed until x=0.2 

Figure 102. XRD patterns for K2-xNaxTi2(PO4)3 for 0 ≤ x ≤ 1.  
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(9.878Å) with then the expected decrease up to x=0.7, where the cell parameters 

level out again (average 9.853Å). 

As noted above, the alkali metal site occupancies were refined assuming the 

total K and Na content equal to 1 per site. These data show an approximate linear 

dependence up to x ≈ 0.8. The occupancy for total K has linear dependence up to 

x=0.9(K ≈ 1.1) (Figure 104). 

From the site occupancy variation it appears that there is a preference for 

sodium to go to the site 2 which is the smaller cavity of langbeinite structure (Figure 

104), as might be expected. At lower levels, up to x = 0.2, the K1 site appears to be 

Figure 103. Cell parameter a vs Na content for K2-xNaxTi2(PO4)3 for 0 ≤ x ≤ 1 
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fully occupied by K, with some evidence for Na incorporation on this site above this 

level, which might account for the unusual initial lack of change in cell parameters 

up to x = 0.2.  

To maintain the charge balance in this compound the Ti is mixed valence, 

+3 and +4. The langbeinite structure has two crystallographic sites for transition 

metal and, therefore, Ti with two oxidation stages can potentially be ordered across 

them. In particular, there is a significant difference between the ionic radii of 

Ti4+(0.61Å) and Ti3+(0.67Å).  

Figure 104. Potassium site occupancies for K2-xNaxTi2(PO4)3 for 0 ≤ x ≤ 1 (Na 
site occupancy = 1 – K site occupancy) 
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From the structural data the size of the Ti(2)O6  (average bond length is 

2.025Å) octahedra is larger than for Ti(1)O6 (average bond length is 1.932Å). 

Considering this fact, we can suggest that the larger octahedra is occupied mostly by 

Ti3+ and smaller octahedra by Ti4+. The larger octahedra (Ti3+) is mostly surrounding 

the K favoured site, while the smaller octahedra (Ti4+) in general is closer to the Na 

favoured site.  The difference between the sizes of the octahedra becomes more 

significant with the rise of Na content (Figure 105), which could be related to 

changes in the ordering of the Ti3+/Ti4+ in the lattice. However, further work is 

required to conclusively confirm this proposed Ti3+/Ti4+ ordering in this structure.  

 

Figure 105. Bond lengths of TiO6 units for K2-xNaxTi2(PO4)3 for 0 ≤ x ≤ 1 
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K2-xNaxTiV(PO4)3 system 

 

The study of samples with general formula K2-xNaxTiV(PO4)3 where 0<x<2 

showed that up to x = 0.6, a pure langbeinite phase could be synthesized, while 

above this Na level, NASICON type impurity starts to appear (Figure 106). As for the 

Ti only system, a third ball-milling stage was required to eliminate Na and K 

pyrophosphate impurities. Moreover in this system the temperature regime is 

important for phase formation. The experiments show that the NASICON phase 

requires lower heating temperature to be formed (700oC). Going above this 

temperature leads to a partial decomposition of the phase giving a complex mixture. 

Figure 106. XRD patterns for K2-xNaxTiV(PO4)3 for 0 ≤ x ≤ 2. 
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The transition from langbeinite to NASICON with change from K to Na happens 

without the formation of intermediate phases.  

Table 35. Lattice parameters for K2-xNaxTiV(PO4)3 for 0 ≤ x ≤ 1. K content 
given (Na content = 1 – K content). 

x a,Å Volume,Å3 K1 occ K2 occ Ktotal GOF Rwp 

0 9,8334(1) 950.847(34) 1 1 2 1,56 3,73 
0,2 9,8350(1) 951.316(35) 0,993(31) 0,790(32) 1,783 1,53 3,7 
0,5 9,8383(1) 952.277(38) 0,824(33) 0,678(35) 1,502 1,58 3,83 

0,7 9,8344(1) 951.144(41) 0,856(34) 0,444(40) 1,300 1,63 3,87 
0,9 9,8154(1) 945.635(38) 0,967(41) 0,635(41) 1,602 1,99 4,67 
1 9,8116(1) 944.547(39) 0,909(40) 0,546(37) 1,455 1,4 3,31 

 

Surprisingly the cell parameters of the langbeinite phase in the range 

0 ≤ x ≤ 1 (Table 35) remain relatively constant, and decreases significantly above x 

Figure 107. Cell parameter a vs Na content for K2-xNaxTiV(PO4)3 for 0 ≤ x ≤ 1 
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= 0.7 before reaching a plateau at x = 1 (Figure 107). Interestingly, the refined 

potassium site occupancies decrease linearly until x = 0.7, which appears to confirm 

incorporation of Na, although the cell parameter data do not show the expected 

linear decrease. Such behaviour of the langbeinite lattice may be explained by 

rotation of PO4 tetrahedra causing cell expansion, which balances the contraction 

caused by presence of the smaller Na ions in the cavity. A similar process is observed 

for materials which exhibit negative thermal expansion197. Above x = 0.6, the 

formation of a NASICON type phase starts to occur. The decrease in cell parameters 

for the langbeinite phase corresponds to this beginning of the formation of the 

NASICON phase. However, it does not explain why after formation of the NASICON 

phase, the cell parameters for the langbeinite structure change, if the extra Na is 

going to form the NASICON second phase. The explanation may be rather simple. In 

particular, the formation of the V rich langbeinite could explain such a step-like 

change as the vanadium ion is smaller than titanium and, therefore, should form 

smaller structures. In this case it could mean that the NASICON formed is titanium 

rich.  

There are two sites in the langbeinite structure for alkali ions. The Rietveld 

refinement (Figure A10, Appendix) shows that potassium has a preference to 

occupy the larger cavity (K1) (Figure 109) with Na occupying the smaller site as 

expected. The similar behaviour was observed for K2-xNaxMg2(SO4)3 (see Chapter 

Six) and K2-xNaxTi2(PO4)3 (see above).  
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Figure 109. Potassium occupancies for K2-xNaxTiV(PO4)3 for 0 ≤ x ≤ 1 

Figure 108. Plot for structural Rietveld refinement of ND data for 
K1.5Na0.5TiV(PO4)3, Rwp=1.57, GOF = 1.64  
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The potential ordering of V and Ti between two sites was investigated in a 

neutron diffraction experiment at the ISIS facility using POLARIS diffractometer. 

Following structure refinement it was found that the sample had an impurity of 

NASICON phase (8.3 wt.%) (Figure 108). From the structure refinement there was 

no strong evidence for V/Ti ordering in this phase (Table 36). At the same time the 

impurity NASICON phase appeared to be titanium rich. Indirectly this observation 

supports the idea that there is some partitioning of Ti and V between NASICON and 

langbeinite phases. Thus it appears that titanium prefers formation of a NASICON 

type phase. Further investigations on this system are required to fully rationalise 

this.   

In order to gain further structural information a single crystal experiment 

was performed on crystals extracted from a higher Na content sample mixture.  

Interesting results were obtained for a sample with general composition 

K0.5Na1.5TiV(PO4)3. Powder XRD showed the presence of two phases: langbeinite and 

NASICON. The crystal extracted from the sample mixture demonstrated trigonal 

symmetry, indicating it was NASICON-type. The results and the main refinement 

indices for this crystal are presented in table 37. 
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Table 37. Crystal data and structure refinement for K0.5Na1.5TiV(PO4)3. 

Empirical formula Na2.39O12P3Ti1.63 

Formula weight 418.24 

Temperature/K 100.01(10) 

Crystal system trigonal 

Space group R-3c 

a/Å 8.5462(7) 

b/Å 8.5462(7) 

c/Å 21.4371(17) 

α/° 90 

β/° 90 

γ/° 120 

Volume/Å3 1355.9(2) 

Z 6 

ρcalc / g/cm3 3.073 

μ/mm-1 19.476 

F(000) 1220.0 

Crystal size/mm3 0.052 × 0.046 × 0.038 

Radiation CuKα (λ = 1.54184) 

2Θ range for data collection/° 14.544 to 149.256 

Index ranges -7 ≤ h ≤ 8, -9 ≤ k ≤ 10, -25 ≤ l ≤ 17 

Reflections collected 812 

Independent reflections 307 [Rint = 0.0102, Rsigma = 0.0112] 

Data/restraints/parameters 307/0/38 

Goodness-of-fit on F2 1.066 

Final R indexes [I>=2σ (I)] R1 = 0.0265, wR2 = 0.0729 

Final R indexes [all data] R1 = 0.0270, wR2 = 0.0733 

Largest diff. peak/hole / eÅ-3 0.47/-0.46 

 

The low R1 (2.65%) confirms that the model structure corresponds well to 

the studied sample. The difficult part of this refinement is the potential simultaneous 

presence of Na and K ions on the same site, where this site is not fully occupied and 

hence there is uncertainty in the amount of alkali ions in the cell. This introduces 

undefinable correlations between the total amount of alkali ions and their 

distribution between two crystallographic sites. Moreover, the very different nature 
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of these sites does not allow us to constrain values for the Na/K ratio between them. 

Another issue is a presence of vanadium and titanium ions with unknown charge in 

the crystal lattice and, therefore, regular charge balance refinement strategies 

cannot be applied. Therefore, in order to stabilise the refinement only one alkali 

metal (Na) was initially introduced and the occupancies were freely varied. In this 

refinement the mixed Ti/V site was refined as containing only Ti (as the scattering 

factors are very similar). The structural parameters obtained in this refinement are 

presented in tables 38-39. 

Table 38. Fractional Atomic Coordinates and Equivalent Isotropic 
Displacement Parameters (Å2×100) for K0.5Na1.5TiV(PO4)3. Ueq is defined as 
1/3 of the trace of the orthogonalised UIJ tensor. 
Atom x y z Occupancy U(eq) 

Ti1 0.6667 0.3333 0.6873(1) 0.818(5) 1.12(4) 
P1 0.3773(1) 0.3333 0.5833(1) 1 1.34(4) 

Na1 0 0 0.5 0.960(17) 6.6(2) 
Na2 0.3023(3) -0.0310(3) 0.5833(1) 0.478(10) 2.42(14) 
O1 0.1898(2) 0.1654(2) 0.5886(1) 1 1.70(5) 
O2 0.4920(3) 0.3602(3) 0.6411(1) 1 2.36(5) 

 

Table 39. Anisotropic Displacement Parameters (Å2×100) for 
K0.5Na1.5TiV(PO4)3. The Anisotropic displacement factor exponent takes the 
form: -2π2[h2a*2U11+2hka*b*U12+…]. 

Atom U11 U22 U33 U23 U13 U12 

Ti1 1.21(4) 1.21(4) 0.94(6) 0 0 0.61(2) 

P1 1.26(4) 1.34(5) 1.44(5) 0.19(3) 0.093(15) 0.67(3) 

Na1 9.3(3) 9.3(3) 1.14(18) 0 0 4.64(14) 

Na2 1.37(15) 1.37(15) 4.4(2) -0.49(7) 0.49(7) 0.62(14) 

O1 1.50(9) 1.55(9) 1.83(9) 0.05(7) 0.04(7) 0.61(7) 

O2 2.21(10) 2.23(10) 2.60(10) -0.04(8) -0.83(8) 1.08(8) 

  

The total refined Na content was larger than 2 most likely indicating the 

partial substitution of Na with K, which has higher X-ray scattering factor (around 2 
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times). However, the interesting observation was  that the Ti site demonstrated 

some evidence of cation vacancies (around 20%).  Since the V and Ti have very 

similar scattering factors,  this cannot be explained by simply the presence of both 

V and Ti on this site. The potential partial substitution of Ti/V with Na/K also does 

not seem to be feasible as this would entail significant enlargement of the enlarge 

Ti-O octahedral bond length (Table 40), or at least generate significant increase in 

oxygen thermal ellipsoids indicating the increased disorder. Both are not observed. 

Also the attempt to introduce some Na onto the titanium site in the refinement did 

not give any sensible solution.  

Table 40. Bond Lengths for K0.5Na1.5TiV(PO4)3. 

Atom Atom Length/Å   Atom Atom Length/Å 

Ti1 Na11 3.1315(9)   Na1 Na210 3.2590(11) 

Ti1 Na22 3.0396(12)   Na1 Na211 3.2590(11) 

Ti1 Na23 3.0396(13)   Na1 Na2 3.2590(11) 

Ti1 Na24 3.0397(12)   Na1 O19 2.4376(17) 

Ti1 O12 1.9641(19)   Na1 O1 2.4375(17) 

Ti1 O13 1.9641(19)   Na1 O112 2.4376(17) 

Ti1 O14 1.9641(19)   Na1 O110 2.4376(17) 

Ti1 O2 1.8981(19)   Na1 O111 2.4376(17) 

Ti1 O25 1.8980(19)   Na1 O17 2.4376(17) 

Ti1 O26 1.898(2)   Na2 O113 2.421(3) 

P1 Na27 2.959(3)   Na2 O19 2.421(3) 

P1 Na26 2.848(2)   Na2 O1 2.3171(19) 

P1 Na2 2.848(2)   Na2 O114 2.3171(19) 

P1 O18 1.5293(19)   Na2 O215 2.584(2) 

P1 O1 1.5293(19)   Na2 O25 2.789(3) 

P1 O28 1.5242(19)   Na2 O24 2.584(2) 

P1 O2 1.5241(19)   Na2 O28 2.789(3) 

Na1 Na29 3.2590(11)         

12/3+X,1/3+Y,1/3+Z; 22/3+Y,1/3-X+Y,4/3-Z; 32/3-Y+X,1/3+X,4/3-Z; 42/3-X,1/3-Y,4/3-Z; 51-Y,+X-Y,+Z; 61+Y-X,1-

X,+Z; 7-Y,+X-Y,+Z; 81/3-Y+X,2/3-Y,7/6-Z; 9+Y-X,-X,+Z; 10-Y+X,+X,1-Z; 11-X,-Y,1-Z; 12+Y,-X+Y,1-Z; 131/3-X,-1/3-X+Y,7/6-
Z; 141/3+Y,-1/3+X,7/6-Z; 152/3-Y,1/3-X,-1/6+Z 
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Therefore we believe that there is a Ti deficiency and hence the generation 

of vacancies on the octahedral site, which requires further study by investigating 

more single crystals with similar composition.  

Overall, the range of K2-xNaxTiV(PO4)3 0 ≤ x ≤ 1 appears to be rather 

complex. The XRD patterns suggest the formation of a solid solution with a 

transition from langbeinite into NASICON and indeed there is some evidence for this 

happening near the limits of the range. However, the crystallographic data suggests 

partitioning of ions between phases in the transition region. This causes formation 

of phases with different stoichiometry but with the same structure. These phases 

can have interesting properties related to the ionic conduction/electrode 

performance. Further work to investigate these properties is required.     

 

Conclusion 

 

In this chapter were presented preliminary findings on the investigation of 

V/Ti containing langbeinite systems. The transition of the langbeinite structure into 

NASICON was shown to occur as the Na content was increased above a certain value. 

As expected, the K rich samples exhibit langbeinite structure, while the Na rich 

samples lead to a NASICON structure. There appeared to be lower solubility of Na in 

the langbeinite phase for systems containing only Ti on the octahedral site.   

 

 



 

 

 

 

 

 

 

 

Chapter Nine 

Conclusions and future work 

 

The work described in this thesis was performed to investigate a range of 

materials of relevance to Li/Na ion batteries. With further advances being sought in 

Li-ion technology, the scientific community is looking for new materials to provide 

further battery development. For Li-ion batteries, there is considerable research 

focused on ceramic electrolytes as a safer and more stable alternative to 

conventional liquid electrolytes. For Na-ion batteries, research is aimed at finding 

the best materials to use in both electrode and electrolyte areas. This work 

combined the modification of known materials with the discovery of new structural 

frameworks. 

In Chapter Three, an attempt was made to improve the total conductivity of 

lithium lanthanum titanate perovskite (LLTO) with the addition of boron or silicon. 

However, the crystallography study did not provide conclusive confirmation of 
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incorporation of boron or silicon into LLTO lattice. Small changes of the cell 

parameters were observed and most likely attributed to a small change of the Li/La 

ratio.  There was no significant change of the ionic conductivity, even though the 

sinterability of the pellets with these additions increased noticeably. The absence of 

the resulting higher density having a positive effect on the conductivity is most likely 

related to the formation of a thin lithium silicate/borate layer, with higher 

resistivity, on the surface of the grain. 

In Chapter Four, sodium doped garnet materials with general formula 

Li5+2xLa3-xNax(Nb/Ta)2O12 (x = 0, 0.2, 0.4) were successfully synthesized. However, 

Rietveld refinement suggested that only a limited amount of Na can be incorporated 

onto the La site. Furthermore, the conductivity of the obtained materials was found 

to be lower than that of the undoped phase, attributed to the partial incorporation 

of Na onto the Li site, where it blocks the channels. A similar experiment on mixed 

Ta/Zr and Nb/Zr garnets suggests that the presence of Zr suppresses the 

accommodation of Na in the structure. However, these systems showed some 

evidence of having stable La deficient sites. To investigate Li rich garnets, a new 

compound Li7LaSr2Nb2O12 was synthesized. This showed tetragonal symmetry with 

Li ordering. The by-product of this synthesis, Li6.63La1.35Sr1.65Nb2O12 with cubic 

symmetry showed partially occupied Li sites with Li being evenly distributed over 

these sites.  The tetragonal phase has a lower conductivity than the cubic as a result 

of the ordering of the Li ions. 

The Na-doped samples are currently being studied by the Karen Johnston 

group (based at Durham University) in order to investigate the local Na 
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environment via multinuclear solid-state NMR spectroscopy. The 23Na EXSY NMR 

confirmed a lack of Na-ion mobility therefore confirming that there is only one ionic 

charge carrier within the system – the Li-ion.  Further, preliminary experiments 

suggest that Na is occupying multiple sites within the structure including octahedral 

sites, providing support for the conclusion that Na-ions block the Li-ion pathways.  

In Chapter Five, a detailed VTXRD, single crystal and Raman spectroscopy 

study was performed to investigate the very complex phase transitions of a novel 

Na2Mg2(SO4)3 system. It was shown that a single phase can be only prepared by 

quenching the sample from high temperature, as otherwise the system decomposes 

into a mixture of Na2Mg(SO4)2 and Na2Mg3(SO4)4(both phases previously unknown). 

Slow heating a sample of quenched Na2Mg2(SO4)3 leads to several phase 

transformations revealed on variable temperature XRD: 

Monoclinic P21, Na2Mg2(SO4)3 
250℃
→   Langbeinite P213, Na2Mg2(SO4)3  

350℃
→   Mixture 

Na2Mg(SO4)2 and Na2Mg3(SO4)4
575℃
→   Langbeinite P213, Na2Mg2(SO4)3 

Interestingly, the Raman data proposes an additional phase transition, near 

100°C to a distorted orthorhombic langbeinite-type phase (similar to the one 

described in the Chapter Six). The final cubic langbeinite structural framework 

observed at high temperatures is unusual for Na as the langbeinite structure is 

normally only formed with larger alkali ions only. The phases observed in this study 

also have very interesting structural features. The orthorhombic Na2Mg3(SO4)4 

phase was shown to contain three different types of coordination for magnesium ion 
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and, therefore, has a very interesting polarisation profile. The triclinic Na2Mg(SO4)2 

was found to have a  hybrid structure with both NASICON and vantgoffite regions.  

Some structural features related to the conductivity change near 700oC for 

the cubic langbeinite phase Na2Mg2(SO4)3 formed at high temperature are still 

unclear and would require a variable temperature single crystal study to be able to 

investigate further. Furthermore, to investigate the optic and dielectric properties 

of the samples, larger single crystals are required. If these studies show interesting 

properties it would be very interesting to further investigate polarisation features 

in related systems. For example it is possible that similar structures and phase 

transitions may be formed for other divalent cations, therefore further synthesis 

work is required. 

In Chapter Six, the solid solution range K2-xNaxMg2(SO4)3, where 1.9≥x≥0, 

was studied in detail. Single crystals of the samples were grown to obtain accurate 

and complete crystallographic information. It was shown that up to x = 1.77 a stable 

cubic langbeinite structure is formed. At higher values of x a new orthorhombic 

phase is formed, which can be described with a heavily distorted langbeinite 1x3x3 

supercell. In all systems there is evidence for rotational disorder of the SO4 units, 

which was modelled with three split-site tetrahedrons. The orthorhombic phase at 

room temperature forms a polar structure with very interesting vortex clusters 

formed of square pyramids of MgO5 units. An extra phase transition, near 700oC, was 

revealed in the conductivity experiment, and is suggested to be related to the SO4 

units being more distorted in this higher temperature region. As for Na2Mg2(SO4)3 
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at higher temperatures, the orthorhombic K2-xNaxMg2(SO4)3 phases transformes 

into a cubic langbeinite with properties similar to the rest of the solid solution range.  

Further investigation of these systems requires the study of their optic and 

dielectric properties. For such measurement large single crystals need to be grown. 

Also some initial work on continuing this range with further replacing Na with Li 

was performed (not included, due to being incomplete). Preliminary results show 

that for the general formula Li2-xNaxMg2(SO4)3 with x up to 1.5 there is a mixture 

formed, which consists of Li2Mg2(SO4)3 (Sc2(WO4)3 structure) and 

Na1.5Li0.5Mg2(SO4)3 (NASICON framework). Further increase in Na content leads to 

a formation of phases whose structures is so far unknown, and is a subject of further 

study. The extension of this work to the incorporation of Na in phosphate 

langbeinite systems in K2-xNax MIIIMIV(PO4)3 would also be of interest. 

In Chapter Seven, an investigation was reported into the effect on the 

structure and properties of SeO42-, HPO42- and PO3F2- substitution in NaFe(SO4)2. The 

Raman spectroscopy results suggested that the PO3F2- anion undergoes hydrolysis 

during the synthesis. In this case, further synthesis work is needed to try to prevent 

this. The neutron diffraction and the Raman spectroscopy studies confirmed the 

successful incorporation of SeO42- and HPO42-, into the structure. The structural 

study suggests a slight contraction of ionic diffusion pathways, however, the 

conductivity study showed no significant difference in ionic mobility. The 

electrochemical behaviour of these samples in Na-ion cells is currently being 

evaluated in Almaty, Kazakhstan. 
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In Chapter Eight, the preliminary findings of an investigation into V/Ti 

phosphate containing langbeinite systems were presented. The increase of the Na 

content above a critical value was shown to cause the conversion of the langbeinite 

structure into a NASICON structure. It appears that K rich samples form the 

langbeinite framework, while Na rich compounds prefer to form NASICON-type 

structures. The solubility limit of Na in these langbeinite phases appears to be higher 

for Ti/V mixed systems. These mixed Ti/V systems also indicate some evidence of 

Ti/V partitioning between langbeinite and NASICON phases, where a mixture is 

formed. A single crystal study of one of the obtained NASICON phases suggests 

transition metal deficiency. This requires further investigation into related 

compositions in this region. These preliminary results need to be confirmed and the 

structural features of these systems clarified. Furthermore, an electrochemical 

study of the behaviour of these materials in a Na-cell is required in order to evaluate 

their performance. 

Overall this study has shown a range of interesting structural features of 

Li/Na containing materials of relevance to Li/Na ion batteries. The work on 

Na2Mg2(SO4)3, in particular, shows that even in simple compositions, complex 

structural chemistry can be observed, which warrants further studies in these areas. 
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Appendix 

Table A1. Fractional Atomic Coordinates (×104) and Equivalent Isotropic 
Displacement Parameters (Å2×103) for Na2Mg2(SO4)3_P21. Ueq is defined as 
1/3 of the trace of the orthogonalised UIJ tensor. 

Atom 
Wyckoff 
Symbol 

x y z 
Atomic 

Occupancy 
U(eq) 

S1 2a 45.5(7) 4879.9(10) 4473.4(5) 1 3.47(18) 
S2 2a 4347.0(7) 3982.1(11) 8316.9(5) 1 3.32(18) 
S3 2a 2614.8(7) -964.0(10) 5121.1(5) 1 3.19(17) 
S4 2a 8859.2(7) -931.4(10) 8228.2(5) 1 3.90(18) 
S5 2a 698.4(7) 5540.7(10) 8709.2(5) 1 3.20(18) 
S6 2a 6597.6(7) 140.9(10) 9068.2(5) 1 3.44(19) 
S7 2a 3264.2(7) 193.1(10) 2382.1(5) 1 3.53(19) 
S8 2a 5799.1(7) 2784.5(11) 10617.1(5) 1 3.40(19) 
S9 2a 2433.5(7) 10423.6(10) 8107.4(5) 1 3.26(18) 

S10 2a 9201.0(7) 2921.6(10) 7201.3(5) 1 3.02(18) 
S11 2a 1028.0(7) 6471.2(11) 6899.0(5) 1 3.62(18) 
S12 2a 7614.8(7) -1938.7(10) 6067.4(5) 1 3.21(19) 
S13 2a 5813.4(8) 426.0(11) 4706.5(5) 1 3.15(18) 
S14 2a 4348.0(7) -2226.0(11) 7057.8(5) 1 3.13(18) 
S15 2a 2202.6(7) 2739.8(11) 6417.7(5) 1 3.89(19) 
S16 2a 1160.3(7) 7702.5(11) 10449.0(5) 1 3.41(18) 
S17 2a 4130.7(7) -3366.9(10) 3446.3(5) 1 3.64(19) 
S18 2a 2413.1(8) 11511.5(11) 9914.8(5) 1 4.00(19) 
Mg1 2a 2006.4(10) 8310.2(14) 9245.6(7) 1 4.8(3) 
Mg2 2a -1036.7(11) 9354.9(15) 9766.4(7) 1 4.3(3) 
Mg3 2a 7865.1(11) 1347.6(15) 5920.1(7) 1 4.3(3) 
Mg4 2a 5144.5(10) -1561.4(15) 5724.6(7) 1 4.3(3) 
Mg5 2a 1650.8(10) 3571.6(14) 7800.6(7) 1 5.4(3) 
Mg6 2a 2163.0(11) 9415.6(15) 6545.8(7) 1 4.2(3) 
Mg7 2a 8980.7(11) -3763.4(15) 7307.3(7) 1 4.2(3) 
Mg8 2a 5599.2(11) -540.8(15) 3156.2(7) 1 4.6(3) 
Mg9 2a 7503.8(11) 2038.7(15) 8052.1(7) 1 6.4(3) 

Mg10 2a 4334.6(11) 1168.8(15) 9281.0(7) 1 4.5(3) 
Mg11 2a 1305.7(10) 1981.7(14) 4912.7(7) 1 5.0(3) 
Mg12 2a 5744.1(10) -2908.9(15) 8540.9(7) 1 5.2(3) 
Na1 2a 8597.4(14) -4023.7(19) 8923.6(9) 1 9.8(4) 
Na2 2a 2113.8(15) -4098(2) 5775.3(10) 1 14.1(4) 
Na3 2a 4566.2(17) 891(2) 7581.2(11) 1 21.9(5) 
Na4 2a 506.5(13) 1741.2(19) 8764.5(9) 1 8.7(4) 
Na5 2a -77.2(14) 4756(2) 2864.0(9) 1 11.7(4) 
Na6 2a 2901.1(13) -3054(2) 7988.2(9) 1 9.8(4) 
Na7 2a 6055.4(13) -3092.2(19) 4548.9(9) 1 8.4(4) 
Na8 2a -193.1(13) 3667(2) 5929.1(9) 1 8.8(4) 
Na9 2a 6727.0(14) -1368(2) 7398.2(10) 1 10.5(4) 

Na10 2a 3203(2) -136(2) 3808.9(11) 1 33.9(6) 
Na11 2a 6529.8(14) 3712(2) 9141.1(9) 1 9.7(4) 
Na12 2a 6901.5(14) -429.5(19) 10575.8(9) 1 9.3(4) 

O1 2a 10205.8(19) 2707(3) 7641.9(13) 1 6.1(5) 
O2 2a 1404(2) 4407(3) 8634.0(13) 1 5.9(6) 
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Atom 
Wyckoff 
Symbol 

x y z 
Atomic 

Occupancy 
U(eq) 

O3 2a 2211(2) 9166(3) 8442.2(13) 1 6.2(5) 
O4 2a 5525(2) 2892(3) 11239.3(13) 1 5.7(5) 
O5 2a 5531(2) -941(3) 4923.8(13) 1 5.8(5) 
O6 2a 8904(2) -1554(3) 8868.3(15) 1 6.0(6) 
O7 2a 187(2) 7192(3) 7080.8(15) 1 6.8(6) 
O8 2a -427.1(19) 5326(3) 4989.8(12) 1 6.0(5) 
O9 2a 1921(2) 11665(3) 8282.2(13) 1 5.9(5) 

O10 2a 1987.9(19) 7595(3) 10126.3(12) 1 5.2(5) 
O11 2a 3093(2) 12100(3) 9551.0(14) 1 5.5(6) 
O12 2a 781(2) 6315(3) 10583.9(14) 1 6.2(6) 
O13 2a 3287(2) -2730(3) 3663.4(15) 1 6.7(6) 
O14 2a 1159(2) 6906(3) 8674.4(13) 1 6.6(6) 
O15 2a 3706.9(19) -1130(3) 5213.1(13) 1 7.1(5) 
O16 2a 2422.9(19) 557(3) 5048.7(12) 1 5.7(5) 
O17 2a 3297(2) 4378(3) 8287.6(14) 1 7.1(6) 
O18 2a 4407(2) 3383(3) 7690.8(15) 1 5.2(6) 
O19 2a 7589.5(19) -1919(3) 5371.2(13) 1 5.0(5) 
O20 2a 4994.7(19) 1434(3) 4704.7(13) 1 6.7(5) 
O21 2a 1663(2) 2818(3) 6922.8(13) 1 8.7(6) 
O22 2a 5163(2) -1949(3) 7643.4(14) 1 8.4(6) 
O23 2a 7477(2) -80(3) 9621.3(14) 1 6.2(6) 
O24 2a 4767(2) -2187(3) 6501.4(14) 1 9.7(6) 
O25 2a 5984(2) 4189(3) 10373.2(13) 1 6.0(5) 
O26 2a 975.3(19) 5706(3) 4541.0(13) 1 6.1(5) 
O27 2a 9139(2) 4324(3) 6900.3(13) 1 5.9(6) 
O28 2a 9820(2) -288(3) 8210.6(14) 1 7.2(6) 
O29 2a 484(2) 5350(3) 9345.2(13) 1 6.4(5) 
O30 2a 1569(2) 8390(3) 11084.9(13) 1 8.0(6) 
O31 2a 6602.5(19) -2176(3) 6166.7(13) 1 8.5(6) 
O32 2a 8437.4(19) 2715(3) 7552.6(13) 1 7.5(5) 
O33 2a 8261(2) -3120(3) 6365.4(13) 1 6.1(6) 
O34 2a 2984(2) 11168(3) 10588.1(14) 1 8.3(6) 
O35 2a 2049(2) 10165(3) 7412.8(12) 1 6.0(5) 
O36 2a 2055(2) -1668(3) 4520.7(14) 1 5.8(6) 
O37 2a 5023(2) 5203(3) 8471.0(13) 1 6.8(6) 
O38 2a 4193(2) 308(3) 2910.8(14) 1 5.4(6) 
O39 2a 1450(2) 2900(3) 5777.4(13) 1 6.9(6) 
O40 2a 8570(2) -2047(3) 7730.5(14) 1 6.4(6) 
O41 2a 9067.8(19) 1894(3) 6664.7(12) 1 5.5(5) 
O42 2a 6475(2) -1079(3) 8639.4(14) 1 7.6(6) 
O43 2a -666(2) 5110(3) 3828.2(14) 1 5.2(6) 
O44 2a 3872(2) -3588(3) 7114.2(13) 1 5.4(6) 
O45 2a 8031(2) 103(3) 8066.5(13) 1 7.0(6) 
O46 2a 5010(2) 2034(3) 10158.4(13) 1 8.2(6) 
O47 2a 254(2) 3367(3) 4549.4(14) 1 7.4(6) 
O48 2a 356(2) 8519(3) 10027.1(14) 1 7.4(6) 
O49 2a 2739(2) 1397(3) 6429.0(13) 1 5.6(6) 
O50 2a 695(2) 5688(3) 6292.4(13) 1 8.6(6) 
O51 2a 2291(2) -1522(3) 5678.4(15) 1 6.4(6) 
O52 2a 3762(2) -3864(3) 2766.1(13) 1 6.6(6) 
O53 2a 3610(2) -1084(3) 7014.9(14) 1 8.9(6) 
O54 2a 1589(2) 12501(3) 9913.9(15) 1 6.7(6) 
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Atom 
Wyckoff 
Symbol 

x y z 
Atomic 

Occupancy 
U(eq) 

O55 2a 1527(2) 5530(3) 7439.6(13) 1 6.3(5) 
O56 2a 1922(2) 10242(3) 9592.5(14) 1 8.2(6) 
O57 2a 5936(2) 273(3) 4052.8(13) 1 8.2(6) 
O58 2a -267(2) 5456(3) 8207.0(13) 1 4.7(6) 
O59 2a 6706(2) 1411(3) 8691.6(13) 1 4.8(5) 
O60 2a 2411(2) 352(3) 2676.3(13) 1 5.8(5) 
O61 2a 5716(2) 323(3) 9333.6(13) 1 6.8(6) 
O62 2a 3200(2) 1329(3) 1902.6(13) 1 6.7(6) 
O63 2a 1786(2) 7522(3) 6838.6(16) 1 6.8(6) 
O64 2a 4946(2) -2326(3) 3486.8(15) 1 7.4(6) 
O65 2a 6782(2) 905(3) 5119.2(14) 1 7.4(6) 
O66 2a 3541(2) 10679(3) 8300.6(14) 1 6.2(6) 
O67 2a 4716(2) 2957(3) 8839.9(15) 1 6.1(6) 
O68 2a 2925(2) 3899(3) 6488.1(14) 1 9.6(6) 
O69 2a 6771(2) 2006(3) 10735.2(13) 1 6.3(5) 
O70 2a 4571(2) -4542(3) 3868.7(13) 1 7.3(6) 
O71 2a 8011(2) -592(3) 6369.1(13) 1 8.4(6) 
O72 2a 3256(2) -1155(3) 2046.7(14) 1 6.7(6) 

 

Table A2. Bond Lengths for Na2Mg2(SO4)3_P21. 
Atom Atom Length/Å Atom Atom Length/Å 

S1 O8 1.477(3) Mg5 O55 2.010(3) 
S1 O26 1.472(3) Mg6 Na27 3.723(2) 
S1 O43 1.480(3) Mg6 Na37 3.728(3) 
S1 O47 1.471(3) Mg6 Na513 3.424(2) 
S2 Na3 3.388(2) Mg6 Na67 3.794(2) 
S2 Na11 3.059(2) Mg6 O35 2.025(3) 
S2 Na121 3.304(2) Mg6 O4313 2.104(3) 
S2 O17 1.473(3) Mg6 O497 2.087(3) 
S2 O18 1.473(3) Mg6 O517 2.102(3) 
S2 O37 1.470(3) Mg6 O537 2.030(3) 
S2 O67 1.469(3) Mg6 O63 2.021(3) 
S3 Na72 3.262(2) Mg7 Na1 3.627(2) 
S3 Na10 3.205(2) Mg7 Na53 3.733(3) 
S3 O15 1.466(3) Mg7 Na9 3.885(2) 
S3 O16 1.474(3) Mg7 Na103 3.551(3) 
S3 O36 1.472(3) Mg7 O714 2.052(3) 
S3 O51 1.471(3) Mg7 O2712 2.054(3) 
S4 Na1 3.360(2) Mg7 O33 2.085(3) 
S4 Na53 3.265(2) Mg7 O40 2.018(3) 
S4 Na9 3.023(2) Mg7 O5814 2.065(3) 
S4 O6 1.474(3) Mg7 O603 2.093(3) 
S4 O28 1.461(3) Mg8 Na22 3.630(3) 
S4 O40 1.481(3) Mg8 Na33 3.729(3) 
S4 O45 1.474(3) Mg8 Na7 3.762(2) 
S5 Na14 3.058(2) Mg8 Na10 3.904(3) 
S5 Na121 3.373(2) Mg8 O183 2.075(3) 
S5 O2 1.486(3) Mg8 O38 2.028(3) 
S5 O14 1.456(3) Mg8 O442 2.131(3) 
S5 O29 1.471(3) Mg8 O57 2.002(3) 
S5 O58 1.471(3) Mg8 O64 2.126(3) 
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Atom Atom Length/Å Atom Atom Length/Å 
S6 Na12 3.178(2) Mg8 O683 2.037(3) 
S6 O23 1.464(3) Mg9 Na9 3.584(2) 
S6 O42 1.462(3) Mg9 Na11 3.366(2) 
S6 O59 1.482(3) Mg9 O305 2.332(3) 
S6 O61 1.471(3) Mg9 O32 1.973(3) 
S7 Na12 3.333(2) Mg9 O45 1.979(3) 
S7 Na92 3.311(2) Mg9 O522 2.283(3) 
S7 Na10 3.080(2) Mg9 O59 2.047(3) 
S7 O38 1.467(3) Mg9 O722 1.995(3) 
S7 O60 1.471(3) Mg10 Na3 3.728(3) 
S7 O62 1.476(3) Mg10 Na11 3.934(2) 
S7 O72 1.469(3) Mg10 Na121 3.707(2) 
S8 Mg15 2.9858(17) Mg10 O1112 2.127(3) 
S8 Na61 3.144(2) Mg10 O255 2.113(3) 
S8 O4 1.473(3) Mg10 O46 2.033(3) 
S8 O25 1.482(3) Mg10 O61 2.033(3) 
S8 O46 1.444(3) Mg10 O6612 2.140(3) 
S8 O69 1.487(3) Mg10 O67 2.078(3) 
S9 O3 1.467(3) Mg11 Na72 3.497(2) 
S9 O9 1.473(3) Mg11 Na8 3.716(2) 
S9 O35 1.457(3) Mg11 Na815 3.755(2) 
S9 O66 1.485(3) Mg11 O815 2.028(3) 

S10 Na53 3.264(2) Mg11 O16 2.010(3) 
S10 Na86 3.118(2) Mg11 O192 2.057(3) 
S10 O1 1.464(3) Mg11 O39 2.003(3) 
S10 O27 1.476(3) Mg11 O47 1.958(3) 
S10 O32 1.450(3) Mg12 Na1 3.925(2) 
S10 O41 1.481(3) Mg12 Na6 3.766(2) 
S11 Na27 3.178(2) Mg12 Na9 3.408(2) 
S11 Na67 3.012(2) Mg12 Na1112 3.529(2) 
S11 O7 1.478(3) Mg12 O45 2.062(3) 
S11 O50 1.459(3) Mg12 O22 2.082(3) 
S11 O55 1.480(3) Mg12 O3416 2.360(3) 
S11 O63 1.472(3) Mg12 O3712 2.040(3) 
S12 Mg113 3.0368(17) Mg12 O42 1.995(3) 
S12 Na103 3.281(2) Mg12 O623 2.056(3) 
S12 O19 1.476(3) Na1 O6 2.400(4) 
S12 O31 1.474(3) Na1 O2914 2.575(3) 
S12 O33 1.470(3) Na1 O3016 2.476(3) 
S12 O71 1.474(3) Na1 O3416 2.643(3) 
S13 Na22 3.293(2) Na1 O5416 2.940(4) 
S13 O5 1.468(3) Na1 O5814 2.497(3) 
S13 O20 1.476(3) Na1 O623 2.648(3) 
S13 O57 1.454(3) Na2 O2612 2.693(3) 
S13 O65 1.461(3) Na2 O3912 3.003(4) 
S14 Na3 3.160(2) Na2 O5012 2.480(3) 
S14 Na6 3.246(2) Na2 O51 2.482(4) 
S14 Na9 3.253(2) Na2 O573 2.668(3) 
S14 O22 1.465(3) Na2 O6312 2.873(4) 
S14 O24 1.447(3) Na2 O653 2.726(4) 
S14 O44 1.472(3) Na2 O6812 2.511(4) 
S14 O53 1.472(3) Na3 Na9 3.762(3) 
S15 Na27 3.300(2) Na3 O18 2.403(4) 
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Atom Atom Length/Å Atom Atom Length/Å 
S15 Na8 3.294(2) Na3 O22 2.821(4) 
S15 O21 1.458(3) Na3 O522 2.594(4) 
S15 O39 1.489(3) Na3 O53 2.427(3) 
S15 O49 1.473(3) Na3 O6612 2.342(4) 
S15 O68 1.465(3) Na4 Na515 3.862(3) 
S16 Na18 3.377(2) Na4 O111 2.496(3) 
S16 Na49 3.295(2) Na4 O2 2.868(3) 
S16 Na111 3.203(2) Na4 O912 2.420(3) 
S16 O10 1.475(3) Na4 O1210 2.546(3) 
S16 O12 1.477(3) Na4 O2811 2.332(3) 
S16 O30 1.478(3) Na4 O5412 2.614(4) 
S16 O48 1.453(3) Na4 O5612 2.671(3) 
S17 Na33 3.244(2) Na5 O12 3.001(4) 
S17 Na7 3.052(2) Na5 O715 2.453(4) 
S17 O13 1.483(3) Na5 O282 2.407(3) 
S17 O52 1.483(3) Na5 O3515 2.640(3) 
S17 O64 1.480(3) Na5 O412 2.519(3) 
S17 O70 1.465(3) Na5 O43 2.420(3) 
S18 Na18 3.177(2) Na5 O712 2.895(4) 
S18 Na47 3.089(2) Na6 O312 2.605(3) 
S18 Na128 3.315(2) Na6 O45 2.514(3) 
S18 O11 1.470(3) Na6 O1712 2.552(3) 
S18 O34 1.481(3) Na6 O44 2.606(3) 
S18 O54 1.471(3) Na6 O5512 2.363(3) 
S18 O56 1.466(3) Na6 O6312 2.586(4) 
Mg1 Na47 3.856(2) Na6 O695 2.641(3) 
Mg1 Na67 3.477(2) Na7 O5 2.379(3) 
Mg1 Na111 3.521(2) Na7 O153 2.943(3) 
Mg1 Na121 3.846(2) Na7 O163 2.410(3) 
Mg1 O3 1.982(3) Na7 O19 2.611(3) 
Mg1 O10 2.004(3) Na7 O203 2.449(3) 
Mg1 O14 1.971(3) Na7 O493 3.017(3) 
Mg1 O56 1.999(3) Na7 O64 2.485(4) 
Mg1 O691 2.077(3) Na7 O70 2.571(3) 
Mg2 Na14 3.658(2) Na8 O8 2.505(3) 
Mg2 Na49 3.919(2) Na8 O21 2.967(3) 
Mg2 Na124 3.679(2) Na8 O2711 2.550(3) 
Mg2 O64 2.083(3) Na8 O3613 2.500(3) 
Mg2 O129 2.075(3) Na8 O39 2.466(3) 
Mg2 O234 2.050(3) Na8 O4111 2.677(3) 
Mg2 O299 2.077(3) Na8 O50 2.302(3) 
Mg2 O48 2.007(3) Na9 O22 2.399(3) 
Mg2 O5410 2.104(3) Na9 O24 2.966(3) 
Mg3 Na22 3.647(2) Na9 O31 2.699(3) 
Mg3 Na53 3.756(2) Na9 O40 2.523(3) 
Mg3 Na86 3.455(2) Na9 O42 2.770(4) 
Mg3 Na102 3.762(3) Na9 O45 2.420(3) 
Mg3 O132 2.187(3) Na9 O522 2.478(3) 
Mg3 O263 2.163(3) Na9 O623 2.641(3) 
Mg3 O362 2.128(3) Na10 O13 2.498(4) 
Mg3 O41 2.035(3) Na10 O312 2.833(4) 
Mg3 O65 1.994(3) Na10 O332 2.732(4) 
Mg3 O71 2.068(3) Na10 O36 2.856(4) 



 
Appendix 

251 

Atom Atom Length/Å Atom Atom Length/Å 
Mg4 Na7 3.406(2) Na10 O38 2.652(4) 
Mg4 Na72 3.671(2) Na10 O60 2.420(3) 
Mg4 Na9 3.664(2) Na11 O105 2.458(3) 
Mg4 O5 2.004(3) Na11 O25 2.948(3) 
Mg4 O15 2.029(3) Na11 O305 2.786(3) 
Mg4 O203 2.106(3) Na11 O345 2.461(3) 
Mg4 O24 1.952(3) Na11 O37 2.605(3) 
Mg4 O31 2.059(3) Na11 O59 2.430(3) 
Mg4 O702 2.106(3) Na11 O67 2.504(3) 
Mg5 Na4 3.377(2) Na11 O722 2.627(3) 
Mg5 Na67 3.617(2) Na12 O25 2.492(3) 
Mg5 Na121 3.638(2) Na12 O1116 2.370(4) 
Mg5 O111 2.089(3) Na12 O175 2.514(3) 
Mg5 O2 2.054(3) Na12 O23 2.389(3) 
Mg5 O912 2.073(3) Na12 O61 2.814(3) 
Mg5 O17 2.352(3) Na12 O69 2.360(3) 
Mg5 O21 2.009(3)    

      
11-X,1/2+Y,2-Z; 21-X,1/2+Y,1-Z; 31-X,-1/2+Y,1-Z; 4-1+X,1+Y,+Z;  

51-X,-1/2+Y,2-Z; 61+X,+Y,+Z; 7+X,1+Y,+Z; 81-X,3/2+Y,2-Z; 9-X,1/2+Y,2-Z; 10-X,-1/2+Y,2-Z;  
11-1+X,+Y,+Z; 12+X,-1+Y,+Z; 13-X,1/2+Y,1-Z; 141+X,-1+Y,+Z; 15-X,-1/2+Y,1-Z; 161-X,-3/2+Y,2-Z 

 

Table A3. Fractional Atomic Coordinates (×104) and Equivalent Isotropic 
Displacement Parameters (Å2×103) for Na2Mg3(SO4)3_Pbca. Ueq is defined as 
1/3 of of the trace of the orthogonalised UIJ tensor. 

Atom 
Wyckoff 
Symbol 

x y z 
Atomic 

Occupancy 
U(eq) 

S1 8c 3821.7(5) 1022.2(6) 6308.8(2) 1 4.74(13) 

S2 8c 9467.3(5) 709.9(6) 6204.5(2) 1 4.84(13) 

S3 8c 3648.0(5) -2952.1(6) 7649.6(2) 1 4.56(13) 

S4 8c 6026.1(5) 2701.8(6) 5151.5(2) 1 4.78(13) 

Mg1 8c 11496.9(7) -942.6(8) 6967.8(2) 1 5.12(16) 

Mg2 8c 6775.0(7) 2332.7(8) 6269.8(2) 1 6.60(17) 

Mg3 8c 8082.6(7) 559.2(8) 4537.1(2) 1 5.97(16) 

Na1 8c 5914.9(9) -798.1(10) 5581.8(3) 1 11.1(2) 

Na2 8c 5403.5(9) -1458.5(10) 6915.4(3) 1 8.85(19) 

O1 8c 6876.4(16) 4097.8(17) 5081.5(5) 1 7.3(3) 

O2 8c 10155.6(16) 581.3(17) 6650.8(5) 1 8.5(3) 

O3 8c 5092.5(16) -2413.0(18) 7728.3(5) 1 7.7(3) 

O4 8c 2771.4(16) -2598.7(17) 8056.0(5) 1 7.5(3) 

O5 8c 8258.8(15) -362.9(18) 6181.3(5) 1 8.7(3) 

O6 8c 8880.5(15) 2292.7(17) 6163.4(5) 1 7.2(3) 

O7 8c 10421.0(16) 449.9(18) 5822.4(5) 1 9.3(3) 

O8 8c 3112.0(16) 193.2(18) 6673.2(5) 1 8.8(3) 

O9 8c 4513.5(16) 3024.6(18) 5152.5(5) 1 7.5(3) 

O10 8c 3658.3(15) -4624.3(17) 7569.0(5) 1 6.4(3) 



 
Appendix 

252 

Atom 
Wyckoff 
Symbol 

x y z 
Atomic 

Occupancy 
U(eq) 

O11 8c 3370.6(16) 513.6(18) 5851.7(5) 1 9.4(3) 

O12 8c 5351.6(16) 664.9(18) 6351.7(5) 1 8.5(3) 

O13 8c 6452.8(16) 1968.8(18) 5585.7(5) 1 8.9(3) 

O14 8c 6298.2(15) 1594.2(18) 4775.9(5) 1 7.5(3) 

O15 8c 3095.1(15) -2167.6(17) 7243.4(5) 1 6.6(3) 

O16 8c 3638.6(17) 2701.0(18) 6348.5(6) 1 10.5(3) 

 
Table A4. Bond Lengths for Na2Mg3(SO4)3_Pbca. 

Atom Atom Length/Å Atom Atom Length/Å 

S1 O8 1.4497(16) Mg2 O53 2.0226(18) 

S1 O11 1.4667(16) Mg2 O5 2.7507(18) 

S1 O12 1.4942(16) Mg2 O6 2.0281(17) 

S1 O16 1.4763(16) Mg2 O12 1.9999(17) 

S2 O2 1.4593(16) Mg2 O13 2.0397(17) 

S2 O5 1.4831(16) Mg3 Na16 3.8261(11) 

S2 O6 1.4915(15) Mg3 Na1 3.8602(11) 

S2 O7 1.4534(16) Mg3 O14 2.0324(17) 

S3 O3 1.4706(15) Mg3 O77 1.9734(17) 

S3 O4 1.4798(15) Mg3 O98 2.0471(17) 

S3 O10 1.4745(15) Mg3 O116 2.0163(17) 

S3 O15 1.4633(15) Mg3 O14 2.0444(17) 

S4 O1 1.4742(16) Na1 O14 2.5591(18) 

S4 O9 1.4667(15) Na1 O5 2.8575(18) 

S4 O13 1.4728(16) Na1 O64 2.3803(17) 

S4 O14 1.4806(16) Na1 O96 2.9141(18) 

Mg1 Na21 3.7483(11) Na1 O11 2.7901(18) 

Mg1 Na22 3.4427(11) Na1 O12 2.6326(18) 

Mg1 O2 2.0592(17) Na1 O13 2.4623(18) 

Mg1 O32 2.0514(17) Na1 O146 2.4498(17) 

Mg1 O81 2.0189(17) Na2 O24 2.7416(18) 

Mg1 O103 2.0978(17) Na2 O3 2.5253(17) 

Mg1 O151 2.0236(16) Na2 O42 2.4640(17) 

Mg1 O164 2.1588(18) Na2 O64 2.5373(18) 

Mg2 Na13 3.3900(11) Na2 O8 2.7058(18) 

Mg2 Na1 3.4796(11) Na2 O105 2.3662(17) 

Mg2 Na23 3.4425(11) Na2 O12 2.4722(18) 

Mg2 O45 2.0104(16) Na2 O15 2.4738(17) 
11+X,+Y,+Z; 21/2+X,+Y,3/2-Z; 33/2-X,1/2+Y,+Z; 43/2-X,-1/2+Y,+Z; 51-X,1/2+Y,3/2-Z;  

61-X,-Y,1-Z; 72-X,-Y,1-Z; 81/2+X,1/2-Y,1-Z 
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Table A5. Fractional Atomic Coordinates (×104) and Equivalent Isotropic 
Displacement Parameters (Å2×103) for Na2Mg(SO4)2 P-1. Ueq is defined as 1/3 
of the trace of the orthogonalised UIJ tensor. 

Atom 
Wyckoff 
Symbol 

x y z 
Atomic 

Occupancy 
U(eq) 

S1 2i 8233.4(5) 5398.7(4) 4312.9(3) 1 4.64(8) 
S2 2i 7713.1(5) 2335.6(4) 5197.9(3) 1 4.91(8) 
S3 2i 7039.3(5) 3057.9(4) 9699.3(3) 1 4.86(8) 
S4 2i 7856.8(5) 6187.4(4) 9068.1(3) 1 4.05(8) 
S5 2i 6054.3(5) 4721.3(4) 6167.2(3) 1 4.30(8) 
S6 2i 3799.2(5) 4097.7(4) 8582.7(3) 1 6.62(9) 
S7 2i 4707.2(5) 2314.6(4) 2048.2(3) 1 6.82(9) 
S8 2i 6763.5(5) 9429.3(4) 10604.4(3) 1 6.99(9) 
S9 2i -950.0(5) 2496.4(4) 2471.0(3) 1 7.86(9) 

S10 2i 9169.0(5) 3836.0(4) 7874.2(3) 1 4.50(8) 
S11 2i 2583.3(5) 1384.2(4) 3887.1(3) 1 6.40(8) 
S12 2i 921.4(7) -633.9(4) 1284.6(3) 1 17.11(12) 
S13 2i 4838.6(5) -1102.0(4) 3039.0(4) 1 15.27(11) 
S14 2i -972.8(17) -1126.4(13) 3318.4(11) 0.4833(16) 7.8(2) 
S15 2i -790.3(16) -849.8(12) 3591.0(10) 0.5167(16) 7.8(2) 
Mg1 2i 6101.2(7) 3734.5(5) 7816.0(4) 1 4.92(12) 
Mg2 2i 9258.6(7) 4981.5(5) 6274.9(4) 1 5.12(12) 
Mg3 2i 1841.3(7) -1257.7(6) 3154.9(4) 1 5.90(12) 
Mg4 1c 10000 5000 10000 1 4.95(17) 
Mg5 2i 5464.4(7) 6693.8(6) 9652.5(4) 1 5.96(12) 
Mg6 2i 5420.9(7) 3436.2(5) 4170.7(4) 1 5.12(12) 
Mg7 2i 4062.6(9) -364.1(7) 1235.0(8) 1 26.0(2) 
Na1 2i -3634.7(12) -1750.9(10) 1985.1(8) 1 27.3(3) 
Na2 2i 1720.5(10) 1353.0(8) 516.8(6) 1 16.37(19) 
Na3 2i 7946.4(9) 7077.7(7) 7388.9(6) 1 10.38(16) 
Na4 2i 3404.7(9) 2700.1(7) 6021.0(6) 1 10.41(16) 
Na5 2i 5397.9(9) 4621.9(7) 2671.0(6) 1 9.46(16) 
Na6 2i -3454.0(9) 1393.2(7) 3244.4(6) 1 11.29(16) 
Na7 2i 9190.8(9) 6740.2(7) 3200.9(6) 1 10.48(16) 
Na8 2i 8015.5(9) 32.7(7) 4908.2(6) 1 14.03(18) 
Na9 2i 4990(4) 646(4) 4750(3) 1 19.0(9) 

Na10 2i -3862.2(10) 1659.1(9) 851.0(6) 1 15.93(19) 
Na11 2i 959.5(10) -1967.4(11) -533.7(7) 1 24.9(2) 
Na12 2i -1186.3(11) -2883.6(10) 1106.2(8) 1 29.8(3) 
Na13 2i 11762.7(13) 5610.4(10) 8489.3(9) 0.782(3) 13.6(3) 
Mg15 2i 10255(6) 2340(3) 4373(4) 0.5 20.7(7) 
Na14 2i 5061(5) -128(5) 5118(3) 0.25 19.0(9) 
Na15 2i 12100(5) 5706(4) 8216(4) 0.218(3) 13.6(3) 

O1 2i 4225.7(14) 3771.4(12) 7858.3(9) 1 7.0(3) 
O2 2i 5055.6(15) -2146.6(12) 2912.1(10) 1 8.4(3) 
O3 2i 8249.5(15) 1742.5(12) 4653.1(10) 1 9.1(3) 
O4 2i 8814.9(14) 4965.4(12) 3709.8(9) 1 7.5(3) 
O5 2i 5311.6(16) 4145.2(12) 5272.2(9) 1 9.1(3) 
O6 2i 7312.4(14) 6810.0(11) 9602.9(9) 1 6.8(3) 
O7 2i 6761.6(14) 5398.7(11) 8323.2(9) 1 7.3(3) 
O8 2i 8241.7(16) 6480.0(12) 4230.3(10) 1 9.6(3) 
O9 2i 6422.6(15) 3428.9(12) 10305.1(9) 1 8.6(3) 

O10 2i 9335.0(14) 2789.7(11) 7589.2(9) 1 7.4(3) 
O11 2i 675.9(16) -839.9(12) 2074.7(10) 1 11.6(3) 
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Atom 
Wyckoff 
Symbol 

x y z 
Atomic 

Occupancy 
U(eq) 

O12 2i 6378.2(16) 3168.7(13) 8855.6(10) 1 10.9(3) 
O13 2i 5909.7(14) 5793.5(11) 6387.1(9) 1 6.6(2) 
O14 2i 4999.8(16) 1327.6(12) 1781.8(10) 1 10.1(3) 
O15 2i 5452.3(14) 4090.5(11) 6680.6(9) 1 5.9(2) 
O16 2i 7239.7(15) 1651.2(12) 5719.9(10) 1 8.9(3) 
O17 2i 5460.6(16) 2783.3(14) 2971.5(10) 1 12.7(3) 
O18 2i 9799.1(14) 4579.0(12) 7447.1(9) 1 7.1(3) 
O19 2i 7462.6(15) 4866.6(13) 6396.3(10) 1 9.9(3) 
O20 2i 7778.2(15) 3710.1(13) 7676.8(10) 1 9.4(3) 
O21 2i 5226.6(15) 3099.9(12) 1598.1(10) 1 9.2(3) 
O22 2i 6578.3(15) 2550.9(13) 4638.1(10) 1 10.3(3) 
O23 2i -495.7(17) 1747.3(12) 1964.2(10) 1 11.9(3) 
O24 2i 8748.9(15) 6937.9(12) 8786.9(9) 1 7.7(3) 
O25 2i 9929.6(15) 4253.7(12) 8800.3(9) 1 7.8(3) 
O26 2i 8995.1(16) 5489.4(13) 5202.0(10) 1 10.9(3) 
O27 2i 8470.6(15) 3665.4(12) 10051.6(10) 1 9.7(3) 
O28 2i 8583.3(15) 5639.2(12) 9607.5(10) 1 9.4(3) 
O29 2i 8753.1(15) 3338.9(12) 5757.0(10) 1 8.7(3) 
O30 2i 3439.6(16) -1246.3(13) 2847.4(10) 1 11.3(3) 
O31 2i 228.6(15) 3433.9(12) 3001.0(10) 1 9.9(3) 
O32 2i 6844.5(15) 4714.1(13) 4075.3(10) 1 10.9(3) 
O33 2i 3736.6(15) 3266.3(13) 9059.4(10) 1 10.2(3) 
O34 2i 5996.2(17) 8331.0(13) 10064.5(11) 1 15.0(3) 
O35 2i 2742.0(17) 318.9(12) 3842.4(10) 1 12.5(3) 
O36 2i 6875.2(17) 1920.0(12) 9658.5(10) 1 11.9(3) 
O37 2i 3293.4(16) 2113.9(13) 1858.9(10) 1 11.5(3) 
O38 2i 4750.7(17) 5117.8(13) 9145.9(10) 1 11.9(3) 
O39 2i 1508.9(17) 1357.8(14) 3118.6(10) 1 15.5(3) 
O40 2i 2459.3(16) 4165.1(15) 8233.8(11) 1 14.5(3) 
O41 2i -1520.9(18) 1953.8(14) 3015.1(11) 1 16.1(3) 
O42 2i -1909.6(17) 2806.2(15) 1850.9(12) 1 20.6(4) 
O43 2i 2241.7(19) 1685.1(14) 4642.3(11) 1 17.2(3) 
O44 2i 3813.5(17) 2147.9(14) 3936.1(14) 1 20.7(4) 
O45 2i 446(2) 280.7(14) 1151.0(11) 1 26.1(5) 
O46 2i 7263(2) 10085.6(17) 10099.7(14) 1 31.2(5) 
O47 2i 108(2) -1583.4(14) 560.7(11) 1 27.6(5) 
O48 2i 2316(2) -368.3(15) 1411.4(13) 1 28.6(5) 
O49 2i -792(3) -37(2) 3197.8(19) 0.610(3) 7.6(4) 
O50 2i 5127(3) -661(2) 2268(2) 0.577(4) 10.9(4) 
O51 2i 5668(3) -324(2) 3786.5(19) 0.576(4) 12.6(5) 
O52 2i 6178(6) 9796(4) 11143(4) 0.375(5) 18.4(6) 
O53 2i 8070(4) 9308(3) 11104(3) 0.375(5) 16.3(5) 
O54 2i -2002(3) -1729(3) 3407(3) 0.4833(16) 15.6(5) 
O55 2i 360(20) -1202(17) 3699(12) 0.4833(16) 8.0(14) 
O56 2i -399(4) -71(4) 4396(3) 0.4833(16) 28.7(7) 
O57 2i -1054(11) -252(9) 2938(7) 0.197(3) 7.6(4) 
O65 2i -1198(9) -485(7) 2737(6) 0.193(3) 7.6(4) 
O58 2i -1702(3) -1266(3) 3901(2) 0.5167(16) 15.6(5) 
O59 2i 290(20) -1312(16) 3579(11) 0.5167(16) 8.0(14) 
O60 2i -1693(4) -1958(3) 2509(3) 0.5167(16) 28.7(7) 
O61 2i 5732(3) 9894(2) 10792(2) 0.625(5) 18.4(6) 
O62 2i 7679(3) 9461(2) 11439(2) 0.580(4) 16.3(5) 
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Atom 
Wyckoff 
Symbol 

x y z 
Atomic 

Occupancy 
U(eq) 

O63 2i 5561(4) -430(3) 2696(3) 0.423(4) 10.9(4) 
O64 2i 5604(4) -656(3) 4076(3) 0.424(4) 12.6(5) 

Na17 2i 10230(8) 2051(4) 4442(5) 0.5 20.7(7) 
Na18 2i -279.0(8) 377.3(7) 2193.0(5) 1 6.87(15) 

 

Table A6. Bond Lengths for Na2Mg(SO4)2 P-1. 
Atom Atom Length/Å Atom Atom Length/Å 

S1 Na5 3.3109(10) Mg5 O38 1.9862(17) 
S1 Na7 3.0408(10) Mg6 Na36 3.7112(11) 
S1 O4 1.4795(15) Mg6 Na5 3.2169(11) 
S1 O8 1.4797(15) Mg6 Na62 3.6155(11) 
S1 O26 1.4636(15) Mg6 O5 1.9999(16) 
S1 O32 1.4710(15) Mg6 O136 2.1177(16) 
S1 Na171 3.385(7) Mg6 O17 2.0909(17) 
S2 Na62 3.0745(10) Mg6 O22 2.0581(16) 
S2 Na8 3.1697(11) Mg6 O32 2.0727(16) 
S2 Na9 3.061(5) Mg6 O44 2.0191(18) 
S2 O3 1.4730(15) Mg7 Na12 3.6179(14) 
S2 O16 1.4825(15) Mg7 Na62 3.6268(13) 
S2 O22 1.4726(15) Mg7 Na102 3.3640(14) 
S2 O29 1.4692(15) Mg7 Na1011 3.5816(15) 
S3 Na103 3.1207(11) Mg7 O14 2.1397(18) 
S3 Na114 3.1146(13) Mg7 O364 2.1452(18) 
S3 Na135 2.9820(14) Mg7 O466 2.463(3) 
S3 Na155 3.370(6) Mg7 O48 2.053(2) 
S3 O9 1.4817(15) Mg7 O50 1.975(3) 
S3 O12 1.4576(15) Mg7 O5214 2.365(5) 
S3 O27 1.4696(16) Mg7 O6114 2.171(3) 
S3 O36 1.4769(16) Mg7 O63 2.582(5) 
S4 Na26 3.1337(11) Na1 O18 2.6955(18) 
S4 Na3 3.2855(10) Na1 O29 2.4694(18) 
S4 Na127 3.2114(14) Na1 O128 2.911(2) 
S4 O6 1.4906(15) Na1 O338 2.414(2) 
S4 O7 1.4732(15) Na1 O509 2.344(3) 
S4 O24 1.4638(15) Na1 O5215 2.729(6) 
S4 O28 1.4639(15) Na1 O54 2.551(4) 
S5 Na3 3.2334(10) Na1 O65 2.589(9) 
S5 Na4 3.3565(10) Na1 O60 2.198(4) 
S5 Na56 3.0507(10) Na1 O6215 2.387(3) 
S5 O5 1.4546(15) Na1 O639 2.480(4) 
S5 O13 1.4876(15) Na2 Na1111 3.3095(16) 
S5 O15 1.4886(14) Na2 O66 2.4859(17) 
S5 O19 1.4528(15) Na2 O246 2.6477(18) 
S6 Na18 3.0746(13) Na2 O346 2.944(2) 
S6 Na56 3.1318(10) Na2 O37 2.2870(19) 
S6 Na128 3.1788(12) Na2 O45 2.363(2) 
S6 Na159 3.250(5) Na2 O466 2.696(3) 
S6 O1 1.4815(15) Na2 O4711 2.436(2) 
S6 O33 1.4834(15) Na2 O536 2.837(5) 
S6 O38 1.4529(17) Na3 O13 2.3879(17) 
S6 O40 1.4706(16) Na3 O19 2.9780(19) 
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Atom Atom Length/Å Atom Atom Length/Å 
S7 Na2 3.3224(12) Na3 O236 2.6451(19) 
S7 Na5 2.9091(10) Na3 O24 2.3346(17) 
S7 Na62 3.0986(10) Na3 O316 2.5336(18) 
S7 Na102 3.0765(11) Na3 O376 2.4634(18) 
S7 O14 1.4757(16) Na3 O396 2.401(2) 
S7 O17 1.4731(16) Na3 Na186 3.5149(12) 
S7 O21 1.4958(15) Na4 Na56 3.5587(12) 
S7 O37 1.4530(16) Na4 Na84 3.4598(13) 
S8 Na17 3.1104(11) Na4 O1 2.9544(17) 
S8 Na26 3.1163(11) Na4 O24 2.4662(17) 
S8 Na107 3.2360(12) Na4 O86 2.3518(18) 
S8 Na1010 3.2103(11) Na4 O15 2.3451(17) 
S8 O34 1.4710(16) Na4 O43 2.284(2) 
S8 O46 1.4469(19) Na4 O548 2.307(4) 
S8 O52 1.366(5) Na4 O588 2.374(3) 
S8 O53 1.523(4) Na4 Na179 3.535(8) 
S8 O61 1.529(3) Na5 O16 2.4558(17) 
S8 O62 1.468(3) Na5 O76 2.4930(17) 
S8 Na187 3.3434(10) Na5 O136 2.4936(17) 
S9 Na36 3.1744(10) Na5 O156 2.4342(17) 
S9 Na10 3.3412(11) Na5 O17 2.6178(19) 
S9 Na1111 3.2364(12) Na5 O21 2.4192(18) 
S9 Na156 3.246(5) Na5 O32 2.4151(18) 
S9 O23 1.4956(17) Na6 Na99 3.614(4) 
S9 O31 1.4739(16) Na6 O39 2.4552(18) 
S9 O41 1.4534(16) Na6 O149 2.5443(18) 
S9 O42 1.4656(17) Na6 O179 2.5136(19) 
S9 Na18 3.1226(10) Na6 O229 2.5838(18) 

S10 Na71 3.0791(10) Na6 O41 2.2572(19) 
S10 Na124 3.1101(12) Na6 O509 2.733(3) 
S10 Na13 2.9811(14) Na6 O519 2.678(3) 
S10 Na15 3.376(6) Na6 O639 2.297(4) 
S10 O10 1.4834(15) Na7 O4 2.6414(17) 
S10 O18 1.4780(15) Na7 O8 2.3188(17) 
S10 O20 1.4437(15) Na7 O101 2.4327(17) 
S10 O25 1.4732(15) Na7 O181 2.5940(17) 
S11 Na36 3.2707(10) Na7 O291 2.4922(18) 
S11 Na84 3.1104(10) Na7 O406 2.4455(19) 
S11 Na9 3.150(5) Na7 O5416 2.754(4) 
S11 O35 1.4789(16) Na7 O5516 2.59(2) 
S11 O39 1.4774(17) Na7 O5916 2.457(19) 
S11 O43 1.4623(17) Na7 O6016 2.516(5) 
S11 O44 1.4497(17) Na8 O3 2.3686(18) 
S11 Na179 3.311(8) Na8 O16 2.8353(18) 
S11 Na18 3.3631(9) Na8 O354 2.5679(19) 
S12 Na2 3.1939(11) Na8 O434 2.521(2) 
S12 Na211 3.3429(12) Na8 O51 2.611(3) 
S12 Na11 3.3098(14) Na8 O554 2.461(17) 
S12 Na12 3.2042(12) Na8 O564 2.556(4) 
S12 O11 1.4983(16) Na8 O562 2.210(4) 
S12 O45 1.486(2) Na8 O582 2.378(4) 
S12 O47 1.4707(18) Na8 O594 2.656(16) 
S12 O48 1.442(2) Na8 O64 2.471(4) 
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Atom Atom Length/Å Atom Atom Length/Å 
S12 Na18 2.7316(11) Na9 Na94 2.059(10) 
S13 Na12 2.9801(12) Na9 Na14 1.308(8) 
S13 Na62 3.2893(11) Na9 Na144 0.760(6) 
S13 Na9 3.338(4) Na9 O16 2.422(5) 
S13 Na144 3.232(5) Na9 O22 2.771(5) 
S13 O2 1.4762(15) Na9 O35 2.404(5) 
S13 O30 1.4489(16) Na9 O44 2.994(5) 
S13 O50 1.603(3) Na9 O51 2.335(5) 
S13 O51 1.381(3) Na9 O514 2.854(5) 
S13 O63 1.367(4) Na9 O64 2.290(6) 
S13 O64 1.635(4) Na9 O644 2.274(6) 
S14 Na1 2.957(2) Na10 O917 2.6684(18) 
S14 Na712 2.8949(19) Na10 O149 2.3252(18) 
S14 O49 1.481(3) Na10 O219 2.7088(18) 
S14 O54 1.283(4) Na10 O3410 2.436(2) 
S14 O55 1.48(2) Na10 O3617 2.4379(18) 
S14 O56 1.927(4) Na10 O42 2.275(2) 
S14 O57 1.442(11) Na10 O4615 3.014(3) 
S14 O65 1.425(9) Na10 O5215 2.640(6) 
S14 O58 1.456(4) Na10 O6110 2.966(4) 
S14 O59 1.45(2) Na10 O6115 2.271(3) 
S14 O60 1.463(4) Na11 O2311 2.4133(18) 
S14 Na18 3.1071(19) Na11 O2415 2.3276(18) 
S15 Na712 3.1841(18) Na11 O274 2.713(2) 
S15 Na89 3.1363(18) Na11 O364 2.414(2) 
S15 Na84 3.1480(18) Na11 O4211 2.922(2) 
S15 O49 1.372(3) Na11 O466 2.594(2) 
S15 O54 1.450(4) Na11 O47 2.360(2) 
S15 O55 1.46(3) Na12 O615 2.5005(18) 
S15 O56 1.440(4) Na12 O104 2.5032(18) 
S15 O57 1.479(11) Na12 O11 2.830(2) 
S15 O65 1.585(9) Na12 O254 2.589(2) 
S15 O58 1.316(4) Na12 O2815 2.846(2) 
S15 O59 1.50(2) Na12 O338 2.672(2) 
S15 O60 1.949(4) Na12 O408 2.553(2) 
Mg1 Na18 3.4278(13) Na12 O47 2.446(2) 
Mg1 Na4 3.3532(11) Na12 O60 2.769(4) 
Mg1 Na56 3.1781(11) Na13 Na15 0.686(6) 
Mg1 O1 2.1264(16) Na13 O95 2.2907(19) 
Mg1 O24 2.1118(16) Na13 O18 2.2677(19) 
Mg1 O7 2.0941(16) Na13 O25 2.601(2) 
Mg1 O12 2.0088(16) Na13 O275 2.613(2) 
Mg1 O15 2.0335(15) Na13 O402 2.294(2) 
Mg1 O20 1.9597(16) Na13 O426 2.273(2) 
Mg2 Na3 3.9517(11) Mg15 O3 2.382(6) 
Mg2 Na71 3.3207(11) Mg15 O81 2.436(7) 
Mg2 Na13 3.7621(14) Mg15 O261 2.713(4) 
Mg2 Na15 3.606(5) Mg15 O412 2.424(7) 
Mg2 O41 2.1227(16) Mg15 O432 2.542(6) 
Mg2 O18 2.1067(15) Na14 Na144 0.579(9) 
Mg2 O19 2.0407(16) Na14 O16 2.704(6) 
Mg2 O26 2.0177(16) Na14 O164 2.627(6) 
Mg2 O29 2.0860(16) Na14 O354 2.671(5) 
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Atom Atom Length/Å Atom Atom Length/Å 
Mg2 O316 2.1032(16) Na14 O51 2.531(5) 
Mg3 Na712 3.4608(11) Na14 O514 2.288(5) 
Mg3 Na84 3.3521(12) Na14 O644 2.010(7) 
Mg3 Na9 3.680(5) Na14 O64 2.103(6) 
Mg3 Na14 3.834(5) Na15 O41 3.013(6) 
Mg3 Na144 3.580(5) Na15 O95 2.437(5) 
Mg3 O104 2.0671(16) Na15 O18 2.429(5) 
Mg3 O11 2.1671(17) Na15 O211 2.882(6) 
Mg3 O164 2.1097(16) Na15 O402 2.212(5) 
Mg3 O30 1.9947(17) Na15 O426 2.082(5) 
Mg3 O35 2.0510(17) O3 Na17 2.282(8) 
Mg3 O55 2.12(2) O8 Na171 2.518(8) 
Mg3 O59 2.04(2) O11 Na18 2.1855(19) 
Mg4 Na127 3.8690(15) O23 Na18 2.0031(18) 
Mg4 Na124 3.8690(15) O39 Na18 2.0631(18) 
Mg4 Na135 3.7274(17) O41 Na179 2.584(8) 
Mg4 Na13 3.7274(17) O43 Na179 2.362(8) 
Mg4 O25 2.0787(14) O45 Na18 2.145(2) 
Mg4 O255 2.0788(14) O49 O65 0.817(9) 
Mg4 O275 2.1573(15) O49 Na179 2.917(8) 
Mg4 O27 2.1573(15) O49 Na18 2.064(3) 
Mg4 O285 1.9920(15) O50 O63 0.705(4) 
Mg4 O28 1.9920(15) O51 O63 1.796(5) 
Mg5 Na26 3.6398(12) O51 O64 0.722(5) 
Mg5 Na56 3.7537(11) O52 O61 0.713(6) 
Mg5 Na1010 3.2621(12) O52 O62 1.798(7) 
Mg5 Na127 3.6563(13) O53 O62 0.841(5) 
Mg5 Na139 3.7605(15) O53 Na187 2.140(4) 
Mg5 Na159 3.564(5) O54 O58 0.865(5) 
Mg5 O6 2.0525(16) O54 O60 1.654(5) 
Mg5 O913 2.0901(16) O56 O58 1.729(5) 
Mg5 O216 2.1260(16) O56 Na179 2.730(7) 
Mg5 O3313 2.0885(16) O65 Na18 1.878(9) 
Mg5 O34 2.0547(17) O62 Na187 2.149(3)  
12-X,1-Y,1-Z; 21+X,+Y,+Z; 31+X,+Y,1+Z; 41-X,-Y,1-Z; 52-X,1-Y,2-Z; 61-X,1-Y,1-Z; 71+X,1+Y,1+Z; 
 8-X,-Y,1-Z; 9-1+X,+Y,+Z; 10-X,1-Y,1-Z; 11-X,-Y,-Z; 12-1+X,-1+Y,+Z; 131-X,1-Y,2-Z; 14+X,-1+Y,-1+Z; 

15-1+X,-1+Y,-1+Z; 161+X,1+Y,+Z;17-1+X,+Y,-1+Z 

 

Table A7. Fractional Atomic Coordinates (×104) and Equivalent Isotropic 
Displacement Parameters (Å2×103) for K0.1Na1.9Mg2(SO4)3. Ueq is defined as 
1/3 of the trace of the orthogonalised UIJ tensor. 

Atom x y z U(eq) 
K1 8005.1(19) 10617.9(6) 9310.3(8) 33.8(8) 
K2 1877.0(16) 8932.8(5) 9115.2(6) 18.0(6) 
K4 -1827.7(16) 7237.5(5) 9177.8(5) 16.2(6) 
K6 7046.6(18) 6035.7(6) 7580.1(6) 24.7(7) 
K9 7977.8(18) 7256.0(6) 5950.7(6) 25.5(7) 

K12 6844.2(16) 6017.6(5) 4294.2(5) 16.6(6) 
K13 3085.9(17) 4406.7(5) 4093.8(6) 20.3(6) 
K15 1900.7(15) 5633.8(5) 2425.5(5) 14.4(6) 
K18 8011.6(18) 7243.8(6) 2594.0(7) 28.3(7) 
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Atom x y z U(eq) 
S1 7674.8(9) 9585.1(3) 9797.8(3) 7.43(17) 
S2 2718.2(9) 8613.8(3) 10201.8(3) 7.44(17) 
S3 4977.6(10) 9281.8(3) 8802.9(3) 10.57(18) 
S4 8805.3(9) 8375.1(3) 9198.8(3) 6.71(16) 
S5 2386.6(9) 7943.8(3) 8526.6(3) 8.07(17) 
S6 4923.1(10) 7599.2(3) 9496.6(3) 8.44(17) 
S7 1277.4(9) 6697.8(3) 9062.8(3) 10.31(17) 
S8 7412.4(9) 6951.4(3) 8122.1(3) 6.64(16) 
S9 5126.1(9) 5873.9(3) 8829.4(3) 6.37(17) 

S10 258.0(9) 5691.1(3) 7878.1(3) 6.33(16) 
S11 9874.9(9) 7457.2(3) 7110.4(3) 5.79(16) 
S12 7552.0(9) 6332.0(3) 6503.6(3) 6.54(16) 
S13 13796.4(9) 6589.6(3) 7483.2(3) 8.08(17) 
S14 6266.6(9) 8256.7(3) 4138.4(3) 6.53(16) 
S15 7371.3(9) 7061.6(3) 4851.1(3) 6.57(17) 
S16 12625.5(9) 5382.0(3) 6846.1(3) 6.07(16) 
S17 14764.8(9) 7660.6(3) 6222.6(3) 6.72(17) 
S18 8808.8(9) 5076.0(3) 5892.3(3) 6.43(16) 
S19 10065.8(9) 5683.6(3) 4558.1(3) 8.07(17) 
S20 6286.6(9) 4914.5(3) 4317.7(3) 8.11(17) 
S21 1291.8(9) 6754.3(3) 2362.6(3) 7.39(16) 
S22 7884.5(9) 6197.2(3) 3178.7(3) 6.62(17) 
S23 13731.7(10) 6616.1(3) 4254.5(3) 7.17(16) 
S24 8772.1(9) 5041.7(3) 2451.6(3) 6.51(16) 
S25 5026.9(9) 6001.0(3) 2146.0(3) 6.98(17) 
S26 9843.9(9) 4080.8(3) 441.7(3) 6.82(17) 
S27 2899.6(9) 5443.1(3) 3508.4(3) 7.69(17) 
Mg1 5626.1(15) 8669.1(5) 9656.0(5) 17.7(3) 
Mg2 6593.4(14) 7282.7(4) 10438.8(4) 9.2(2) 
Mg3 3372.4(13) 8882.5(4) 7892.3(4) 6.5(2) 
Mg4 4279.2(14) 6988.2(5) 8539.4(5) 16.3(3) 
Mg5 3532.3(13) 5507.8(4) 7921.7(4) 8.2(2) 
Mg6 6544.0(13) 7284.5(4) 7109.1(4) 7.2(2) 
Mg7 10693.1(13) 6308.9(4) 6929.0(4) 8.0(2) 
Mg8 11481.6(13) 7856.2(4) 6210.9(4) 7.7(2) 
Mg9 11655.9(13) 4420.6(4) 6244.6(4) 8.6(2) 

Mg10 8469.6(13) 6098.0(4) 5437.7(4) 8.6(2) 
Mg11 9414.0(13) 7968.3(4) 4682.1(4) 8.3(2) 
Mg12 9165.2(13) 4557.1(4) 4846.3(4) 9.7(2) 
Mg13 10822.9(13) 6322.2(4) 3723.4(4) 8.8(2) 
Mg14 6579.4(13) 3969.0(4) 3762.7(4) 6.5(2) 
Mg15 5773.9(13) 5318.7(4) 2942.5(4) 7.4(2) 
Mg16 9375.5(13) 4594.4(4) 1405.6(4) 6.8(2) 
Mg17 11639.6(13) 4469.7(4) -428.3(4) 7.2(2) 
Mg18 4287.3(13) 7110.2(4) 1864.2(4) 8.3(2) 
Na1 8005.1(19) 10617.9(6) 9310.3(8) 33.8(8) 
Na2 1877.0(16) 8932.8(5) 9115.2(6) 18.0(6) 
Na3 4076.8(17) 6482.9(5) 9755.7(5) 13.4(3) 
Na4 -1827.7(16) 7237.5(5) 9177.8(5) 16.2(6) 
Na5 893.7(16) 6842.6(5) 8059.3(5) 12.6(3) 
Na6 7046.6(18) 6035.7(6) 7580.1(6) 24.7(7) 
Na7 9143.1(17) 5183.0(6) 6894.4(5) 13.6(3) 
Na8 14084.4(16) 6500.1(5) 6424.7(5) 13.3(3) 
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Atom x y z U(eq) 
Na9 7977.8(18) 7256.0(6) 5950.7(6) 25.5(7) 

Na10 5789.2(17) 8171.3(5) 5207.3(5) 13.1(3) 
Na11 5784.8(17) 4814.5(6) 5308.9(5) 14.0(3) 
Na12 6844.2(16) 6017.6(5) 4294.2(5) 16.6(6) 
Na13 3085.9(17) 4406.7(5) 4093.8(6) 20.3(6) 
Na14 4091.2(16) 6507.1(5) 3102.0(5) 11.8(3) 
Na15 1900.7(15) 5633.8(5) 2425.5(5) 14.4(6) 
Na16 9084.9(17) 5166.5(5) 3580.2(5) 11.8(3) 
Na17 894.5(17) 6918.2(6) 1387.2(5) 16.8(3) 
Na18 8011.6(18) 7243.8(6) 2594.0(7) 28.3(7) 

O1 7844(15) 9801(5) 9359(5) 11.7(19) 
O2 6418(12) 9271(4) 9797(4) 9.8(15) 
O3 8986(3) 9332.6(11) 9885.3(10) 19.1(6) 
O4 4101(3) 8786.0(10) 10078.5(9) 14.6(6) 
O5 2598(3) 8619.1(9) 10690.4(8) 9.4(5) 
O6 1624(3) 8902.1(9) 9988.6(9) 13.6(6) 
O7 4345(10) 9055(4) 9198(4) 11.7(16) 
O8 6371(3) 9089.9(10) 8700.5(11) 19.0(6) 
O9 2518(3) 8123.4(9) 10052.3(9) 12.1(5) 

O10 5015(8) 9817(2) 8928(2) 11.1(11) 
O11 4052(6) 9245.1(19) 8428.5(17) 13.2(9) 
O12 2110(3) 8099.2(10) 8985.0(10) 17.3(6) 
O13 2608(8) 8413(3) 8317(2) 13.2(11) 
O14 7509(3) 8452.7(10) 9447.8(10) 17.9(6) 
O15 9340(3) 8828.0(9) 9025.4(9) 11.1(5) 
O16 9807(3) 8164.1(9) 9511.8(9) 11.5(5) 
O17 8535(3) 8047.5(9) 8825.6(9) 15.3(6) 
O18 5716(3) 7606.1(10) 9910.2(9) 17.1(6) 
O19 4810(3) 8094.9(9) 9341.8(9) 13.0(5) 
O20 3532(3) 7385.7(9) 9562.6(9) 13.9(6) 
O21 5647(3) 7321.5(10) 9149.5(10) 19.4(6) 
O22 3673(3) 7659.7(10) 8509.6(9) 13.3(5) 
O23 1193(3) 7670.6(10) 8366.8(9) 16.1(6) 
O24 689(3) 7141.7(9) 9232.5(9) 12.7(5) 
O25 178(3) 6440.5(10) 8819.6(10) 14.4(6) 
O26 2363(3) 6800.7(10) 8733.4(11) 22.4(7) 
O27 1855(3) 6403.7(11) 9416.0(13) 29.8(8) 
O28 6105(3) 7162.4(9) 8268.3(9) 13.2(5) 
O29 5014(3) 6375.6(9) 8742.1(10) 15.9(6) 
O30 4864(3) 5783.5(10) 9304.2(9) 13.5(5) 
O31 6511(3) 5686.2(9) 8705.5(9) 10.2(5) 
O32 4061(3) 5608.9(9) 8573.2(9) 13.0(5) 
O33 8592(3) 7227.8(9) 8303.4(9) 10.6(5) 
O34 7573(3) 6462.2(9) 8280.2(9) 10.4(5) 
O35 7456(3) 6935.2(9) 7631.2(8) 9.1(5) 
O36 1624(3) 5781.2(10) 8089.6(9) 13.5(6) 
O37 -70(3) 6081.0(9) 7569.9(9) 13.0(5) 
O38 -850(3) 5659.7(9) 8215.4(9) 11.7(5) 
O39 286(3) 5233.6(8) 7643.4(9) 8.2(5) 
O40 8458(3) 7632.3(9) 7008.9(9) 9.8(5) 
O41 10187(3) 7517.7(9) 7585.3(8) 11.7(5) 
O42 10030(3) 6964.1(9) 6991.4(9) 13.4(6) 
O43 10886(3) 7751.8(9) 6859.6(8) 10.7(5) 
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Atom x y z U(eq) 
O44 8687(3) 6110.0(10) 6754.3(11) 22.7(7) 
O45 12567(3) 6474.7(10) 7216.7(10) 19.0(6) 
O46 13376(3) 6903.5(10) 7856.6(10) 17.5(6) 
O47 14435(3) 6156.2(10) 7664.7(9) 12.9(5) 
O48 14790(3) 6837.9(10) 7189.7(9) 13.5(5) 
O49 11279(3) 5635.8(8) 6820.5(9) 8.9(5) 
O50 13007(3) 5275.9(11) 7307.1(9) 15.9(6) 
O51 13706(3) 5671.2(11) 6635.9(12) 23.5(7) 
O52 12487(3) 4940.5(11) 6608.1(11) 22.6(7) 
O53 13359(3) 7542.8(9) 6391.2(9) 12.6(5) 
O54 15778(3) 7686.5(10) 6586.0(9) 13.8(5) 
O55 15232(3) 7286.8(10) 5914.2(9) 14.2(6) 
O56 14719(3) 8125.2(9) 6000.3(9) 11.1(5) 
O57 7305(3) 6822.9(9) 6644.3(9) 12.5(5) 
O58 6282(3) 6061.4(10) 6585.4(13) 29.0(8) 
O59 7885(4) 6351.3(10) 6030.4(9) 21.5(7) 
O60 7653(3) 5227.5(9) 6179.5(9) 11.2(5) 
O61 9827(3) 4830.7(9) 6178.2(9) 11.1(5) 
O62 9463(3) 5497.0(9) 5684.3(9) 10.0(5) 
O63 8314(3) 4751.9(9) 5539.6(9) 12.1(5) 
O64 7700(3) 6697.0(11) 5175.3(10) 24.1(7) 
O65 8658(3) 7330.6(10) 4784.7(9) 16.2(6) 
O66 6262(3) 7354.3(9) 5041.7(9) 15.1(6) 
O67 5381(3) 8515.8(10) 4456.6(9) 13.9(6) 
O68 7614(3) 8178.8(11) 4354.7(11) 24.0(7) 
O69 6496(3) 8544.6(9) 3734.8(9) 15.8(6) 
O70 5613(3) 7801.3(9) 4023.1(9) 11.2(5) 
O71 6933(3) 6859.9(10) 4422.7(9) 14.4(6) 
O72 8996(3) 5965.1(11) 4793.4(10) 20.8(7) 
O73 5190(3) 5186.8(10) 4546.4(9) 14.7(6) 
O74 7217(3) 4729.8(9) 4669.7(9) 11.5(5) 
O75 9837(3) 5181.2(10) 4619.0(11) 19.1(6) 
O76 11448(3) 5834.9(9) 4721.1(9) 12.9(5) 
O77 7051(3) 5219.9(10) 4013.8(10) 18.0(6) 
O78 5627(3) 4513.2(9) 4088.9(9) 10.2(5) 
O79 2634(3) 5259.6(9) 3963.1(8) 8.3(5) 
O80 2471(3) 5946.3(9) 3479.3(8) 10.0(5) 
O81 2095(3) 5180.5(9) 3176.3(9) 12.0(5) 
O82 4403(3) 5414.5(9) 3423.3(9) 12.2(5) 
O83 7136(3) 6474.7(9) 3516.5(9) 10.4(5) 
O84 7372(3) 5705.4(9) 3197.3(9) 12.4(5) 
O85 9397(3) 6188.8(10) 3267.7(9) 15.1(6) 
O86 12240(3) 6621.5(9) 4135.9(9) 11.0(5) 
O87 13853(3) 6874.4(12) 4673.7(10) 22.5(7) 
O88 14262(3) 6132.3(10) 4293.5(10) 16.3(6) 
O89 14500(3) 6859.6(10) 3893.8(9) 11.8(5) 
O90 9933(3) 5797.1(9) 4077.0(9) 12.4(5) 
O91 1973(3) 6468.9(10) 2700.0(10) 15.7(6) 
O92 591(3) 7174.3(9) 2551.1(9) 10.0(5) 
O93 2317(3) 6919.2(9) 2026.4(9) 10.5(5) 
O94 4775(3) 5837.8(9) 2610.7(8) 12.6(5) 
O95 7677(3) 6396.9(9) 2728.0(8) 8.9(5) 
O96 4996(3) 6516.8(9) 2149.7(11) 17.5(6) 
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Atom x y z U(eq) 
O97 3903(3) 5812.1(12) 1869.6(10) 20.6(6) 
O98 6383(3) 5816.4(9) 1996.1(9) 12.4(5) 
O99 7265(3) 5025.6(9) 2549.9(9) 11.4(5) 

O100 9283(3) 5528.7(10) 2407.8(11) 18.8(6) 
O101 9517(3) 4807.5(9) 2819.3(9) 9.4(5) 
O102 8957(3) 4777.1(11) 2037.7(9) 20.9(7) 
O103 10058(7) 4423.9(19) 786.7(17) 18.0(9) 
O104 8479(7) 4274(3) 326(3) 11.9(14) 
O105 9858(5) 3588.6(17) 621.5(18) 11.8(8) 
O106 10981(6) 4122(2) 118.8(17) 12.2(9) 
O107 246(3) 6468.3(9) 2124.4(9) 11.8(5) 
O108 9909(6) 3597.0(19) 325(2) 11.8(8) 
O109 10991(7) 4355(2) 218(2) 12.2(9) 
O110 10152(7) 4149(2) 925.7(19) 18.0(9) 
O111 3856(8) 9028(3) 8530(2) 13.2(9) 
O112 4969(12) 9753(4) 8753(3) 11.1(11) 
O113 4717(16) 9124(6) 9265(6) 11.7(16) 
O114 8465(14) 4142(5) 194(4) 11.9(14) 
O115 2582(9) 8275(3) 8155(3) 13.2(11) 
O116 7457(8) 9905(2) 10174(2) 12.2(11) 
O117 7529(9) 10046(3) 10020(3) 12.2(11) 
O118 7526(19) 9693(6) 9311(7) 11.7(19) 
O119 6565(17) 9286(5) 9946(4) 9.8(15) 
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Figure A1. spectra of K0.2Na1.8Mg2(SO4)3 (lower graphs) and of K2Mg2(SO4)3 (upper 
graphs) at RT (in red) and 77K (in black) displaying 2, 4, 1 and 3 internal bands 

of sulphate tetrahedra around 460, 630, 1040 and 1100-1200 cm-1, respectively. 
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Figure A2. Raman spectra of monoclinic K0.1Na1.9Mg2(SO4)3 between 77 K (top 

spectrum) and RT (bottom spectrum). The inset shows an expanded view of the 1 
region. 

 
Figure A3. Raman spectra of K0.1Na1.9Mg2(SO4)3 between RT (bottom spectrum) 
and 700 °C (top spectrum) displaying the phase transition from monoclinic to 

cubic symmetry at ~200 °C. 
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Figure A4. Observed, calculated and difference plot for structural refinement of 

K0.1Na1.9Mg2(SO4)3  at 750oC Rwp = 9.9% GOF = 2.39 
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Table A8. Fractional Atomic Coordinates, Occupancies and Uiso(x100) Å2 for 
K0.1Na1.9Mg2(SO4)3 at 750oC. 

Atom x y z 
Fractional 
occupancy 

Uiso(x100) 
Å2 

Na1 0.6577(12) 0.6577(12) 0.6577(12) 1.00(2) 10.48(42) 
Na2 0.9465(11) 0.9465(11) 0.9465(11) 0.90(2) 10.48(42) 
K1 0.6577(12) 0.6577(12) 0.6577(12) 0.00(2) 10.48(42) 
K2 0.9465(11) 0.9465(11) 0.9465(11) 0.10(2) 10.48(42) 

Mg1 0.1834(10) 0.1834(10) 0.1834(10) 1.0 3.86(26) 
Mg2 0.3916(7) 0.3916(7) 0.3916(7) 1.0 3.86(26) 

S 0.1186(3) 0.5166(2) 0.2315(3) 1.0 8.60(26) 
O1 0.1495(23) 0.4746(24) 0.3888(9) 0.3333 0.77(21) 
O2 0.2593(13) 0.5104(22) 0.1440(2) 0.3333 0.77(21) 
O3 0.0086(19) 0.4110(21) 0.1666(22) 0.3333 0.77(21) 
O4 0.0571(23) 0.6704(11) 0.2264(23) 0.3333 0.77(21) 
O5 0.2415(30) 0.4325(46) 0.3043(15) 0.3333 0.77(21) 
O6 0.1449(17) 0.5222(14) 0.0679(6) 0.3333 0.77(21) 
O7 -0.0257(27) 0.4409(46) 0.2617(17) 0.3333 0.77(21) 
O8 0.1138(50) 0.6708(7) 0.2920(16) 0.3333 0.77(21) 
O9 0.1772(22) 0.5085(26) 0.3863(9) 0.3333 0.77(21) 

O10 0.2429(15) 0.5504(18) 0.1271(18) 0.3333 0.77(21) 
O11 0.0502(21) 0.3713(13) 0.1906(23) 0.3333 0.77(21) 

O12 0.0042(16) 0.6362(16) 0.2218(23) 0.3333 0.77(21) 
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Figure A5. Observed and modelled imdedance spectrum of 

La2.63Na0.38Li5.75Nb2O12 at 285oC. 
 

 
Figure A6. Observed, calculated and difference plot for structural refinement of 

sample with nominal composition Li7LaSr2Nb2O12. Impurity phase is not identified. 
Rwp = 3.186%, GOF = 2.27. 
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Figure A7. Observed, calculated and difference plot for structural refinement of 

sample with nominal composition Li5.4La2.8Na0.2Nb2O12. Rwp = 3.424%, GOF = 1.61. 
 

 
Figure A8. Observed, calculated and difference plot for structural refinement of 

sample with nominal composition Li5.4La2.8Na0.2Ta2O12. Rwp = 4.214%, GOF = 1.55. 
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Figure A9. Observed, calculated and difference plot for structural refinement of 

sample with nominal composition K2Ti2(PO4)3. Rwp = 4.427%, GOF = 1.84. 

 
Figure A10. Observed, calculated and difference plot for structural refinement of 
sample with nominal composition K1.5Na0.5TiV(PO4)3. Rwp = 3.825%, GOF = 1.58. 
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