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3.3.4 Synthesis of β-Li3N by pressure 

In addition to ball milling methods, β-Li3N was synthesised using high pressures. 6 

Commercial and laboratory synthesised α-Li3N were loaded into a molybdenum capsule 

before being pressurised. The experiments were carried out at Leopold-Franzens-

Universität, Innsbruck, Austria by Dr. Gunter Heymann and Prof. Hubert Huppertz. 

Powder X-ray diffraction patterns from pressurised samples are shown in Figure 3-16. On 

pressurising a sample of laboratory synthesised α-Li3N (sample 12) at 1.5 GPa with a total 

reaction time (including pressurising, and depressurising of the sample) of 4 h, resulted in 

the detection of only a very small amount of β-Li3N. The remainder of the sample 

consisted of α-Li3N as well as LiOH and Li2O impurities. On increasing the pressure to 5 

GPa and increasing the overall reaction time to approximately 10 h (sample 13), the main 

phase present in the sample became β-Li3N. A small amount of α-Li3N as well as LiOH 

and Li2O impurities were also present in the sample.  

 

Figure 3-16: Comparison of PXD data of lab-synthesised Li3N after application of pressure. 

The pattern shown in blue shows reflections exhibited by the sample treated at 1.5 GPa 

(sample 12).  

The pattern shown in red are obtained when the sample has been pressurised at 5 GPa 
(sample 13). The white circle represents reflections from α-Li3N, the black circle represents 

reflections from β-Li3N, the white square represents reflections from Li2O the black square 

represents reflections from LiOH. 
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Combining high pressures with a heating programme made it possible to achieve 

conversion to β-Li3N (Figure 3-17). The employment of a heating programme facilitated 

the conversion of α-Li3N to β-Li3N, providing a more complete conversion that using 

pressure alone.  Using a lower pressure of 4 GPa and a total reaction time of 10 h with the 

addition of a heating programme set to 250 oC for 3 h before being quenched facilitates the 

synthesis of β-Li3N (sample 14). In attempt to improve the crystallinity of the product, the 

pressure applied to the sample was increased further, to 7 GPa. Furthermore, by increasing 

the overall reaction time to approximately 23 h whilst continuing to apply the same heating 

programme successfully enabled the synthesis of a more crystalline sample of β-Li3N 

(sample 15). Refinement of the observed reflections gave values of a = 3.5700 (6) Å and 

c = 6.3436 (2) Å and a cell volume of 70.01 (1) Å3. The refined lattice parameters obtained 

after performing the high pressure experiments are in agreement with those obtained from 

the refinements from the ball milled samples. 

 

Figure 3-17: Comparison of PXD data of lab-synthesised Li3N after application of pressure 

with simultaneous heating to 523 K.  

The pattern shown in blue shows reflections exhibited by the sample treated at 4.0 GPa 

(sample 14). The pattern shown in red are obtained when the sample has been pressurised 

at 7.0 GPa (sample 15). The black circle represents reflections from β-Li3N and the white 

square represents reflections from Li2O. 
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Subsequent experiments were performed on commercial Li3N to investigate if this material 

could also undergo a phase transition from α-Li3N to β-Li3N by applying pressure in 

agreement with the behaviour of laboratory synthesised α-Li3N. 

Although the X-ray patterns shown in Figure 3-18 exhibit reflections from Li2O and LiOH 

impurity phases, there are reflections consistent with β-Li3N. The phase fraction of β-Li3N 

and the crystallinity of this phase increased as the pressure did so. On applying a pressure 

of 1.5 GPa for 4 h (sample 16), the lattice parameters varied slightly from those reported in 

the literature, where a = 3.572 (8) Å and c = 6.342 (3) Å with a cell volume of 70.1 (2) Å3. 

On comparing refined lattice parameters at varying pressures (1.5 GPa and 5 GPa), the a 

parameter remained consistent. After applying a pressure of 5 GPa for 10 h (sample 17), a 

= 3.572 (2) Å and c = 6.3496 (6) Å and the cell volume was 70.15 (5) Å3. 

 

Figure 3-18: Comparison of PXD data of commercial Li3N after application of pressure. 

The pattern shown in blue shows reflections exhibited by the sample after applying a 

pressure of 1.5 GPa (sample 16). The pattern shown in red are obtained when the sample 

has been pressurised at 5 GPa (sample 17). The white circle represents reflections from α-

Li3N, the black circle represents reflections from β-Li3N, the white square represents 

reflections from Li2O the black square represents reflections from LiOH. 

It is evident from the samples investigated and the reactions performed that application of 

pressure alone is not sufficient to induce complete conversion from α-Li3N to β-Li3N. 

From the results shown in Figure 3-17 (samples 14 and 15), the employment of a heating 

programme aids conversion however it should be noted that although pressure alone was 
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insufficient to induce a phase transformation under these conditions, using higher pressures 

may eliminate the need for a heating programme.  

Although no heating programme was applied to commercial Li3N, it is believed that if a 

heating programme were to be applied to this material, complete conversion would occur 

in agreement with laboratory-synthesised α-Li3N due to their similar behaviour under 

pressure alone and the fact that the degree of crystallinity in each sample is comparable. A 

phase transformation from β-Li3N to α-Li3N at temperatures above 473 K has been 

reported, 6 however the application of pressure prevents this transformation from 

occurring.  

A pressure-induced phase in a Li3N single crystal was initially described my Mali et al  9 

where phase conversion begins around 0.42 GPa at 300 K and as the pressure increases, 

the phase fraction of β-Li3N continues to rise until 0.7 GPa. At this higher pressure, it was 

reported that there is only 2% of the alpha polymorph remaining. These investigations 

were performed in-situ using a beryllium-copper NMR probe and employing He as the 

pressure transmitting medium. 27 In comparison, experiments in this work were performed 

using powdered samples (samples 12-17) and exploiting a multi-anvil method at much 

higher pressures. Further investigations would be required to ascertain the importance of 

the method employed and the pressures used in regards to aiding phase conversion. 

 

3.3.5 Powder Neutron Diffraction Experiments  

3.3.5.1 PND study of commercial Li3N at room temperature 

Figure 3-19 displays the observed, calculated and difference (OCD) plot for the data 

collected for a sample of commercial Li3N at room temperature (sample 18). Selected 

refinement data are presented in Table 3-21. The experimental model for both the alpha 

and beta phases are in good agreement with the literature structures proposed by Zintl and 

Brauer, and Biester et al respectively. 5,  6  
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Table 3-21: Selected Rietveld refinement data from the PND Rietveld refinement of sample 

18, commercial Li3N at 293 K. 

Empirical Formula α-Li3N β-Li3N 

Collection temperature (K) 293 

Crystal system Hexagonal Hexagonal 

Space Group P6/mmm P63/mmc 

Lattice parameters a = 3.6468 (1) a = 3.5692 (1) 

 c =  3.8734 (2) c = 6.3424 (5) 

V / Å 3 44.608 (3) 69.971 (6) 

Z 1 2 

Unit cell formula weight, Mw 34.830 69.660 

Density (g/cm3) 1.297 1.653 

wt. % 52.803 (2) 47.197 (2) 

No. of varied parameters 32 

No. of observations 4056 

Rwp 0.0262 

Rp 0.0424 

χ 2 1.520 
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Figure 3-19: Observed, calculated and difference (OCD) plot from the PND Rietveld 

refinement of sample 18, commercial Li3N at room temperature from PND data, 90o (E) bank.  

The black tickmarks indicate reflections from α-Li3N and the red tickmarks indicate 

reflections from β-Li3N. 

With regard to the alpha and beta phases of commercial Li3N, although the lattice 

parameters obtained for PXD and PND are comparable, the percentage weight fractions 

differ. Table 3.6 (sample 1) shows that the percentages for α-Li3N and β-Li3N are 

approximately 48 % and 52 % respectively however data obtained from Rietveld 

refinements of PND data contradicts this where the approximate phase fraction of α-Li3N 

in commercial Li3N is 53 % and that β-Li3N was 47 % (Table 3-21, sample 18). It is likely 

that the phase fractions obtained from the Rietveld refinement of the PND data are more 

accurate since scattering for Li and N atom in PND is much stronger for these atoms than 

in comparison to PXD. It should also be noted that the R factors obtained for the PND data 

are better. Even though these phase fractions were not consistent, this did not have any 

bearing on subsequent synthesis of β-Li3N (as shown in Section 3.3.3). 

Li (1) and N (1) were varied anisotropically however Li (2) could only be varied 

isotropically. Unlike α-Li3N, which contains close to 3% vacancies at room temperature, 3 

data showed that both alpha and beta phases of the commercial material do not contain 

vacancies; the fractional occupancy of the Li atoms does not vary from 1. Atomic positions 

and anisotropic temperature factors are displayed in Table 3-22 and Table 3-23 for α-Li3N 

and β-Li3N respectively. The interatomic distances and bond angles generated from 

Rietveld refinement of sample 18 are displayed in Table 3-24 and Table 3-25 respectively. 
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Table 3-22: Atom positions and anisotropic temperature factors for the PND Rietveld 

refinement of the alpha polymorph of Li3N in the commercial material at 293 K. 

Atom Li (1) Li (2) N 

site 1b 2c 1a 

x 0 0.3333 0 

y 0 0.6667 0 

z 0.5 0 0 

100 x Uiso / Å2 - 1.90 (5) - 

100 x U11 / Å2 1.93 (8) - 0.92 (2) 

100 x U22 / Å2 1.93 (8) - 0.92 (2) 

100 x U33 / Å2 0.05 (9) - 1.49 (3) 

100 x U12 / Å2 0.97 (4) - 0.46 (1) 

100 x U13 / Å2 0 - 0 

100 x U23 / Å2 0 - 0 

Occupancy 1.00 1.00 1.00 
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Table 3-23: Atom positions and anisotropic temperature factors for the PND Rietveld 

refinement of the beta polymorph of Li3N in the commercial material at 293 K. 

Atom Li (1) Li (2) N 

Site 2b 4f 2c 

x 0 0.3333 0.3333 

y 0 0.6667 0.6667 

z 0.25 0.5782 (4) 0.25 

100 x Uiso / Å2 - 2.09 (5) - 

100 x U11 / Å2 0.93 (7) - 1.06 (2) 

100 x U22 / Å2 0.93 (7) - 1.06 (2) 

100 x U33 / Å2 1.97 (16) - 0.97 (3) 

100 x U12 / Å2 0.46 (4) - 0.529 (9) 

100 x U13 / Å2 0 - 0 

100 x U23 / Å2 0 - 0 

Occupancy 1.00 1.00 1.00 

Table 3-24: Interatomic distances generated by PND Rietveld refinement of sample 18 

(293 K). 

Interatomic 
Distance / Å α-Li3N β-Li3N 

2x Li1-N1 1.93667 (10) 2.06076 (8) 

6x Li2-N1 2.10521 (7) (3x) 2.0814 (25) 

Li1-Li2 2.86052 (8) 2.9287 (18) 
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Table 3-25: Bond angles generated by PND Rietveld refinement of sample 18.  

Angle / o α-Li3N β-Li3N 

N1-Li1-N1 4x 180.0 (0) 
2x120.00 (0) 

2x119.99 (0) 

Li1-N1-Li2 4x 90.0 (0) 

2x 90.00 (0) 

4x 63.77 (1) 

4x 63.76 (1) 

Li2-N1-Li2 4x 60.0 (0) 
2x 117.87 (5) 

2x 62.13 (5) 

 

3.3.5.2  PND variable temperature measurements on β-Li3N 

In order to understand the structural behaviour of the beta polymorph of Li3N at variable 

temperatures, a PND study was conducted on POLARIS at ISIS. The data collected from 

the PND investigation (samples 19-27) were analysed using the Rietveld method. Selected 

Rietveld refinement data is presented in Table 3-26 and Figure 3-20, Figure 3-21 and 

Figure 3-22 show the observed, calculated and difference (OCD) plots for sample 19. Data 

for this sample was collected at 4.2 K for the 145o, 90o and 35o detector banks. 
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Table 3-26: Selected Rietveld refinement data from the PND Rietveld refinement of sample 

19 (β-Li3N at 4.2 K).  

Empirical Formula β-Li3N 

Collection Temperature / K 4.2 

Space Group Hexagonal 

Crystal system P63/mmc 

Lattice parameters / Å a = 3.5550 (3) 

 c = 6.3356 (6) 

V / Å 3 69.34 (1) 

Z 2 

Unit cell formula weight, Mw 69.660 

Density / g/cm3 1.668 

No. of varied parameters 28 

No. of observations 11202 

Rwp 0.0155 

Rp 0.0276 

χ 2 4.296 
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Figure 3-20: Observed, calculated and difference (OCD) plot from the PND Rietveld 
refinement of sample 19 (β-Li3N at 4.2 K) from PND data, 145o (C) bank.  

The black tickmarks indicate reflections from β-Li3N. The black circles represent reflections 

from α-Li3N and the black triangles represent reflections from the cryofurnace, both of 

which have been excluded. 

 

Figure 3-21: Observed, calculated and difference (OCD) plot from the PND Rietveld 

refinement of sample 19 (β-Li3N at 4.2 K) from PND data, 90o (E) bank.  
The black tickmarks indicate reflections from β-Li3N. The black circles represent reflections 

from α-Li3N and the black triangles represent reflections from the cryofurnace, both of 

which have been excluded. 
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Figure 3-22: Observed, calculated and difference (OCD) plot from the PND Rietveld 

refinement of sample 19 (β-Li3N at 4.2 K) from PND data, 35o (A) bank.  

The black tickmarks indicate reflections from β-Li3N. The black circle represents a reflection 

from α-Li3N which has been excluded. 

A small amount of α-Li3N present in the starting material however this phase could not be 

fitted in the refinement as the intensity of the peak was too small and therefore the 

reflections were excluded as illustrated in Figure 3-20, Figure 3-21 and Figure 3-23. 

Complications arose when Rietveld refinements were carried out on these data due to 

particle size broadening of the material after ball milling.  

The lattice parameters obtained, a = 3.5550 (3) Å and c = 6.3356 (6) Å vary slightly from 

those reported in the literature by Biester et al (a = 3.552 (1) Å and c = 6.311 (3) Å) 6 and 

by Huq et al (a = 3.5556 (1) Å and c = 6.3207 (4) Å). 4 Due to the fact that the 

experimental values (of sample 19) were obtained at 4.2 K and those reported in the 

literature were obtained at 293 K, it is surprising that the refined lattice parameters are 

comparable. At lower temperatures, it would have been expected that the lattice parameters 

would be much smaller than reported however the accuracy of the experimental values is 

questionable due to the relatively poor fit of data obtained. 

From the refinement, atomic positions, Wyckoff sites and anisotropic temperature factors 

were obtained and are displayed in Table 3-27. Of the atomic positions, only that of Li (2) 

could be varied within the symmetry of the space group and the fractional occupancies did 

not vary. The interatomic distances and bond angles generated from Rietveld refinement of 

sample 19 are displayed in Table 3-28 and Table 3-29. 
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Table 3-27: Atom positions and anisotropic temperature factors generated by PND Rietveld 

refinement of sample 19 (4.2 K). 

Atom Li (1) Li (2) N 

Site 2b 4f 2c 

x 0 0.3333 0.3333 

y 0 0.6667 0.6667 

z 0.25 0.5784 (3) 0.25 

100 x Uiso / Å2 - 1.77 (4) - 

100 x U11 / Å2 1.79 (7) - 1.37 (1) 

100 x U22 / Å2 1.79 (7) - 1.37 (1) 

100 x U33 / Å2 2.94 (16) - 1.51 (2) 

100 x U12 / Å2 0.90 (3) - 0.684 (7) 

100 x U13 / Å2 0 - 0 

100 x U23 / Å2 0 - 0 

Occupancy 1.00 1.00 1.00 

Table 3-28: Interatomic distances generated by PND Rietveld refinement of sample 19 

(4.2 K). 

Interatomic Distance / Å β-Li3N 

2x Li1-N1 2.0526 (2) 

3x Li2-N1 2.0804 (18) 

Li1-Li2 2.9225 (13) 
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Table 3-29: Bond angles generated by PND Rietveld refinement of sample 19 (4.2 K). 

Angle / o β-Li3N 

N1-Li1-N1 
4x 120.00 (0) 

2x 119.99 (0) 

Li1-N1-Li2 

2x 89.99 (0) 

4x 63.78 (1) 

4x 63.77 (1) 

Li2-N1-Li2 
2x 117.92 (4) 

2x 62.09 (4) 

 

Selected Rietveld refinement data for sample 22 is presented in Table 3.30 and Figure 

3-23, Figure 3-24 and Figure 3-25 show the observed, calculated and difference (OCD) 

plots. Data was collected at 100 K for the 145o, 90o and 35o detector banks. As is true for 

data collected at 4.2 K, only the β-polymorph of Li3N could be fitted at this temperature 

whilst maintaining refinement stability. The lattice parameters reported in Table 3-30 are 

consistent with the data collected in this work, i.e. as the temperature increases, the lattice 

parameters increase but the values differ from those reported in the literature, a = 3.552 (1) 

Å and c = 6.311 (3) Å. 6 Table 3-31 displays the temperature factors which were refined 

anisotropically for Li (1) and N (1) however Li (2) could only be refined isotropically. The 

interatomic distances and bond angles generated from Rietveld refinement of sample 22 

are displayed in Table 3-32 and Table 3-33. 
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Table 3-30: Selected Rietveld refinement data from the PND Rietveld refinement of sample 

22 (β-Li3N at 100 K).  

Empirical Formula β-Li3N 

Collection Temperature / K 100 

Space Group P63/mmc 

Crystal system Hexagonal 

Lattice parameters / Å a = 3.5552 (2) 

 c = 6.3395 (5) 

V / Å 3 69.394 (8) 

Z 2 

Unit cell formula weight, Mw 69.660 

Density / g/cm3 1.667 

No. of varied parameters 28 

No. of observations 12471 

Rwp 0.0124 

Rp 0.0225 

χ 2 2.659 

 
  



 

115 
 

 

Figure 3-23: Observed, calculated and difference (OCD) plot from the PND Rietveld 

refinement of sample 22 (β-Li3N at 100 K) from PND data, 145o (C) bank.  

The black tickmarks indicate reflections from β-Li3N. The black triangles represent 

reflections from the sample environment and the black circle represents a reflection from α-

Li3N, both of which have been excluded. 

 

Figure 3-24: Observed, calculated and difference (OCD) plot from the PND Rietveld 

refinement of sample 22 (β-Li3N at 100 K) from PND data, 90o (E) bank.  

The black tickmarks indicate reflections from β-Li3N. The black triangle represents 

reflections from the sample environment and the black circle represents a reflection from α-
Li3N, both of which have been excluded. 
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Figure 3-25: Observed, calculated and difference (OCD) plot from the PND Rietveld 

refinement of sample 22 (β-Li3N at 100 K) from PND data, 35o (A) bank.  

The black tickmarks indicate reflections from β-Li3N. The black circle represents a reflection 
from α-Li3N which has been excluded. 

 

Table 3-31: Atom positions and anisotropic temperature factors generated by PND Rietveld 

refinement of sample 22 (100 K). 

Atom Li (1) Li (2) N 

Site 2b 4f 2c 

x 0 0.3333 0.3333 

y 0 0.6667 0.6667 

z 0.25 0.5796 (2) 0.25 

100 x Uiso / Å2 - 1.81 (3) - 

100 x U11 / Å2 1.08 (5) - 1.013 (9) 

100 x U22 / Å2 3.16 (5) - 2.065 (9) 

100 x U33 / Å2 3.55 (14) - 1.45 (2) 

100 x U12 / Å2 1.58 (3) - 1.033 (5) 

100 x U13 / Å2 0 - 0 

100 x U23 / Å2 0 - 0 

Occupancy 1.00 1.00 1.00 
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Table 3-32: Interatomic distances generated by PND Rietveld refinement of sample 22 

(100 K). 

Interatomic Distance / Å β-Li3N 

2x Li1-N1 2.0527 (1) 

3x Li2-N1 2.0893 (15) 

Li1-Li2 2.9287 (10) 

Table 3-33: Bond angles generated by PND Rietveld refinement of sample 22 (100 K). 

Angle / o β-Li3N 

N1-Li1-N1 
4x 120.00 (0) 

2x 119.99 (0) 

Li1-N1-Li2 

2x 89.99 (0) 

4x 63.74 (8) 

4x 63.73 (8) 

Li2-N1-Li2 
2x 117.76 (3) 

2x 62.24 (3) 

 

Further data were collected at 200, 300, 400, 500 (see appendix) and 600 K. At 600 K, the 

sample is composed of both the alpha and beta polymorphs of Li3N. Biester et al reported 

that β-Li3N can be converted into α-Li3N at temperatures above 473 K. 6 In previous PND 

studies carried out by Gregory et al, phase conversion was not evident until a temperature 

of 600 K was reached. 14 At 600 K, sample 27 consisted of 40.448 (4) % of the alpha 

polymorph. The lattice parameters for this phase are larger than those reported in the 

literature by Gregory et al (a = 3.6576 (1) Å and c = 3.8735 (1) Å at 293 K) 3 since the 

data collected in this work are at a higher temperature. Furthermore, the lattice parameters 

obtained for the beta polymorph of sample 27 were also larger than those reported by both 

Beister et al (a = 3.552 (1) Å and c = 6.311 (3) Å) and Huq et al (a = 3.5556 (1) Å and 

c = 6.3207 (4) Å). 4, 6 The values stated for the aforementioned authors were obtained at 

room temperature therefore the increase in lattice parameters observed at 600 K is not 

unexpected due to the fact that thermal expansion occurs as temperature increases. At 600 

K, the crystallinity of the sample was enhanced and therefore the fitting of the peak shape 

was slightly less problematic hence the overall fit of the experimental data was better than 

in comparison to that at lower temperatures. 
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Figure 3-26, Figure 3-27 and Figure 3-28 show the observed, calculated and difference 

(OCD) plots for sample 27. Data was collected at 600 K for the 145o, 90o and 35o detector 
banks. Selected refinement data are shown in Table 3.34 and atomic positions and 

anisotropic temperature factors are presented for α-Li3N and β-Li3N in Table 3-35 and  

Table 3-36 respectively. The interatomic distances and bond angles generated from 

Rietveld refinement of sample 27 are displayed in Table 3-37 and Table 3-38. 

Table 3-34: Selected Rietveld refinement data from the PND Rietveld refinement of sample 

27 (α-Li3N at 600 K).  

Empirical Formula α-Li3N β-Li3N 

Collection temperature (K) 600 

Crystal system Hexagonal Hexagonal 

Space Group P6/mmm P63/mmc 

Lattice parameters a = 3.6800 (2) a = 3.5986 (2) 

 c = 3.8837 (2) c = 6.4000 (4) 

V / Å 3 45.549 (4) 71.776 (6) 

Z 1 2 

Unit cell formula weight, Mw 34.830 69.660 

Density (g/cm3) 1.270 1.612 

wt. % 40.448 (4) 59.552 (4) 

No. of varied parameters 42 

No. of observations 11499 

Rwp 0.0117 

Rp 0.0223 

χ2 2.063 
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Figure 3-26: Observed, calculated and difference (OCD) plot from the PND Rietveld 

refinement of sample 27 (600 K) from PND data, 145o (C) bank.  

The red tickmarks indicate reflections from β-Li3N and the black tickmarks indicate 

reflections from α-Li3N. 

 

Figure 3-27: Observed, calculated and difference (OCD) plot from the PND Rietveld 

refinement of sample 27 (600 K) from PND data, 90o (E) bank. 

The red tickmarks indicate reflections from β-Li3N and the black tickmarks indicate 

reflections from α-Li3N. 
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Figure 3-28: Observed, calculated and difference (OCD) plot from the PND Rietveld 

refinement of sample 27 (600 K) from PND data, 35o (A) bank.  

The red tickmarks indicate reflections from β-Li3N and the black tickmarks indicate 

reflections from α-Li3N. 

 
Table 3-35: Atom positions and anisotropic temperature factors for the α-phase of Li3N in 

sample 27 generated by PND Rietveld refinement (600 K). 

Atom Li (1) Li (2) N 

Site 1b 2c 1a 

x 0 0.3333 0 

y 0 0.6667 0 

z 0.5 0 0 

100 x Uiso / Å2 - 3.0 (1) - 

100 x U11 / Å2 4.6 (2) - 2.15 (3) 

100 x U22 / Å2 4.6 (2) - 2.15 (3) 

100 x U33 / Å2 0.5 (2) - 3.02 (6) 

100 x U12 / Å2 2.28 (9) - 1.07 (2) 

100 x U13 / Å2 0 - 0 

100 x U23 / Å2 0 - 0 

Occupancy 1.00 1.00 1.00 
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Table 3-36: Atom positions and anisotropic temperature factors for the β-phase of Li3N in 

sample 27 generated by PND Rietveld refinement (600 K). 

Atom Li (1) Li (2) N 

Site 2b 4f 2c 

x 0 0.3333 0.3333 

y 0 0.667 0.6667 

z 0.25 0.5800 (4) 0.25 

100 x Uiso / Å2 - 3.87 (7) - 

100 x U11 / Å2 3.3 (1) - 2.30 (2) 

100 x U22 / Å2 3.3 (1) - 2.30 (2) 

100 x U33 / Å2 2.2 (2) - 2.25 (4) 

100 x U12 / Å2 1.64 (6) - 1.15 (1) 

100 x U13 / Å2 0 - 0 

100 x U23 / Å2 0 - 0 

Occupancy 1.00 1.00 1.00 

 

Table 3-37: Interatomic distances generated by PND Rietveld refinement of the alpha and 

beta phases of Li3N in sample 27 (600 K). 

Interatomic Distance / Å α-Li3N β-Li3N 

2x Li1-N1 1.9419 (1) 2.07776 (8) 

3x Li2-N1 2.124476 (9) 2.112 (3) 

Li1-Li2 2.8785 (1) 2.962 (2) 
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Table 3-38: Bond angles generated by PND Rietveld refinement of the alpha and beta 

phases of Li3N in sample 27 (600K). 

Angle / o α-Li3N β-Li3N 

N1-Li1-N1 4x 180.0 (0) 
4x 120.00 (0) 

2x119.99 (0) 

Li1-N1-Li2 4x 95.146 (4) 

2x 89.99 (0) 

4x 63.71 (2) 

4x 63.70 (2) 

Li2-N1-Li2 4x 79.474 (3) 
2x 117.64 (6) 

2x 62.35 (6) 

 

A comparison of the interatomic distances of Li(1)-N, Li(2)-N and Li(1)-Li(2) are shown 

in Figure 3-29. Rietveld refinements were performed on all data collected and these data 

are presented in the appendix. The bond lengths are generally consistent with thermal 

expansion however at temperatures below 50 K, a subtle negative thermal expansion effect 

occurs (also refer to Appendix). This NTE effect is likely to be due to the Li(1)-N bond 

which contracts at 15 K before expanding again as the temperature increases. This finding 

was confirmed by analysis of the lattice parameters at variable temperatures (refer to 

Figure 3.34). Contraction of solids as temperature increases seems uncharacteristic and it 

would be sensible that as the temperature increases, atoms would need more space to 

vibrate therefore positive thermal expansion would result based on anharmonicity. 28 The 

vibration of atoms along a line connecting anharmonic pair potentials can be used to 

explain positive thermal expansion since, on an increase of temperature, there is an 

increase in the mean distance between the atoms. In contrast, if negative thermal expansion 

occurs then the mean distance of the two atoms tends to decrease therefore contraction of 

the solid occurs. 
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Figure 3-29: Comparison of the interatomic distances generated by Rietveld refinement of β-

Li3N with varying temperature (samples 19-27). 

3.3.5.3 In-situ PND variable temperature measurements under D2 

The second PND experiment carried out involved an investigation of the interaction 

between β-Li3N and gaseous D2 to compare observed structural changes against 

temperature and as a given amount of D2 is reacted with the sample. The proposed 

mechanism is shown in Equation 1.  

Li3N + 2D2 → Li2ND +LiD + D2 → LiND2 + 2LiD   (1) 

Li+ vacancies within α-Li3N were reported by Gregory et al 3 and are responsible for high 

Li+ conductivity 29 and Li+ conductivity is also exceptional in β-Li3N (2.085 x 10-4 S cm-1). 
30 It is also likely that these Li+ vacancies are a significant contributor to H+ transport. In 

order to investigate if a (potential) defect structure, and therefore its likely significance as a 

H+ transporter, exists within the beta polymorph of Li3N, it is essential to understand the 

reaction that occurs between this polymorph and hydrogen (deuterium). An initial INS 

study was conducted on the uptake of hydrogen in Li3N which revealed a result of negative 

thermal expansion. 14 A follow-up PND experiment was performed on α-Li3N and 

commercial Li3N, both of which exhibited negative thermal expansion below 50 K in 

agreement with the results of the preceding INS experiment. As a consequence of the 

previous discovery using PND, it was sensible to perform the study over a variable 
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temperature range (4.2, 15, 50, 100, 200, 300, 400, 500 and 600 K) to observe if the same 

trend emerged.  

Structural refinement using the Rietveld method was employed for each data set collected. 

The observed, calculated and difference (OCD) plot for data collected at 4.2 K for the 90o 

bank is displayed in Figure 3-30. In comparison to the data collected in the absence of 

gaseous D2, it was not necessary to fit the peak profiles using GSAS function 4, Stephen’s 

broadening. 

At temperatures below 50 K, solid deuterium was present in the samples corresponding to 

the space group P63/mmc. The presence of D2 reflections was due to the solidification of 

D2 at 4.2 and 15 K under a pressure of 10 bar. Solidification of D2 at approximately 18 K 

under a pressure of 3-4 bar was reported by Demin et al therefore the observation of clear 

Bragg reflections of D2 is perfectly feasible at the temperatures and pressure stated. 31 The 

lattice parameters obtained from the Rietveld refined data (a = 3.6082 (8) Å and c = 5.888 

(2) Å) were in agreement with those reported by Schuch and Mills (a = 3.600 (4) Å and 

c = 5.858 (7) Å). 32 The refinement model and lattice parameters (Table 3-39) obtained for 

the beta phase is in agreement with the published structure. 6 The temperature factors for 

each atom could not be varied anisotropically which may be due to the instability of the 

structure at these low temperatures (Table 3-40 and Table 3-41). The interatomic distances 

and bond angles generated from Rietveld refinement of sample 28 are displayed in Table 

3-42 and Table 3-43. 

 
  



 

125 
 

Table 3-39: Selected Rietveld refinement data from the PND Rietveld refinement of sample 

28, β-Li3N under D2 gas at 4.2 K.  

Empirical Formula β-Li3N D2 

Collection Temperature / K 4.2 

Crystal system Hexagonal Hexagonal 

Space Group P63/mmc P63/mmc 

Lattice parameters / Å a = 3.5477 (7) a = 3.6082 (8) 

 c = 6.345 (2) c = 5.888 (2) 

V / Å 3 69.16 (3) 66.38 (3) 

Z 2 1 

Unit cell formula weight, Mw 69.66 4.028 

Density / g/cm3 1.672 0.101 

wt. % 91.835 (3) 8.165 (3) 

No. of varied parameters 15 

No. of observations 3964 

Rwp 0.0258 

Rp 0.0476 

χ 2 1.289 
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Figure 3-30: Observed, calculated and difference (OCD) plot from the PND Rietveld 

refinement of sample 28 (β-Li3N under D2 gas at 4.2 K) from PND data, 90o (E) bank.  

The black tickmarks indicate reflections from β-Li3N and the red tickmarks indicate D2. 
 

Table 3-40: Atom positions and isotropic temperature factors for sample 28 generated by 

PND Rietveld refinement (4.2 K). 

Atom Li (1) Li (2) N 

site 2b 4f 2c 

x 0 0.3333 0.3333 

y 0 0.6667 0.6667 

z 0.25 0.5678 (12) 0.25 

100 x Uiso / Å2 0.2 (2) 0.5 (1) 0.07 (2) 

Occupancy 1.00 1.00 1.00 
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Table 3-41: Atom positions and isotropic temperature factors for the D2 phase of sample 28 

generated by PND Rietveld refinement (4.2K). 

Atom D 

Site 2c 

x 0.3333 

y 0.6667 

z 0.25 

100 x Uiso / Å2 3.9 (2) 

Occupancy 1.00 

Table 3-42: Interatomic distances generated by PND Rietveld refinement of sample 28 

(4.2 K). 

Interatomic Distance / Å β-Li3N 

2x Li1-N1 2.0481 (4) 

3x Li2-N1 2.016 (8) 

Li1-Li2 2.874 (6) 

Table 3-43: Bond angles generated by PND Rietveld refinement of sample 28 (4.2 K). 

Angle / o β-Li3N 

N1-Li1-N1 
4x 120.00 (1) 

2x 119.99 (1) 

Li1-N1-Li2 

2x 90.00 (0) 

4x 64.19 (5) 

4x 64.18 (5) 

Li2-N1-Li2 
2x 119.4 (2) 

2x 64.19 (5) 
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By a collection temperature of 50 K, D2 was no longer present in diffraction patterns (see 

appendix). Selected refinement data are presented in Table 3-44 and Figure 3-31 displays 

the observed, calculated and difference (OCD) plots for sample 31. Data were collected 

from the 90o detector bank. At this temperature, the only phase present was β-Li3N. 

Anisotropic temperature factors for this TOF PND refinement are shown in Table 3-45. 

The interatomic distances and bond angles generated from Rietveld refinement of sample 

31 are displayed in Table 3-46 and Table 3-47. 

Table 3-44: Selected Rietveld refinement data from the PND Rietveld refinement of sample 

31 (β-Li3N under D2 gas at 100 K).  

Empirical Formula β-Li3N 

Collection Temperature / K 100 

Crystal system Hexagonal 

Space Group P63/mmc 

Lattice parameters / Å A = 3.5499 (8) 

 c = 6.332 (2) 

V / Å 3 69.11 (3) 

Z 2 

Unit cell formula weight, Mw 69.660 

Density (gm/cm3) 1.674 

No. of varied parameters 13 

No. of observations 3567 

Rwp 0.0205 

Rp 0.0211 

χ 2 1.094 
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Figure 3-31: Observed, calculated and difference (OCD) plot from the PND Rietveld 

refinement of sample 31 (β-Li3N under D2 gas at 100 K) from PND data, 90o (E) bank.  

The black tickmarks indicate reflections from β-Li3N. The black triangle represents 

reflections from the sample environment which has been excluded. 

 
Table 3-45: Atom positions and anisotropic temperature factors for sample 31 generated by 

PND Rietveld refinement (100 K). 

Atom Li (1) Li (2) N 

Site 2c 4f 2c 

x 0 0.3333 0.3333 

y 0 0.6667 0.6667 

z 0.25 0.5712 (10) 0.25 

100 x U11 / Å2 1.79 (16) 3.57 (16) 1.71 (4) 

100 x U22 / Å2 1.79 (16) 3.57 (16) 1.71 (4) 

100 x U33 / Å2 1.23 (27) 0.87 (23) 1.90 (7) 

100 x U12 / Å2 0.90 (8) 1.79 (8) 0.85 (2) 

100 x U13 / Å2 0 0 0 

100 x U23 / Å2 0 0 0 

Occupancy 1.00 1.00 1.00 
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Table 3-46: Interatomic distances generated by PND Rietveld refinement of sample 31 

(100 K). 

Interatomic Distance / Å β-Li3N 

2x Li1-N1 2.0497 (4) 

3x Li2-N1 2.0265 (6) 

Li1-Li2 2.8821 (5) 

Table 3-47: Bond angles generated by PND Rietveld refinement of sample 31 (100 K). 

Angle / o β-Li3N 

N1-Li1-N1 
4x 120.00 (0) 

2x 119.99 (0) 

Li1-N1-Li2 

2x 90.00 (0) 

4x 63.74 (8) 

4x 63.73 (8) 

Li2-N1-Li2 
2x 117.76 (3) 

2x 62.24 (3) 

 

At 500 K (data displayed in appendix), approximately 60 % of sample 35 was composed of 

β-Li3N however the remainder of the sample had begun to react with D2 (g) leading to the 

formation of LiND2 which crystallises in the I-4 space group and LiD which crystallises in 

the cubic Fm-3m space group. From the data collected, there is no evidence of Li2ND 

present at any stage during the reaction. Perhaps if data had been collected at additional 

temperatures between 400 and 500 K then a presence of Li2ND may have been observed 

throughout this range. 

On increasing the temperature to 600 K, sample 36 had fully converted to LiND2 (~ 56 %) 

and LiD (~ 43 %). Selected Rietveld refinement data are presented in Table 3-48 and the 

observed, calculated and difference (OCD) plot for data collected at 600 K in the 90o bank 

is shown in Figure 3-32. 
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Table 3-48: Selected Rietveld refinement data from the PND Rietveld refinement of sample 

36 (β-Li3N under D2 gas at 600 K).  

Empirical Formula LiND2 LiD 

Collection Temperature / K 600 

Crystal system Tetragonal Cubic 

Space Group I -4 Fm-3m 

Lattice parameters / Å a = 5.0949 (5) a = 4.1213 (2) 

 c = 10.3159 (1) - 

V / Å 3 267.78 (5) 70.003 (7) 

Z 8 4 

Unit cell formula weight, Mw 199.808 35.820 

Density (g/cm3) 1.239 0.850 

wt. % 56.85 (1) 43.15 (1) 

No. of varied parameters 19 

No. of observations 4078 

Rwp 0.0173 

Rp 0.0326 

χ 2 0.6193 

 



 

132 
 

 

Figure 3-32: Observed, calculated and difference (OCD) plot from the PND Rietveld 

refinement of sample 36 (β-Li3N under D2 gas at 600 K) from PND data, 90o (E) bank.  

The blue tickmarks indicate reflections from LiD and black tickmarks indicate LiND2. 

The lattice parameters obtained from Rietveld refinement for LiND2 and LiD of sample 36 

are shown in Table 3-48. In comparison to the lattice parameters reported by Sorby et al (a 

= 5.03164 (8) Å and c = 10.2560 (2) Å), 33 those reported in this work are larger however 

this is not unexpected due to the fact that the lattice parameters in this work are reported at 

600 K, which is higher than the temperature stated in the literature. In regards to LiD, the a 

lattice parameter obtained from Rietveld refinement of the experimental data is also larger 

than that reported by Zintl and Harder (a = 4.065 (1) Å). 34 At these higher temperatures, 

only the isotropic temperature factors could be varied (Table 3-49 and Table 3-50). 

Interatomic distances generated from Rietveld refinement of data collected for sample 36 

are presented in Table 3-51 (further details on interatomic distances and bond angles are 

also reported in the appendix). 
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Table 3-49: Atom positions and isotropic temperature factors for LiND2 in sample 36 

generated by PND Rietveld refinement (600 K).  
(NB. The values without errors are fixed values). 

Atom Li (1) Li (2) Li (3) N (1) D (1) D (2) 

Site 2a 2d 4f 8g 8g 8g 

x 0 0 0 0.2298 0.2260 0.370 (3) 

y 0 0.50 0.50 0.2470 0.1328 0.357 (4) 

z 0 0.25 0.001 0.1147 0.1905 0.141 (1) 

100 x Uiso / Å2 3.2 (3) 1.8 (3) 1.8 (3) 2.44 (7) 5.5 (2) 5.5 (2) 

Occupancy 1.00 1.00 1.00 1.00 1.00 1.00 

Table 3-50: Atom positions and isotropic temperature factors for LiD in sample 36 generated 

by PND Rietveld refinement (600 K). 

Atom Li D 

Site 4a 4b 

x 0 0.5 

y 0 0.5 

z 0 0.5 

100 x Uiso / Å2 2.0 (1) 3.25 (7) 

Occupancy 1.00 1.00 

Table 3-51: Interatomic distances generated by PND Rietveld refinement of sample 36 
(600 K). 

Interatomic Distance / Å LiND2 

4x Li1-Li3 2.5475 (3) 

4x Li1-N1 2.0868 (2) 

4x Li1-D1 2.3760 (2) 

 

With regard to Figure 3-33, an effect of negative thermal expansion (NTE) is evident at 50 

K in the β-Li3N/D2 experiment. It is evident from Figure 3.33 that the NTE effect is greater 

where D2 is present than in comparison to the subtle effect in the β-Li3N variable 

temperature experiment. Furthermore, the temperature at which the negative thermal 
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expansion occurs varies between the PND experiments; in the first experiment, performed 

in the absence of D2, NTE occurs at 15 K and where D2 is present, NTE occurs at 50 K. It 

is possible that the presence of solid D2 at 4.2 and 15 K inhibits NTE and since D2 is no 

longer present as a solid at 50 K, the NTE effect therefore occurs at this temperature.      

 

Figure 3-33: Comparison of interatomic distances with increasing temperature (samples 28-

36). 

Although negative thermal expansion is evident on comparison of the bond distances, the 

argument is confirmed by comparison of the lattice parameters in the presence and absence 

of D2 (Figure 3-34) and is therefore in agreement with the findings stated above. The 

results obtained from both PND experiments highlight the fact that as the temperature 

increases from 4.2 to 15 K (with regards to the experiment conducted under the absence of 

D2(g)) and 15 K to 50 K (with regards to the experiment conducted in the presence of D2(g)), 

the lattice contracts slightly. 

On the heating of samples 19 and 20, in the absence of D2(g), thermal expansion occurs 

along on the a axis however the effect is very subtle in this case. In comparison, when β-

Li3N is heated under the presence of D2(g), a more prominent negative thermal expansion 

effect is evident which occurs along the c axis. When reaching a temperature of 50 K, the 

lattice increases in size as a result of thermal expansion. On analysis of the interatomic 

distances obtained from the Rietveld refinements of the data collected during the 
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experiment involving only β-Li3N, it is the Li(1)-N bond that contracts between 4.2 and 

15 K, indicative of an effect of negative thermal expansion. With regards to the in-situ 

experiment involving β-Li3N and D2(g), at 50 K, it is the Li(1)-Li(2) bond distance that 

contracts therefore exhibiting negative thermal expansion before the bond begins to expand 

at higher temperatures.  

Due to the hexagonal symmetry adopted by the lithium nitride structure, varying 

temperatures caused anisotropic thermal stress. This is closely related to the elastic 

properties of the material. The negative thermal expansion results obtained from the 

powder neutron diffraction data of β-Li3N are in agreement with the data collected for both 

α-Li3N and the commercial material. 14 Figure 3-34 illustrates the effect described above. 

 

Figure 3-34: Variation of lattice parameters with temperature, generated by Rietveld 

refinement, in the absence and presence of D2 with 3-sigma error bars. 

With regard to the difference in lattice parameters between the β-Li3N and β-Li3N/D2, the 

values generated by Rietveld refinement differ. For the experiment focussing solely on the 

structure of β-Li3N at variable temperature, the lattice parameters were consistently larger 

than those obtained for the β-Li3N/D2 experiment. The presence of D2(g) would appear to 

inhibit expansion of the bonds within β-Li3N which is evident from the interatomic 

distances generated by Rietveld refinement (see appendix) and this factor therefore has a 

subsequent effect on the lattice parameters. In order to reach a definitive conclusion 
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regarding the effect of D2(g) on the structure of β-Li3N, repeating the experiment using an 

inert gas, such as Ar(g), instead of D2(g) would possibly indicate whether the likely 

inhibition of lattice expansion is only a function of pressure or if the D2(g) is in some other 

way affecting the structure. 

It should be noted that, to-date, there have been no reports of NTE occurring in Li3N with 

the exception of previous works on α-Li3N and commercial Li3N. 14 However, with regard 

to other compounds, literature reporting the effects of NTE is vast, for example, strong 

NTE has been reported in structures such as ZrW2O8 and HfW2O8 from low temperatures 

(0.3 K) up to their decomposition temperatures of approximately 1050 K. 35 Furthermore, 

antiperovskite manganese nitrides, e.g. Mn3(Cu0.6SixGe0.4−x)N, (x = 0 - 0.2) exhibit NTE 

from 80 to 300 K. 36 

3.4 Conclusions 

Successful synthesis of β-Li3N from laboratory synthesised α-Li3N and the commercial 

material by ball milling was performed. Subsequent PXD experiments were carried out to 

confirm the composition of the material before performing PND experiments where 

commercial Li3N was used as the starting material. Furthermore, by employment of high 

pressures aided by a temperature of 523 K on laboratory synthesised α-Li3N results in the 

formation of a more crystalline sample of β-Li3N in comparison to that obtained by ball 

milling. 

Structural investigations on β-Li3N have been carried out using powder X-ray diffraction 

and powder neutron diffraction. The structure of the beta polymorph, 6 which crystallises 

in the P63/mmc was refined against a starting model proposed by Biester et al. 6 The initial 

variable temperature PND experiment confirmed that the beta polymorph can be 

transformed back to the alpha polymorph at a temperature of 600 K, and the lattice 

parameters obtained were consistent with those reported in the literature initially by Zintl 

and Brauer 5 and then by Rabenau and Schulz. 8 On refining the data collected in the initial 

PND experiment, fitting the experimental model proved problematic due to particle size 

broadening which occurred when synthesising the material by ball milling. To 

accommodate this, Stephen’s broadening (peak profile function 4 of GSAS) was 

employed. 

The subsequent PND experiment involving the study of β-Li3N with gaseous D2 

highlighted the point that at temperatures below 50 K, solid D2 (space group - P63/mmc) 

was present.  Between 50 and 400 K, the only phase present was β-Li3N. On reaching 500 

and 600 K, LiND2 and LiD were present (space groups I-4 and Fm-3m respectively). It 
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should be noted that Li2ND was not observed at any point throughout analysis of the 

experimental data. The presence of LiND2 and LiD at such a temperature is in agreement 

with the literature. 37 With regards to the negative thermal expansion observed, especially 

in the presence of D2, this result is consistent with previous works of the group on the 

alpha polymorph and commercial material. 14 
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4 The Li-N-H system 

4.1 Introduction 

 Chen et al reported that Li3N shows promise as a hydrogen storage candidate which has 

the ability to reversibly store 11.5 wt. % of H2. 1 This process occurs via two exothermic 

steps (Equations 1 and 2):  

Li3N + H2 → Li2NH + LiH  ΔH = -165 kJ/mol H2   (1) 

Li2NH + H2 → LiNH2 + LiH  ΔH = -44.5 kJ/mol H2   (2) 

It has been suggested that the reaction pathway (Equations 1 and 2) demonstrated by Chen 

et al may be more complex than originally indicated. Weidner et al 2 and Bull et al 3 have 

suggested, by in-situ powder neutron diffraction experiments, the possibility of a pathway 

involving the formation of a minority phase, Li4NH. 4, 5 At sub-amibent pressures, the 

formation of LiH is suppressed elucidating to the pathway shown in Equation 3: 

2Li3N + H2 → Li4NH + Li2NH    (3) 

Marx had reported that during a solid state reaction between the products formed in Eq. 3 

at 450oC, a non-stoichiometric phase results which has a combination of N3-, H- and (NH)2- 

anions (Equation 4): 4 

(1-x)Li4NH + xLi2NH → Li4-2xN1-xH1-x(NH)x   (4) 

There are certain clear structural relationships between tetragonal Li4NH and cubic Li2NH. 

Li2NH adopts an anti-fluorite structure where the Li+ cations occupy the tetrahedral sites of 

the fcc lattice and the (NH)2- anions are positioned at the fcc sites. Lithium nitride hydride 

essentially comprises two anti-fluorite cells where the Li+ cations occupy the tetrahedral 

sites and N3- and H- anions are located on the face centred cubic (fcc) sites. The structural 

connections between Li2NH and Li4NH with regards to the position of the Li+ cations and 

the anions are illustrated in Figure 4-1. 
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Figure 4-1: Schematic of the structures of Li2NH and Li4NH. 

The idealised structure of Li4NH has the Li atoms remaining on their cubic sites in order to 

illustrate the structural similarities (Li+ - pink, N3- - blue and H+ - green).  

This chapter describes the synthesis of Li4NH both conventionally and by a novel route 

using microwaves. Thermogravimetric and differential thermal analyses were carried out 

on Li4NH and Li2NH samples. Variable temperature PND experiments were performed on 

Li4ND and Li2ND and a study of the interaction of Li4ND and Li2ND was carried out by 

in-situ PND.  

4.2 Experimental 

4.2.1 Synthesis of Lithium Nitride Hydride 

The conventional synthesis of Li4NH was investigated by a visiting summer student, 

Martina Huckova. Numerous reactions were performed to determine suitable reaction 

parameters for the synthesis of Li4NH. Temperature, duration, ratio of reactants and 

mixing method (e.g. manually or by mechanical ball milling) were varied in order to 

achieve the most appropriate reaction conditions. 

Lithium nitride hydride can be successfully synthesised both conventionally (under an 

argon atmosphere) and by microwave irradiation (under vacuum) by reacting Li3N and 

LiH/D (LiD was used for PND experiments) in a 1:1·1 ratio. For both methods of 

synthesis, the reactants were ground together under an argon atmosphere in a recirculating 

glove box and then pressed using a 13 mm pellet die for 30 minutes. When synthesising 
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the material conventionally, the pellet was transferred into a stainless steel crucible which 

was then placed in a stainless steel reaction vessel. The reaction vessel was sealed before 

removal from the glove box. Details of the reaction are presented in Table 4-1. 

Table 4-1: Summary of the reaction parameters employed during the synthesis of Li4NH 

using a conventional method 

Sample 
number 

Temperature 
(K) Time (hr) Conditions Results 

1 823 6 Ar(g) atmosphere, quenched Li4NH, Li2O 

 

The second synthetic method involved using microwave irradiation to obtain the desired 

product. A pellet, similar to that described above, was transferred into a silica glass tube 

under an argon atmosphere. The silica glass tube was sealed under vacuum using a glass 

blowing torch before being reacted in a CEM discover single mode microwave reactor. 

The power was set to 300 watts and the reaction took approximately 3.5 minutes to reach 

completion. 

The synthesis of Li4NH required strict reaction conditions and due to the novelty of this 

method, numerous reactions were carried out sequentially with varying parameters to 

achieve the most appropriate and suitable reaction conditions. In order to obtain the desired 

product, the importance of the atmosphere under which the reaction was conducted was 

investigated. Under an atmosphere of argon, Li4NH formed however un-reacted Li3N and 

LiH were still present. Further reaction parameters were altered including increasing the 

duration of irradiation of the sample (3 – 16 minutes) and the type of microwave reactor 

used, from a domestic microwave oven (DMO) to a single mode microwave reactor. When 

using the DMO reactor (Panasonic 4697 NN-TS53W), a molybdenum or graphite 

susceptor was employed to aid heating (a schematic of the set-up is displayed in Chapter 2, 

Figure 2-10). These factors did not encourage the formation of single phase Li4NH. 

Performing the experiment under a nitrogen atmosphere was avoided since the temperature 

of the microwave reactors cannot be measured accurately and reports in the literature 

suggest that Li4NH decomposes under this particular atmosphere to Li2NH at temperatures 

around 673 K. 4 

Numerous reactions were performed in order to ascertain the appropriate reaction 

conditions for synthesis of Li4NH. An overview of the varying experimental parameters 

are presented in Table 4-2. It should be noted that the reaction times stated in Table 4-2 

were not continuous; each reaction was stopped at various intervals to allow for cooling in 

attempts to avoid cracking of the silica glass tube. 
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Table 4-2: Summary of Li3N + LiH reactions using a domestic microwave oven (800 watts) 

Sample 
number 

 

Power 

Time 
(seconds) 

 

Conditions 

 

Results 

2 ‘Med/High’ 960 Ar(g) atmosphere LiH, α-Li3N 

3 ‘Medium’ 180 Ar(g) atmosphere, Iron susceptor Li4NH, α-
Li3N, LiH 

4 ‘Medium’ 70 Ar(g) atmosphere, Carbon 
(graphite) susceptor 

Li4NH, α-
Li3N, LiH 

5 ‘Med/High’ 480 Vacuum, Carbon (graphite) 
susceptor 

Li4NH, α-
Li3N, LiH 

6 ‘Medium’ 390 Vacuum, Carbon (graphite) 
susceptor 

Li4NH 

7 ‘Medium’ 360 Vacuum, Carbon (graphite) 
susceptor 

Li4NH 

8 ‘Medium’ 300 Vacuum, Carbon (graphite) 
susceptor 

Li4NH, α-
Li3N, LiH 

9 ‘High’ 240 Vacuum Li4NH, α-
Li3N, LiH 

 

Following the reaction conditions highlighted for samples 6 and 7, it was shown to be 

possible to synthesise single phase Li4NH. From the investigation, it was evident that when 

using a domestic microwave oven to synthesise single phase Li4NH, a susceptor was 

needed to aid heating and to permit the starting materials to fully react. Furthermore, 

conducting the reaction under vacuum was vital to the success of the reaction.  

One disadvantage of synthesising Li4NH using a domestic microwave oven was that the 

result was difficult to reproduce. Therefore an alternative method of synthesis using a 

single mode microwave reactor was developed. Using a single mode microwave reactor 

ensured that the microwaves are focussed directly at the material and therefore promoted 

the formation of single phase Li4NH. During successful reactions, purple plasma formed 

suggesting that Li3N was reacting evolving N2(g) and when the plasma could no longer be 

observed, this indicated that the reaction had reached completion (this is also true for 

reactions performed using a DMO). Details of the experimental parameters followed in 

attempt to synthesise Li4NH using a single mode microwave reactor are displayed in Table 

4-3. As stated previously, reaction times were not continuous; cooling intervals were 

introduced to avoid cracking of the silica glass tube. 
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Table 4-3: Summary of Li3N + LiH reactions using a single mode microwave reactor 

Reaction 
number 

Power 
(watts) 

Time 

(seconds) 

Conditions Results 

10 300 150 Ar(g) atmosphere Li4NH, α-
Li3N, LiH 

11 300 270 Ar(g) atmosphere Li4NH, α-
Li3N, LiH 

12 300 360 Under vacuum, pelletised 
material 

Failed 
reaction – 

cracked tube 

13 150 270 Under vacuum, pelletised 
material 

Li4NH, α-
Li3N, LiH 

14 250 270 Under vacuum, pelletised 
material 

Li4NH, α-
Li3N, LiH 

15 300 240 Under vacuum, pelletised 
material 

Li4NH 

16 300 180 Under vacuum, pelletised 
material 

Li4NH 

 

It was evident from PXD data collected for samples 15 and 16 that single phase Li4NH 

could be successfully synthesised; no reflections from α-Li3N or LiH were observed. Using 

this type of microwave reactor, the synthesis of Li4NH was more reproducible and it was 

this method that was employed to synthesise Li4ND for PND investigations that will be 

discussed later. 

4.2.2 Synthesis of Lithium Imide 

Lithium imide was synthesised conventionally by decomposing commercial LiNH2 

(Sigma-Aldrich, 95%). Approximately 2 g of commercial LiNH2 was loaded into a 

stainless steel crucible and transferred into a stainless steel reaction vessel (Figure 2-3, 

Section 2.3.1.1) which was then sealed under a nitrogen atmosphere. On removal from the 

recirculating glove box, the reaction vessel was placed in a bench furnace and heated to 

823 K at 5 K min-1, dwelling at temperature for 2 h before cooling. Decomposing LiNH2 to 

Li2NH releases NH3 (g) therefore the vessel was connected to a vacuum line throughout the 

reaction to remove the evolved gas. From this synthetic method, the product was a fine 

white powder and the purity of the sample was determined by PXD and the result is shown 

in Table 4-4. 
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Table 4-4: Summary of the reaction conditions employed for the decomposition of LiNH2 to 

Li2NH. 

Sample 
number Temperature (K) Time (h) 

 

Conditions 

 

Results 

17 823 2 Vacuum Li2NH, Li2O 

 

Decomposition of deuterated lithium amide (provided by Dr. D. J. Bull at the University of 

Salford) to Li2ND was performed for PND experiments following the method described 

above. The product was a fine white powder, in agreement with the result obtained for the 

hydrogenated sample. Determination of the purity of the sample was ascertained by PXD. 

An overview of the reaction parameters are displayed in Table 4-5. 

Table 4-5: Summary of the reaction conditions employed for the decomposition of LiND2 to 
Li2ND. 

Sample 
number Temperature (K) Time (h) 

 

Conditions 

 

Results 

18 823 2 Vacuum Li2ND, Li2O 

 
4.2.3 Synthesis of Li4-2xN1-xD1-x(ND)x  

Non-stoichiometric mixtures of Li4ND and Li2ND were prepared under an argon 

atmosphere of a recirculating glove box where x = 0.36, 0.5 and 0.6. The materials were 

ground together using an agate mortar and pestle before being loaded into a vanadium 

canister which was sealed with a copper gasket before being removed from the glove box. 

The vanadium canister was loaded into the furnace and heated to 773 K. Further details are 

presented in Section 4.2.7 and Table 4-6 summarises the reactions performed on these 

samples. 

4.2.4 Powder X-ray Diffraction (PXD) Experiments 

All compounds which were synthesised were initially characterised by PXD using a Bruker 

D8 diffractometer or a PANalytical X’Pert PRO MPD powder diffractometer, as described 

in Section 2.4.1.2. Capillaries of the materials were prepared for each PXD measurement.  

Data were collected from 5-85o 2θ or 10-110o 2θ for 1 h or 12 h respectively, using a step 
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size of 0.017o 2θ. PXD data collected overnight produced high quality data used for 

Rietveld refinements. 

4.2.5 Thermogravimetric and Differential Thermal Analysis 

A Netzsch STA 409 PC was employed to perform TG/DTA experiments. Correction 

measurements, using an appropriate crucible type, were created typically by setting the 

temperature to increase at regular intervals until the target temperature was reached. The 

measurement was held at a specific temperature for a certain period of time before 

undergoing a controlled cool down. Measurements took place under an argon atmosphere. 

Before starting the measurement, approximately 0.5-0.6 g of Li4NH was loaded into the 

crucible before the sample chamber was closed. The measurement was then set to start 

when the temperature of the sample chamber reached the initial starting temperature 

programmed in the correction file. A typical measurement involved heating from room 

temperature to 773 K at 5 K min-1 and holding at temperature for 1 h before undergoing a 

programmed cooldown.  

4.2.6 Coupled Mass Spectrometry; evolved gas analysis 

Mass spectrometry was used in conjunction with TG/DTA to give an overview of any 

gases evolved against time. Each measurement was programmed to detect certain gases 

depending on the individual experiment. The gases which the measurement was typically 

programmed to measure were hydrogen, nitrogen and ammonia (refer to Section 2.4.6 for 

further details). 

4.2.7 Powder Neutron Diffraction (PND) Experiments 

Powder neutron diffraction studies were performed on the POLARIS instrument at ISIS, 

Rutherford Appleton Laboratory which is a high intensity, medium resolution 

diffractometer. 6 It is described more fully in Section 2.4.2.1. Three PND experiments were 

performed; 

1 a variable temperature study of Li4ND 

2 a variable temperature study of Li2ND 

3 a variable temperature study of compounds of the type Li4-2xN1-xD1-x(ND)x 

where x = 0.36, 0.5 and 0.6 
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Initially, PND data were collected for Li4ND at 323, 523, 673 and 773 K (data collected at 

523 and 673 K is presented in the appendix). Approximately 0.6 g of the sample was 

loaded into a canister and sealed under an argon atmosphere. The canister was then loaded 

into the furnace and data were collected using the 145o (C), 90o (E) and 35o (A) detector 

banks. This measurement was followed by the collection of PND data for Li2ND at 313 

and 773 K. The data collection was performed following the same method as for Li4ND. 

The third PND investigation involved a study into the non-stoichiometric mixtures of 

Li4ND and Li2ND. Accurate masses of the each material were weighed out under an argon 

atmosphere in a recirculating glove box. The materials were hand milled together using an 

agate mortar and pestle before being transferred into a vanadium canister which was made 

air-tight using a copper gasket. Three samples were prepared and data were collected at 

313 or 323 K for each one before heating to 773 K. A summary of the data collected is 

presented in Table 4-6. 

Table 4-6: Summary of PND data collected for samples of Li4-2xN1-xD1-x(ND)x 

Sample x Li4-2x Temperature / K 

19 0 Li4ND 323 

20 0 Li4ND 523 

21 0 Li4ND 673 

22 0 Li4ND 773 

23 1 Li2ND 313 

24 1 Li2ND 773 

25 0.36 Li3.28ND 313 

26 0.36 Li3.28ND 773 

27 0.5 Li3ND 323 

28 0.5 Li3ND 773 

29 0.6 Li2.8ND 313 

30 0.6 Li2.8ND 773 
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4.2.8 Rietveld refinement against PND data 

The General Structure Analysis System (GSAS) 7 using the EXPGUI interface 8 was 

employed to carry out Rietveld refinements with the collected PND time of flight data. 

Data collected from three detector banks; A bank (35o), E bank (90o) and C bank (145o) 

were fitted consecutively using an appropriate starting model (detailed in subsequent 

sections) obtained from the online Inorganic Crystal Structure Database (ICSD). Initially, 

data collected for the backscattering (C) bank was employed followed by the addition of 

data collected for the E and A banks respectively. 

PND data were collected for lithium nitride hydride and lithium imide firstly. For each 

sample (Table 4-3), background function 1 in GSAS, shifted Chebyschev polynomial, was 

employed using 8 or 10 coefficients. The background was then refined. The unit cell 

parameters, peak profile parameters and isotropic temperature factors were then refined 

followed by the application of an absorption correction. Modelling of the peak shape was 

carried out using GSAS function 3, a convolution of back-to-back exponentials and 

pseudo-Voigt combination with Lorentzian broadening. Lastly, the anisotropic temperature 

factors were refined. Constraints were applied to the thermal parameters of the N and D 

within Li4ND since both are located on the 4a and 4b sites with N predominantly 

occupying the 4a site and D predominantly occupying the 4b site. Constraints were also 

applied to the thermal parameters of N and D in the ‘quasi-imide’ phase where both 

occupy the 4a site in a 50:50 ratio. 

4.3 Results and Discussion 

4.3.1 Synthesis and PXD characterisation of Lithium Nitride 
Hydride 

The successful synthesis of lithium nitride hydride, using either method of synthesis 

(conventional synthesis - sample 1 or microwave synthesis – sample 16), produced a 

yellow/beige coloured powder. The PXD pattern presented in Figure 4-2 shows that, by 

conventional methods, a relatively pure sample of Li4NH can be synthesised, however the 

presence of a Li2O impurity was difficult to avoid. The experimental data shown in black 

fits well with the theoretical pattern shown in red. Indexed reflections are in good 

agreement with those reported in the literature by Marx. 4 Experimental values were 

calculated as a = 4.891 (7) Å and c = 9.936 (2) Å where the cell volume was 237.68 (34) 

Å3. The model used for the calculation, performed by CELREF V3, was obtained from the 

online Inorganic Crystal Structure Database (ICSD). Powdercell 2.4 was used to obtain a 
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visual comparison between the experimental and theoretical models. It should be noted that 

there appears to be a shoulder on two of the peaks (at ~ 31 and 52o 2θ) which will be 

discussed later. 

 

Figure 4-2: PXD analysis showing the experimental (black) and calculated (red) patterns for 

conventionally synthesised Li4NH (sample 1).  

The black circles indicate reflections from Li2O impurity. 

Figure 4-3 shows the PXD data obtained from sample 2 which was synthesised using a 

DMO where the starting materials have not fully reacted. In regards to the main phase, 

Li4NH, the experimental pattern fits well to that of the theoretical pattern where 

experimental lattice parameters were refined as a = 4.893 (2) Å and c = 9.936 (8) Å and 

the cell volume was 237.83 (10) Å3.  
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Figure 4-3: PXD analysis showing the experimental (black) and calculated (red) patterns for 

Li4NH (sample 2) synthesised using microwave irradiation in a DMO.  

The black circles indicate reflections from α-Li3N and the black square indicates reflection 

from LiH. 

Using a single mode microwave reactor allowed reproducibility in the synthesis of single 

phase Li4NH (Figure 4-4). The experimental model (sample 16) fits well with the 

theoretical model however indexing yielded cell parameters which vary from the literature 

values for Li4NH (a = 4.8918 (1) Å, c = 9.9321 (3) Å). 4 Experimental values obtained 

were, a = 4.887 (1) Å and c = 9.923 (1) Å and the cell volume was 237.04 (6) Å3. As stated 

for the conventionally synthesised material, there appears to be a shoulder on two of the 

peaks (at ~ 31 and 52o 2θ), which will be discussed later. 



 

151 
 

 

Figure 4-4: PXD analysis showing the experimental (black) and calculated (red) patterns for 

Li4NH (sample 16) synthesised using a single mode microwave reactor. 

Sample 19 was used for PND experiments and PXD data were collected to determine the 

purity of the sample (Figure 4-5). Literature values for Li4ND reported by Marx 

(a = 4.8868 (1) Å, c = 9.9321 (3) Å) 4 are smaller than those obtained by indexing of the 

experimental data; a = 4.894 (4) Å, c = 9.945 (2) Å and cell volume = 238.2 (2) Å3. 

 

Figure 4-5: PXD analysis showing the experimental (black) and calculated (red) patterns for 

Li4ND (sample 19) synthesised using microwave irradiation. 
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4.3.2 Synthesis and PXD Characterisation of Lithium Imide 

Using a conventional method, lithium imide can be successfully synthesised by 

decomposing lithium amide, resulting in the formation of a white powder. Figure 4.6 

highlights the fact that the experimental model fits well to the model proposed by Juza 9 

where the experimental cubic a lattice parameter was refined as 5.067 (2) Å with a cell 

volume of 130.10 (5) Å3. The PXD pattern displayed in Figure 4-6 shows the presence of 

Li2O as an impurity which is thought to be present from the commercial LiNH2 starting 

material (PXD data is presented in the appendix). 

 

Figure 4-6: PXD analysis showing the experimental (black) and calculated (red) patterns for 

sample 17, commercial LiNH2 decomposed to Li2NH. 

The black circles indicate the presence of Li2O. 
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4.3.3 Thermogravimetric/Differential Thermal Analysis 
(TG/DTA) and Mass Spectroscopy (MS) of Li2NH and 
Li4NH 

4.3.3.1 Decomposition of LiNH2 to Li2NH 

Previous to the synthesis of Li2NH via the decomposition of LiNH2, a TG/DTA and MS 

experiment was performed to determine the temperature at which the reaction occurs from 

lithium amide to lithium imide. Commercial LiNH2 (Sigma Aldrich, 95%) was used for the 

investigation.  

 

Figure 4-7: Thermogravimetric and differential thermal analysis plot of commercial LiNH2 

decomposing to Li2NH at 550oC. 
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Figure 4-8: Mass spectroscopy analysis of the decomposition of commercial LiNH2 to Li2NH.  

From Figure 4-7, it is clear that an endothermic event occurs after approximately 75 

minutes. This interpretation is confirmed by the evolution of NH3(g) shown in Figure 4-8 

and also in agreement with the literature 10 

      2LiNH2 → Li2NH + NH3     (5) 

PXD was used to confirm the composition of the material after TG/DTA analysis, PXD 

was used. From the results, it was concluded that the product was indeed cubic lithium 

imide. The experimental model (shown in black) fits well with that of the theoretical model 

(shown in red) however the PXD pattern revealed the presence of a Li2O impurity (Figure 

4-9). 
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Figure 4-9: PXD analysis showing the experimental (black) and calculated (red) patterns for 

the decomposition of commercial LiNH2 to Li2NH. 

4.3.3.2 Investigation of the stability of Li4NH 

In order to verify findings by Marx that Li4NH is stable under an argon atmosphere at 698 

K, 4 TG/DTA and MS were performed. The temperature of the experiment was increased 

to a higher temperature than stated in the literature (773 K) to ascertain if any 

decomposition would occur. However, it was evident from the TG-DTA (Figure 4-10) and 

MS (see appendix) data and subsequent PXD (Figure 4-11) that Li4NH is in fact stable 

under Ar(g) under these conditions. A high purity sample of Li4NH (Figure 4-4) was used 

for the experiment, however it is evident from the post TG-DTA PXD (Figure 4-13) that a 

small amount of Li2O was present in the sample post-analysis. This was possibly due to the 

presence of moisture in the gas under which the reaction was run or may have occurred 

when moving the sample to another glove box to prepare a capillary for PXD.  
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Figure 4-10: Thermogravimetric and differential thermal analysis plot of Li4NH under Ar(g). 

The sample was heated to 773 K at 5 K min-1; the sample was held at temperature for 1 h 

before a programmed cool down.  

 

Figure 4-11: PXD analysis showing the experimental (black) and calculated (red) patterns for 

Li4NH post TG/DTA. 

The black circle indicates a reflection attributed to Li2O. 

It can be concluded from evidence shown in Figure 4-10 that there is no reaction occurring 

and this is confirmed from PXD analysis (Figure 4-11). The lattice parameters and cell 

volume values obtained for Li4NH pre- and post-TG/DTA were calculated by CELREF V3 

and are displayed in Table 4-7 below. Although the lattice parameters do not vary within 

2σ between pre-and post-reaction, it should be noted that a likely phase transformation is 
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beginning to occur as shown in the DTA trace on heating and cooling. Since the reaction 

was cooled slowly, only tetragonal Li4NH was evident from PXD analysis. The occurrence 

of a phase transformation is supported by PND experiments as will be discussed later. 

Table 4-7: Comparison of lattice parameters of Li4NH before and after TG/DT analysis. 

 Pre-TG/DTA Post-TG/DTA 

a lattice parameter / Å 4.887 (1) 4.891 (2) 

c lattice parameter / Å 9.9233 (9) 9.9252 (8) 

Cell volume / Å 3 237.04 (6) 237.39 (10) 

 

4.3.4 Powder Neutron Diffraction Experiments 

4.3.4.1 Variable temperature study of Li4ND  

The first PND investigation involved studying the effects of heating on the structure of 

Li4ND (sample 19). Selected Rietveld refinement data for sample 19 collected at 323 K are 

displayed in Table 4-5 and the observed, calculated and difference (OCD) plot for the data 

obtained is illustrated in Figure 4-12, Figure 4-13 and Figure 4-14 respectively. 

The Rietveld refinement of PND data collected for this sample (19) revealed the presence 

of two Li4ND phases; a low temperature tetragonal Li4ND phase and a high temperature 

cubic Li4ND phase as well as a LiD impurity. The Li4NH structure proposed by Marx 4 

was used as a starting model for the main tetragonal Li4ND phase. The experimental model 

fits well to the theoretical model. With regards to LiD, the cubic lattice parameter obtained 

for the experimental model, a = 4.0756 (3) Å, is slightly larger than the value reported in 

the literature by Vidal and Vidal-Valat (a = 4.0615 (10) Å). 11  The cubic lattice parameter 

of Li4ND (1′) was a = 4.9467 (6) Å. The model used for the refinement of the cubic-Li4ND 

phase was based on a Li2ND type structure proposed by Balogh et al which was modified 

so that both N and D occupy the 4a site. It was initially thought that Li4ND (1′) was 

tetragonal (space group I-4) with a smaller unit cell however upon analysis using the 

Rietveld method, it was clear that this proposition was not ideal as the data did not fit well 

unlike the cubic model.  
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Table 4-8: Selected Rietveld refinement data from the PND refinement of Li4ND at 323 K 

(sample 19). 

Empirical Formula Li4ND (1) Li4ND (1′) LiD 

Collection temperature / K 323 

Crystal system Tetragonal Cubic Cubic 

Space Group I 41/a Fm-3m Fm-3m 

Lattice parameters / Å a = 4.8843 (1) a = 4.9467 (6) a = 4.0756 (3) 

 c = 9.9226 (3) - - 

V / Å 3 236.72 (1) 121.04 (3) 67.698 (8) 

Z 4 2 4 

Unit cell formula weight, Mw 175.140 87.570 35.820 

Density / (g/cm3) 1.229 1.201 0.879 

wt. % 81.836 (5) 15.040 (5) 3.124 (2) 

No. of varied parameters 67 

No. of observations 11745 

Rwp 0.0100 

Rp 0.0228 

χ 2 1.120 
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Figure 4-12: Observed, calculated and difference (OCD) plot from the structural refinement 

of sample 19 (Li4ND, 323 K) from PND data, 145o (C) bank. 

The black tickmarks indicate reflections from Li4ND (1), the red tickmarks indicate 

reflections from Li4ND (1′) and the blue tickmarks indicate reflections LiD. The black triangle 

represents reflections from the sample environment (i.e. the furnace and the vanadium 

canister) which have been excluded. 

 

Figure 4-13: Observed, calculated and difference (OCD) plot from the structural refinement 

of sample 19 (Li4ND, 323 K) from PND data, 90o (E) bank. 

The black tickmarks indicate reflections from Li4ND (1), the red tickmarks indicate 

reflections from Li4ND (1′) and the blue tickmarks indicate reflections LiD. The black triangle 

represents reflections from the sample environment (i.e. the furnace and the vanadium 
canister) which have been excluded. 
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Figure 4-14: Observed, calculated and difference (OCD) plot from the structural refinement 

of sample 19 (Li4ND, 323 K) from PND data, 35o (A) bank. 

The black tickmarks indicate reflections from Li4ND (1), the red tickmarks indicate 

reflections from Li4ND (1′) and the blue tickmarks indicate reflections LiD. The black triangle 

represents reflections from the sample environment (i.e. the furnace) which have been 

excluded. 

Atomic positions and anisotropic temperature factors for each phase are presented in Table 

4-9, Table 4-10 and Table 4-11. Each atom in the tetragonal Li4ND phase was refined 

anisotropically with the exception of Li due to the instability of this atom. Furthermore the 

occupancies of the N and D atoms, for Li4ND (1) could not be varied and therefore were 

fixed at values reported by Marx. 4 With regards to the Li4ND (1′) and LiD phases, the 

atoms within these phases were refined isotropically. 
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Table 4-9: Atom positions and anisotropic temperature factors generated by PND Rietveld 

refinement for the main Li4ND phase (1) at 323 K. 

Atom N 1 D 1 N 2 D 2 Li 1 

Site 4a 4a 4b 4b 16f 

x 0 0 0 0 0.1955 (9) 

y 0.25 0.25 0.25 0.25 0.4577 (10) 

z 0.125 0.125 0.625 0.625 0.2813 (3) 

100 x Uiso / Å2 - - - - 1.87 (5) 

100 x U11 / Å2 1.24 (2) 1.24 (2) 2.61 (6) 2.61 (6) - 

100 x U22 / Å2 1.24 (2) 1.24 (2) 2.61 (6) 2.61 (6) - 

100 x U33 / Å2 0.62 (3) 0.62 (3) 3.70 (10) 3.70 (10) - 

100 x U12 / Å2 0 0 0 0 - 

100 x U13 / Å2 0 0 0 0 - 

100 x U23 / Å2 0 0 0 0 - 

Occupancy 0.95 0.05 0.05 0.95 1.00 

 

Table 4-10: Atom positions and isotropic temperature factors generated by PND Rietveld 

refinement for Li4ND (1′) at 323 K. 

Atom Li 1 N 1 D 1 

Site 8c 4a 4a 

x 0.25 0 0 

y 0.25 0 0 

z 0.25 0 0 

100 x Uiso / Å2 3.08 (20) 1.25 (7) 1.25 (7) 

Occupancy 1.00 0.50 0.50 
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Table 4-11: Atom positions and isotropic temperature factors generated by PND Rietveld 

refinement for LiD at 323 K. 

Atom Li D 

Site 4a 4b 

x 0 0.5 

y 0 0.5 

z 0 0.5 

100 x Uiso / Å2 1.6 (3) 2.2 (2) 

Occupancy 1.00 1.00 

 

Bond valence calculations for TOF PND data collected at 323 K were performed to 

confirm if the N/D occupancies on each site was accurate. The calculations were 

performed using VALENCE and although the calculations are not quantitative, the data 

collected does indicate that the site occupancies of N1/D1 and N2/D2 as 0.95/0.05 and 

0.05/0.95 respectively are sensible.  

To determine the bond valence parameters, two expressions are employed to describe the 

relationship between the bond length and the bond valence: 12 

 
N

orrs −= )/(        (6) 

and  

                                  ]/)exp[( Brrs o −=                  (7) 

where r is the bond length,  s is the bond valence and ro, N and B are empirically defined 

parameters. ro values for Li-N and Li-D are 1.619 and 1.380 respectively and B is 0.370 

which varies only very little from one atom pair to another.  

In agreement with the occupancies reported by Marx 4 and in this work, the N1/D1 site is 

occupied predominantly by N3- anions since the N1-Li1 bond valence sum was calculated 

as 2.472. Consequently, the N2/D2 site is mainly occupied by D- anions where a D2-Li1 

bond valence sum of 0.849 was obtained. The calculated bond valencies for both N1-Li1 

and D2-Li1 offer support to the fact that the occupancies reported by Marx are reasonable. 

It should be noted that the calculated valence sums do differ from the ideal values (3 for 

N3- anions and 1 for D- anions) however this is likely to be due to the fact that this data was 
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collected at 323 K instead of 293 K and assumes a purely ionic bonding structure in Li4ND 

which is unlikely given the tendency of partial covalency in nitrides. 

Table 4-12 compares the lattice parameters obtained experimentally in this work and those 

reported by Marx and by Niewa et al. 4, 5 It is evident that the values reported by each 

author vary however the lattice parameters obtained for Li4ND (1) from Rietveld 

refinement in this work were closer to those reported by Marx in comparison to those 

reported by Niewa et al. Furthermore, the temperatures at which the data were collected in 

this work and in the literature differ by approximately 20 K therefore it is difficult to draw 

a direct comparison. 

Table 4-12: Comparison of lattice parameters and cell volumes for Li4NH/D between the 

literature values and those obtained experimentally by PND of sample 19. 

 
This work 

Li4ND (1) 

This work 

Li4ND (1′) 

Marx 4 Niewa et al 5 

a lattice parameter / Å 4.8843 (1) 4.9467 (6) 4.8868 (1) 4.8765 (3) 

c lattice parameter / Å 9.9226 (3) - 9.9321 (3) 9.8769 (9) 

V / Å3 236.72 (1) 121.04 (3) 237.19 234.88 

 

On increasing the temperature to 673 K (data collected at 523 K and 673 K are reported in 

the appendix), a transformation from tetragonal Li4ND to cubic Li4ND occurred and the 

weight percentage of this phase increases further at 773 K. An indication of a phase 

transition was evident from the TG-DTA data presented in Figure 4.10 however it is 

thought that a rapid cooling rate is the reason for the presence of Li4ND (1′) therefore since 

the TG-DTA underwent a programmed cool down, only Li4ND (1) resulted. 

Figure 4-16 indicates the presence of LiD which was present in the material at 323 K and 

could still be observed in the sample at 673 K. The melting point of LiH/D is 953 K 13 

therefore it is not inconceivable that some un-reacted material is still present at 773 K. 

Selected Rietveld refinement data for sample 22 (773 K) are presented in Table 4-13 and 

observed, calculated and difference plots are presented in Figure 4-15, Figure 4-16 and 

Figure 4-17. Atomic positions and isotropic temperature factors for the cubic and 

tetragonal phases of Li4ND are presented in Table 4-14 and Table 4-15 respectively. 
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Table 4-13: Selected Rietveld refinement data from the PND refinement of sample 22 (Li4ND 

at 773 K). 

Empirical Formula Li4ND (1) Li4ND (1′) 

Collection temperature / K 773 

Crystal system Tetragonal Cubic 

Space Group I 41/a Fm-3m 

Lattice parameters / Å a = 4.9625 (9) a = 5.0542 (2) 

 c = 10.059 (4) - 

V / Å 3 247.71 (11) 129.107 (7) 

Z 4 2 

Unit cell formula weight, Mw 175.140 87.570 

Density / (g/cm3) 1.174 1.124 

Wt. % 8.806 (6) 91.194 (6) 

No. of varied parameters 53 

No. of observations 11643 

Rwp 0.0091 

Rp 0.0233 

χ 2 0.8057 
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Figure 4-15: Observed, calculated and difference (OCD) plot from structural refinement of 

sample 22 (Li4ND at 773 K) from PND data, 145o (C) bank. 

The black tickmarks indicate reflections from cubic Li4ND and the red tickmarks indicate 
reflections from tetragonal Li4ND. The black triangle indicates reflections from the sample 

environment (i.e. the furnace and vanadium canister) which have been excluded. 

 

Figure 4-16: Observed, calculated and difference (OCD) plot from structural refinement of 
sample 22 (Li4ND at 773 K) from PND data, 90o (E) bank. 

The black tickmarks indicate reflections from cubic Li4ND and the red tickmarks indicate 

reflections from tetragonal Li4ND. The black triangle indicates reflections from the sample 

environment (i.e. the furnace and vanadium canister) which have been excluded. 
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Figure 4-17: Observed, calculated and difference (OCD) plot from structural refinement of 

sample 22 (Li4ND at 773 K) from PND data, 35o (A) bank. 

The black tickmarks indicate reflections from cubic Li4ND and the red the tickmarks indicate 

reflections from tetragonal Li4ND. The black triangle indicates reflections from the sample 

environment (i.e. the furnace and vanadium canister) which have been excluded. 
 

Table 4-14: Atom positions and isotropic temperature factors generated by PND Rietveld 

refinement of cubic Li4ND at 773 K. 

Atom Li 1 N 1 D 1 

Site 8c 4a 4a 

x 0.25 0 0 

y 0.25 0 0 

z 0.25 0 0 

100 x Uiso / Å2 9.86 (14) 4.13 (7) 4.13 (7) 

Occupancy 1.00 0.50 0.50 
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Table 4-15: Atom positions and isotropic temperature factors generated by PND Rietveld 

refinement for tetragonal Li4ND at 773 K. 

Atom N 1 D 1 N 2 D 2 Li 1 

Site 4a 4a 4b 4b 16f 

x 0 0 0 0 0.200065 

y 0.25 0.25 0.25 0.25 0.454321 

z 0.125 0.125 0.625 0.625 0.280127 

100 x Uiso / Å2 2.50 2.50 2.50 2.50 2.50 

Occupancy 0.95 0.05 0.05 0.95 1.00 

 

Figure 4-18 illustrates the effect that increasing temperature has on the Li4ND phases 

within the material during PND experiments. As discussed previously, both tetragonal 

Li4ND (1) and cubic Li4ND (1′) are present in the samples. As the temperature increases, a 

gradual phase transformation occurs and the cubic phase becomes more apparent at higher 

temperatures. Data collected at 773 K shows a clear intense peak (magenta) corresponding 

to a cubic phase. Further confirmation is shown in Figure 4-19. The Rietveld method has 

also been applied to data collected at 523 K and 673 K and the results obtained are 

presented in the appendix. 

 

Figure 4-18: Comparison of Li4ND (1) and Li4ND (1′) phases with varying temperatures at 

high d-spacing. 
Blue – 323K, red – 523 K, green – 673 K and magneta – 773 K. 



 

168 
 

 

Figure 4-19: Variation of lattice parameters versus temperature of Li4ND (1) and Li4ND (1′) 

with errors of 3-sigma. 

 

Table 4-16 - Table 4-19 show a comparison of interatomic distances and angles obtained 

from Li4ND refinements at 323 and 773 K with the values reported in the literature at 

293 K. 4, 9, 14 For Li4ND (1), the values recorded at 323 K deviate slightly from those 

reported by Marx. The lithium coordination environment within Li4ND is distorted and 

illustrated in Figure 4-20. On increasing the temperature to 773 K, the Li-N1/D1 and Li-

N2/D2 bonds elongate. This has a subsequent effect on the bond angles which can be 

recognised from the data presented below. From Table 4-16 and Table 4-17, for the Li-

N1/D1 and Li-N2/D2 interatomic distances, the data presented suggests that two effects are 

present; thermal expansion and a change in the anion distribution from approximate full 

occupancies of the N1 and D2 sites to one site that is 50% occupied by N and 50 % 

occupied by D. The literature values employed for comparison for the interatomic 

distances and bond angles to cubic-Li4ND phase are based on the Li2ND type model 

proposed by Balogh et al. 14 

With regards to Li4ND (1'), although the interatomic distances are shorter in this work at 

323 K and also at 773 K in comparison to those stated in the literature, this is a reflection 

of the cell size as the lattice parameters are smaller in this work (at 323 K, a = 4.9467 (6) 

Å, at 773 K, a = 5.0542 (2) Å) than those reported in the literature (at 293 K, a = 5.09187 

Å). 14 
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A comparison of this system to that of Ba2NF may be drawn in regards to the distribution 

of anions (in the latter case nitride and fluoride as opposed to nitride and hydride) within 

the structure. 15 The low temperature phase exhibits ordering of the anions, i.e. the N site is 

exclusively occupied by N. At high temperature, a phase transformation occurs resulting in 

the formation of cubic-Ba2NF where the cubic phase displays a disordered anion 

distribution over a single N/F site. 
 

Table 4-16: Comparison of interatomic distances in Li4ND (1) between the literature values 

and those obtained from Rietveld refinements of PND data at 323 and 773 K. 

Interatomic distance 

 / Å 
Li4ND 

 

Literature 

(Tetragonal) 4 
Tetragonal Tetragonal 

293 K 323 K 773 K 

Li1-N1/D1 
4x 2.0717 

4x 2.0393 

4x 2.084 (3) 

4x 2.026 (6) 

4x 2.1092 (5)  

4x 2.0382 (3) 

Li1-N2/D2 4x 1.9556 4x 1.953 (6) 4x 2.0123 (2) 

 

 

Figure 4-20: Bond coordination environment of the LiN4 tetrahedron in tetragonal Li4ND 

based on the interatomic distances obtained from Rietveld refinement of PND data at 323 K 

(Li+ - pink, N3- - blue). 
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Table 4-17: Comparison of interatomic distances in Li4ND (1′) between the literature 

valuesand those obtained from Rietveld refinements of PND data at 323 and 773 K. 

Interatomic distance / Å Li4ND 

 

Literature 
(Cubic) 14 Cubic Cubic 

293 K 323 K 773 K 

Li1-N1/D1 2.2049 2.1420 (2) 2.18852 (5) 

Table 4-18: Comparison of bond angles within Li4ND (1) obtained from Rietveld refinements 

of PND data collected at 323 and 773 K. 

Bond Angles / o Li4ND 

 

Literature 
(Tetragonal) 

4 
Tetragonal Tetragonal 

293 K 323 K 773 K 

Li1-N1/D1-Li1 

4x 75.482 

12x 76.017 

8x 123.665 

3x 158.192 

2x 83.762 

6x 64.144 

6x 102.282 

4x 75.8 (1) 

12x 75.6 (1)  

8x 123.60 (7) 
3x 158.1 (1)  

2x 83.9 (1) 

6x 64.3 (3)  

6x 102.16 (9) 

4x 76.18 (2) 

12x 76.01 (2) 

8x 123.18 (1) 

3x 158.689 (1) 

2x 84.57 (2) 

6x 63.192 (9) 

6x 102.664 (8) 

Li1-N2/D2-Li1 
3x 102.282 

1x 123.665 

3x 103.1 (1) 

1x 123.1 (2) 
3x 102.99 (10) 
1x 123.38 (20) 
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Table 4-19: Comparison of bond angles within Li4ND (1′) obtained from Rietveld refinements 

of PND data collected at 323 and 773 K. 

Bond Angles / o Li4ND 

 

Literature 
(Cubic) 14 Cubic Cubic 

293 K 323 K 773 K 

Li1-N1/D1-Li1 
3x 54.7356 

3x 125.2644 

3x 54.736 (1) 

3x 125.264 (1) 

3x 54.736 (1) 

3x 125.264 (1) 

Li-Li-Li 4x 90.0 (0) 4x 90.0 (0) 4x 90.0 (0) 

 

4.3.4.2 Variable temperature study of Li2ND 

The second PND study involved collecting data at 313 and 773 K to determine the effects 

of temperature on the structure of Li2ND. Rietveld refinement of sample 23 (Li2ND at 

313 K) highlighted that the lattice parameters vary from that reported in the literature by 

Balogh et al 14 where a = 5.09187 Å (at 400 K). Selected Rietveld refinement data 

collected at 313 K are presented in Table 4-20 and the observed, calculated and difference 

(OCD) plots are shown in Figure 4-21, Figure 4-22 and Figure 4-23. The atomic positions 

and isotropic temperature factors are presented in Table 4-21. 
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Table 4-20: Selected Rietveld refinement data from the PND refinement of sample 23 (Li2ND 

at 313 K). 

Empirical Formula Li2ND 

Collection temperature / K 313 

Crystal system Cubic 

Space Group Fm-3m 

Lattice parameters / Å a = 5.05320 (9) 

V / Å 3 129.033 (4) 

Z 4 

Unit cell formula weight, Mw 119.599 

Density / g/cm3 1.539 

No. of varied parameters 52 

No. of observations 11798 

Rwp 0.0148 

Rp 0.0360 

χ 2 0.9797 
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Figure 4-21: Observed, calculated and difference (OCD) plot from structural refinement of 

sample 23 (Li2ND at 313 K) from PND data, 145o (C) bank. 

The black tickmarks indicate reflections from Li2ND. The black triangle indicates reflections 

from the sample environment (i.e. the furnace and vanadium canister), both of which have 

been excluded. 

 

Figure 4-22: Observed, calculated and difference (OCD) plot from structural refinement of 

sample 23 (Li2ND at 313 K) from PND data, 90o (E) bank. 

The black tickmarks indicate reflections from Li2ND. The black triangle represents 

reflections from the sample environment (i.e. the furnace and vanadium canister), which 

have been excluded. 
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Figure 4-23: Observed, calculated and difference (OCD) plot from structural refinement of 

sample 23 (Li2ND at 313 K) from PND data, 35o (A) bank. 

The black tickmarks indicate reflections from Li2ND. The black triangle represents 

reflections from the sample environment (i.e. the furnace and vanadium canister), which 

have been excluded. 

 

Table 4-21: Atom positions and isotropic temperature factors generated by PND Rietveld 

refinement of Li2ND at 313 K. 

Atom Li 1 N 1 D 2 

Site 8c 4a 192l 

x 0.25 0 0.1378 (13) 

y 0.25 0 0.0957 (14) 

z 0.25 0 0.0559 (11) 

100 x Uiso / Å2 4.71 (6) 1.98 (2) 3.71 (16) 

Occupancy 1.00 1.00 0.0208 

 

In order to determine the stability of cubic Li2ND and understand the role it plays in 

experiments with Li4ND at higher temperature, additional data were collected at 773 K. 

The observed, calculated and difference plots for data collected at 773 K are presented in 

Figure 4-24, Figure 4-25 and Figure 4-26. Table 4-22 shows selected Rietveld refinement 

data collected for sample 24 Li2ND at 773 K and Table 4-23 displays the atomic positions 

and isotropic temperature factors. 
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Table 4-22: Selected Rietveld refinement data from the PND refinement of sample 24 (Li2ND 

at 773 K). 

Empirical Formula Li2ND 

Collection temperature / K 773 

Crystal system Cubic 

Space Group Fm-3m 

Lattice parameters / Å a = 5.1661 (3) 

V / Å 3 137.88 (1) 

Z 4 

Unit cell formula weight, Mw 119.599 

Density / g/cm3 1.440 

No. of varied parameters 45 

No. of observations 11962 

Rwp 0.0200 

Rp 0.0655 

χ 2 0.6517 
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Figure 4-24: Observed, calculated and difference (OCD) plot from structural refinement of 

sample 24 (Li2ND at 773 K) from PND data, 145o (C) bank. 

The black tickmarks indicate reflections from Li2ND. The black triangle represents 

reflections from the sample environment (i.e. the furnace and the vanadium canister) which 

have been excluded. 

 

Figure 4-25: Observed, calculated and difference (OCD) plot from structural refinement of 

sample 24 (Li2ND at 773 K) from PND data, 90o (E) bank. 

The black tickmarks indicate reflections from Li2ND. The black triangle represents 
reflections from the sample environment (i.e. the furnace and the vanadium canister) which 

have been excluded. 
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Figure 4-26: Observed, calculated and difference (OCD) plot from structural refinement of 

sample 24 (Li2ND at 773 K) from PND data, 35o (A) bank. 

The black tickmarks indicate reflections from Li2ND. The black triangle denotes the sample 

environment which has been excluded.  

 
Table 4-23: Atom positions and isotropic temperature factors generated by PND Rietveld 

refinement of Li2ND at 773 K. 

Atom Li 1 N 1 D 2 

Site 8c 4a 192l 

x 0.25 0 0.134 (4) 

y 0.25 0 0.080 (5) 

z 0.25 0 0.054 (6) 

100 x Uiso / Å2 4.4 (2) 2.5 (1)  5.6 (7) 

Occupancy 1.00 1.00 0.0208 

 

Table 4-24 shows a comparison of interatomic distances obtained from Li2ND refinements 

at 313 and 773 K however the values obtained from Rietveld refinements vary from those 

reported by Balogh et al. 14 On increasing temperature, the bond lengths elongate with the 

exception of N-D which appears to contract on initial inspection. However, it is notable 

that the error on the N-D bond length at higher temperature is large and therefore within 

the 3σ distribution, the bond length could vary from 0.79 to 0.91. As a result, it is difficult 

to state precisely whether the bond length increases or decreases as a function of 
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temperature. The bond angles generated by Rietveld refinement are presented in the 

appendix. 

Table 4-24: Comparison of interatomic distances in Li2ND at 313 and 773 K obtained from 

PND Rietveld refinements. 

 Temperature 

Interatomic 
distance / Å 313 773 

6x N-D 0.894 (5) 0.85 (2) 

4x N-Li 2.18810 (3) 2.23700 (8) 

6x Li-Li 2.52660 (5) 2.5831 (1) 

 

4.3.4.3 PND study of non-stoichiometric samples of nitride hydride-imides 

A third PND experiment was conducted involving an investigation into the ability of non-

stoichiometric mixtures of Li4ND and Li2ND to form a ‘quasi-imide’ phase based on 

Equation 4 below: 

(1-x)Li4ND + xLi2ND → Li4-2xN1-xD1-x(ND)x   (4) 

where x = 0.36, 0.5 and 0.6 for samples 25, 27 and 29 at 313 K and samples 26, 28 and 30 

for data collected at 773 K respectively. Data were collected at 313 or 323 K to ensure no 

impurities of the starting materials were present before heating to 773 K in attempt to 

synthesise a ‘quasi-imide’ phase in-situ. Since the quality of data collected was relatively 

poor, the stoichiometric values obtained experimentally by Rietveld refinement may vary 

from those stated theoretically (Table 4.6). The structural model for the ‘quasi-imide’ 

phase is based on a cubic model in the Fm-3m space group reported by Balogh et al. 14 

Information for Table 4.25 which displays theoretical parameters for the quasi-imide 

model was provided by Dr. D. J. Bull and Dr. R. I. Smith and in order to balance the 

charge, the lithium lattice must be fully occupied. This enabled values in Table 4.26 to be 

calculated. According to this model, site occupancies are displayed in Table 4.25 with 

calculated occupancies from mixtures where x = 0.36, 0.5 and 0.6 (corresponding to 

samples displayed in Table 4.6).  
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Table 4-25: Overview of Wyckoff positions, species per unit cell and occupancies for atoms 

within ‘quasi-imide’ phase. 

Species  Wyckoff position Species per 
unit cell Occupancy 

Li+ 8c 2 1 

N3- 4a 
x
x

−
−
2
1

 
x
x

−
−
2
1

 

D- 4a 
x
x

−
−
2
1

 
x
x

−
−
2
1

 

N in ND2- 4a 
x
x
−2

 
x
x
−2

 

D in ND2- 192l 
x
x
−2

 
x
x
−

⋅
248

1
 

 

An additional D atom was added to the refinement, in comparison to an ideal imide model. 

The D atom was added on the same site as N as Equation 4 shows that N3-, D- and (ND)2- 

atoms are present in the resultant phase. Since N3-, D- and N of (ND)2- are all located on 

the same site, the total occupancy must equal 1 (Table 4.26). With regards to the 

occupancy of the protonic D position for (ND)2-, on multiplying the occupancy by the site 

multiplicity, the average number of imide ions per unit cell results, which is between 0 and 

4 (Table 4.25) corresponding to an x value of between 0 and 1. 

Table 4-26: Theoretical parameters for the quasi-imide model 

Sample x Li+ (8c) N3-  + N of (ND)-2 (4a) D- (4a) D of (ND)2- (192l) 

26 0.36 1 0.6098 0.3902 0.0046 

28 0.5 1 0.6667 0.3333 0.0069 

30 0.6 1 0.7143 0.2857 0.0089 
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4.3.4.3.1 (1-x)Li4ND + xLi2ND→ Li4-2xN1-xD1-x(ND)x (where x  = 0.36) 

Firstly samples 25 and 26 (where x = 0.36) were investigated at 313 K and then at an 

elevated temperature of 773 K respectively. Selected Rietveld refinement data, collected at 

313 K, are displayed in Table 4.27 and the observed calculated and difference plots for the 

data are presented in Figures 4.27, 4.28 and 4.29.  

Table 4-27: Selected Rietveld refinement data from the PND refinement of sample 25 (where 

x=0.36) at 313 K. 

Empirical Formula Li4ND (1) Li2ND Li4ND (1′) 

Collection temperature / K 313 

Crystal system Tetragonal Cubic Cubic 

Space Group I 41/a Fm-3m Fm-3m 

Lattice parameters / Å a = 4.8858 (1) a = 5.0617 (1) a = 4.9543 (9) 

 c = 9.9274 (4) - - 

V / Å 3 236.97 (1) 129.683 (5) 121.61 (4) 

Z 4 4 2 

Unit cell formula weight, Mw 175.140 119.599 87.570 

Density / (g/cm3) 1.227 1.531 1.196 

wt. % 54.253 (4) 30.016 (4) 15.731 (7) 

No. of varied parameters 80 

No. of observations 11523 

Rwp 0.0104 

Rp 0.0222 

χ 2 1.457 
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Figure 4-27: Observed, calculated and difference (OCD) plot from structural refinement of 

data collected from the 145 o (C) detector bank for sample 25 at 313 K from PND data. 

The black tickmarks indicate reflections from tetragonal Li4ND, the red tickmarks indicate 
reflections from Li2ND and the blue tickmarks indicate reflections from cubic Li4ND. The 

black square indicates a reflection from LiD, the open square indicates a reflection from 

LiND2 and the black triangle indicates reflections from the sample environment (i.e. the 

furnace and the vanadium canister), all of which have been excluded. 

 

Figure 4-28: Observed, calculated and difference (OCD) plot from structural refinement of 

data collected from the 90 o (E) detector bank for sample 25 at 313 K from PND data. 

The black tickmarks indicate reflections from tetragonal Li4ND, the red tickmarks indicate 

reflections from Li2ND and the blue tickmarks indicate reflections from cubic Li4ND. The 

open square indicates a reflection from LiND2 and the black triangle indicates reflections 

from the sample environment (i.e. the furnace and the vanadium canister), all of which have 
been excluded. 
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Figure 4-29: Observed, calculated and difference (OCD) plot from structural refinement of 

data collected from the 35 o (A) detector bank for sample 25 at 313 K from PND data. 

The black tickmarks indicate reflections from tetragonal Li4ND, the red tickmarks indicate 

reflections from Li2ND and the blue tickmarks indicate reflections from cubic Li4ND. The 

black square indicates a reflection from LiD, the open square indicates a reflection from 
LiND2 and the black triangle indicates reflections from the sample environment (i.e. the 

furnace and the vanadium canister), all of which have been excluded. 

Atomic positions and anisotropic temperature factors for Li4ND (1) are displayed in Table 

4.28. With regard to Li4ND (1), N and D were varied anisotropically and Li was varied 

isotropically. The fractional occupancies of Li4ND (1) could not be refined however after a 

trial and error approach, the occupancies were eventually fixed in agreement with those 

reported by Marx. 4 Atomic positions and isotropic temperature factors for Li2ND and 

Li4ND (1′) are presented in Tables 4.29 and 4.30 respectively. In terms of the Li2ND 

phase, N, D and Li were refined isotropically; the same is true for the atoms within cubic 

Li4ND (1′).  
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Table 4-28: Atom positions and anisotropic temperature factors generated by PND Rietveld 

refinement for the main Li4ND (1) phase in sample 25 at 313 K. 

Atom N 1 D 1 N 2 D 2 Li 1 

Site 4a 4a 4b 4b 16f 

x 0 0 0 0 0.1967 (14) 

y 0.25 0.25 0.25 0.25 0.4524 (15) 

z 0.125 0.125 0.625 0.625 0.2806 (4) 

100 x Uiso / Å2 - - - - 1.33 (6) 

100 x U11 / Å2 1.12 (4) 1.12 (4) 2.27 (9) 2.32 (9) - 

100 x U22 / Å2 1.12 (4) 1.12 (4) 2.27 (9) 2.32 (9) - 

100 x U33 / Å2 0.76 (5) 0.76 (5) 4.49 (16) 4.49 (16) - 

100 x U12 / Å2 0 0 0 0 - 

100 x U13 / Å2 0 0 0 0 - 

100 x U23 / Å2 0 0 0 0 - 

Occupancy 0.95 0.05 0.05 0.95 1.00 

 

Table 4-29: Atom positions and isotropic temperature factors generated by PND Rietveld 

refinement of Li2ND in sample 25 at 313 K. 

Atom Li 1 N 1 D 2 

Site 8c 4a 192l 

x 0.25 0 0.138 (2) 

y 0.25 0 0.098 (2) 

z 0.25 0 0.059 (2) 

100 x Uiso / Å2 5.07 (12) 1.87 (3) 3.8 (2) 

Occupancy 1.00 1.00 0.0208 
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Table 4-30: Atom positions and isotropic temperature factors generated by PND Rietveld 

refinement for the Li4ND (1′) phase in sample 25 at 313 K. 

Atom Li 1 N 1 D 1 

Site 8c 4a 4a 

x 0.25 0 0 

y 0.25 0 0 

z 0.25 0 0 

100 x Uiso / Å2 6.2 (4) 1.17 (7) 1.17 (7) 

Occupancy 1.00 0.50 0.50 

 

In an attempt to synthesise a quasi-imide, which is based on a cubic anti-fluorite structure, 

the temperature was increased markedly to 773 K (sample 26). In accordance with the 

findings of Weidner et al, 2 Li4ND and Li2ND form a solid solution resulting in the 

formation of the ‘quasi-imide’ phase. Simplification of the doubled tetragonal ordered anti-

fluorite structure of Li4ND to the disordered simple anti-fluorite structure of Li2ND allows 

for the formation of a solid solution due to structural similarities in which a modified 

imide-phase results. Previous to reports based on ‘quasi-imides’, Marx identified a reaction 

pathway involving Li4NH and Li2NH 4 which was reported to result in the formation of 

anti-fluorite type structures in addition to composition-dependent lattice parameters. These 

initial reports offer a foundation for the findings of Weidner et al 2 and this work.  

A modified cubic form of a Li2ND type 14 was used as a starting model for Rietveld 

refinement. It should be noted that only data from the 145o (C) detector bank could be used 

for analysis for this particular sample at 773 K. Data sets from this detector bank were 

combined to enable a Rietveld refinement to be performed as data were collected for an 

insufficient period of time due to problems with the beam.  Selected Rietveld refinement 

data are presented in Table 4.31 and the observed, calculated and difference plot is shown 

in Figure 4.30. 
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Table 4-31: Selected Rietveld refinement data from the PND refinement of sample 26 (where 

x = 0.36) at 773 K. 

Empirical Formula Li4-2xN1-xD1-x(ND)x 

Collection temperature / K 773 

Crystal system Cubic 

Space Group Fm-3m 

Lattice parameters / Å a = 5.0811 (3) 

V / Å 3 131.183 (8) 

Unit cell formula weight, Mw 94.616 

Density / (g/cm3) 1.198 

No. of varied parameters 20 

No. of observations 3851 

Rwp 0.0055 

Rp 0.0124 

χ 2 0.9273 

 

Figure 4-30: Observed, calculated and difference (OCD) plot from structural refinement of 

data collected from the 145 o (C) detector bank for sample 26 at 773 K from PND data. 

The black tickmarks indicate reflections from the quasi-imide phase. The black triangle 

indicates reflections from the sample environment (i.e. the furnace and the vanadium 

canister) which have been excluded. 
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Atomic positions and isotropic temperature factors are presented in Table 4.32. The 

thermal parameters for the N and D atoms located on the 4a site were varied isotropically, 

as were the parameters for the Li atom on the 8c site. Due to the low occupancy of D on 

site 192l site, the thermal parameter could not be freely refined therefore was fixed at a 

sensible value in accordance with refined values for Li and N1/D1. Unfortunately, the 

fractional occupancies could not be varied and therefore were fixed at theoretical values 

(Table 4.26). 

Table 4-32: Atom positions and isotropic temperature factors generated by PND Rietveld 

refinement of sample 26 at 773 K. 

Atom Li 1 N 1 D1 D 2 

Site 8c 4a 4a 192l 

x 0.25 0 0 0.139 (10) 

y 0.25 0 0 0.092 (12) 

z 0.25 0 0 0.055 (11) 

100 x Uiso / Å2 8.53 (21) 3.37 (9) 3.37 (9) 5.50 

Occupancy 1.00 0.6098 0.3902 0.0046 

 

4.3.4.3.2  (1-x)Li4ND + xLi2ND → Li4-2xN1-xD1-x(ND)x (where x = 0.5) 

Samples 27 and 28 (where x = 0.5) were studied at 323 and 773 K respectively to 

investigate further the effects of stoichiometry and temperature on the formation of a 

quasi-imide phase. Firstly, a model collected at 323 K was refined against data using the 

Rietveld method and selected data are presented in Table 4.33. Representations of the 

observed, calculated and difference plots are shown in Figures 4.31, 4.32 and 4.33. It 

should be noted that there is a slight LiD impurity present in this sample which has been 

highlighted in the figures below. 
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Table 4-33: Selected Rietveld refinement data from the PND refinement of sample 27 (x=0.5) 

at 323 K. 

Empirical Formula Li4ND (1) Li2ND Li4ND (1′) 

Collection temperature / K 323 

Crystal system Tetragonal Cubic Cubic 

Space Group I 41/a Fm-3m Fm-3m 

Lattice parameters / Å a = 4.8892 (2) a = 5.0669 (1) a = 4.9531 (11) 

 c = 9.9283 (7) - - 

V / Å 3 237.33 (2) 130.088 (6) 121.51 (5) 

Z 4 4 2 

Unit cell formula weight, Mw 175.140 119.599 87.570 

Density / (g/cm3) 1.225 1.527 1.196 

Wt. % 35.977 (5) 41.559 (5) 22.464 (8) 

No. of varied parameters 77 

No. of observations 11495 

Rwp 0.0146 

Rp 0.0344 

χ 2 0.9908 
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Figure 4-31: Observed, calculated and difference (OCD) plot from structural refinement of 

data collected from the 145 o (C) detector bank for sample 27 at 323 K from PND data. 

The black tickmarks indicate reflections from Li2ND, the red tickmarks indicate reflections 

from Li4ND (1) and the blue tickmarks indicate reflections from Li4ND (1′). The black squares 

indicates reflections from LiD and the black triangle indicate reflections from the sample 

environment (i.e. the furnace and the vanadium canister), all of which have been excluded.  

 

Figure 4-32: Observed, calculated and difference (OCD) plot from structural refinement of 

data collected from the 90 o (E) detector bank for sample 27 at 323 K from PND data. 

The black tickmarks indicate reflections from Li2ND, the red tickmarks indicate reflections 

from Li4ND (1) and the blue tickmarks indicate reflections from Li4ND (1′). The black square 

indicates a reflection from LiD and the black triangle indicate reflections from the sample 

environment (i.e. the furnace and the vanadium canister), all of which have been excluded. 
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Figure 4-33: Observed, calculated and difference (OCD) plot from structural refinement of 

data collected from the 35 o (A) detector bank for sample 27 at 323 K from PND data. 

The black tickmarks indicate reflections from Li2ND, the red tickmarks indicate reflections 

from Li4ND (1) and the blue tickmarks indicate reflections from Li4ND (1′). The black squares 

indicates reflections from LiD and the black triangle indicate reflections from the sample 

environment (i.e. the furnace and the vanadium canister), all of which have been excluded. 

Atomic positions and anisotropic temperature factors for Li4ND (1) are presented in Table 

4-35. The thermal parameters for the N and D atoms of Li4ND (1) were refined 

anisotropically. The thermal parameter of Li could only be refined isotropically since when 

attempting to refine Li anisotropically, the refinement became unstable. The atomic 

positions and thermal parameters of Li2ND and Li4ND (1′) are presented in Table 4-34 and 

Table 4-36. The thermal parameters of N, D and Li were refined isotropically. 

Table 4-34: Atom positions and isotropic temperature factors generated by PND Rietveld 

refinement of Li2ND in sample 27 at 323 K. 

Atom Li 1 N 1 D 1 

Site 8c 4a 192l 

x 0.25 0 0.139 (2) 

y 0.25 0 0.094 (2) 

z 0.25 0 0.057 (2) 

100 x Uiso / Å2 5.6 (1) 2.18 (3) 4.4 (3) 

Occupancy 1.00 1.00 0.0208 
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Table 4-35: Atom positions and anisotropic temperature factors generated by PND Rietveld 

refinement for Li4ND (1) in sample 27 at 323 K. 

Atom N 1 D 1 N 2 D 2 Li 1 

Site 4a 4a 4b 4b 16f 

x 0 0 0 0 0.195 (2) 

y 0.25 0.25 0.25 0.25 0.457 (2) 

z 0.125 0.125 0.625 0.625 0.2810 (7) 

100 x Uiso / Å2 - - - - 1.6 (1) 

100 x U11 / Å2 1.25 (6) 1.25 (6) 2.5 (2) 2.5 (2) - 

100 x U22 / Å2 1.25 (6) 1.25 (6) 2.5 (2) 2.5 (2) - 

100 x U33 / Å2 1.2 (1) 1.2 (1) 4.5 (3) 4.5 (3) - 

100 x U12 / Å2 0 0 0 0 - 

100 x U13 / Å2 0 0 0 0 - 

100 x U23 / Å2 0 0 0 0 - 

Occupancy 0.95 0.05 0.05 0.95 1.00 

 

Table 4-36: Atom positions and isotropic temperature factors generated by PND Rietveld 

refinement for the Li4ND (1′) phase in sample 27 at 313 K. 

Atom Li 1 N 1 D 1 

Site 8c 4a 4a 

x 0.25 0 0 

y 0.25 0 0 

z 0.25 0 0 

100 x Uiso / Å2 3.2 (2) 1.57 (9) 1.57 (9) 

Occupancy 1.00 0.50 0.50 

 

On heating the sample to 773 K, a new phase was formed (sample 28). This was modelled 

on a cubic Li2ND type phase proposed by Balogh et al. 14 Only data from the 145o (C) 

detector bank were used for analysis for this particular sample at 773 K. Data sets from this 

detector bank were combined to enable a Rietveld refinement to be performed as data was 
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collected for an insufficient period of time due to problems with the beam. Selected 

Rietveld refinement data is displayed in Table 4-37 and Figure 4.34 is a representation of 

the observed, calculated and difference plot. Atomic positions and isotropic thermal 

parameters are displayed in Table 4-38. As previously discussed in Section 4.3.4.3.1, the 

thermal parameter of D could not be refined. 

Table 4-37: Selected Rietveld refinement data from the PND refinement of sample 28 (where 

x = 0.5) at 773 K. 

Empirical Formula Li4-2xN1-xD1-x(ND)x 

Collection temperature / K 773 

Crystal system Cubic 

Space Group Fm-3m 

Lattice parameters a = 5.0968 (3) 

V / Å 3 132.40 (1) 

Unit cell formula weight, Mw 98.235 

Density / g/cm3 1.232 

No. of varied parameters 22 

No. of observations 3871 

Rwp 0.0087 

Rp 0.0207 

χ 2 0.8874 
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Figure 4-34: Observed, calculated and difference (OCD) plot from structural refinement of 

data collected from the 145 o (C) detector bank for sample 28 at 773 K from PND data. 

The red tickmarks indicate reflections from the quasi-imide phase. The black triangle 
indicates reflections from the sample environment (i.e the furnace and the vanadium 

canister) which have been excluded. 

 

Table 4-38: Atom positions and isotropic temperature factors generated by PND Rietveld 

refinement of sample 28 at 773 K. 

Atom Li 1 N 1 D1 D 2 

Site 8c 4a 4a 192l 

x 0.25 0 0 0.130 (8) 

y 0.25 0 0 0.088 (9) 

z 0.25 0 0 0.044 (8) 

100 x Uiso / Å2 7.9 (2) 3.79 (8) 3.79 (8) 5.00 

Occupancy 1.00 0.6667 0.3333 0.0069 
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4.3.4.3.3 (1-x)Li4ND + xLi2ND → Li4-2xN1-xD1-x(ND)x (where x = 0.6) 

The final samples under investigation were samples 29 and 30 which were based on a 

mixed sample of non-stoichiometric amounts of Li4ND and Li2ND where x = 0.6. PND 

data were collected at 313 and 773 K. Selected Rietveld refinement data are displayed in 

Table 4-39 and the observed, calculated and difference plots are shown in Figures 4.35, 

4.36 and 4.37. It should be noted that there are two slight impurities in this sample; LiD 

and LiND2, both of which have been highlighted in the observed, calculated and difference 

plots below. 

Table 4-39: Selected Rietveld refinement data from the PND refinement of sample 29 at 313 

K. 

Empirical Formula Li4ND (1) Li2ND Li4ND (1′) 

Collection temperature / K 313 

Crystal system Tetragonal Cubic Cubic 

Space Group I 41/a Fm-3m Fm-3m 

Lattice parameters / Å a = 4.8928 (1) a = 5.0696 (1) a = 4.9630 (12) 

 c = 9.9360 (8) - - 

V / Å 3 237.86 (3) 130.294 (6) 122.25 (5) 

Z 4 4 2 

Unit cell formula weight, Mw 175.140 119.599 87.570 

Density / (g/cm3) 1.223 1.524 1.190 

Wt. % 35.947 (5) 51.838 (5) 12.215 (8) 

No. of varied parameters 74 

No. of observations 11353 

Rwp 0.0180 

Rp 0.0595 

χ 2 0.9895 
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Figure 4-35: Observed, calculated and difference (OCD) plot from structural refinement of 

data collected from the 145 o (C) detector bank for sample 29 at 313 K from PND data. 

The black tickmarks indicate reflections from Li4ND (1), the red tickmarks indicate 

reflections from Li2ND and the blue tickmarks indicate reflections from Li4ND (1′). The black 

square represents a reflection from LiD, the open square indicates a reflection from LiND2 

and the black triangle indicates reflections from the sample environment (i.e. the furnace 
and vanadium canister), all of which have been excluded. 

 

Figure 4-36: Observed, calculated and difference (OCD) plot from structural refinement of 

data collected from the 90 o (E) detector bank for sample 29 at 313 K from PND data. 

The black tickmarks indicate reflections from Li4ND (1), the red tickmarks indicate 

reflections from Li2ND and the blue tickmarks indicate reflections from Li4ND (1′). The open 

square indicates a reflection from LiND2 and the black triangle indicates reflections from the 

sample environment (i.e. the furnace and vanadium canister), all of which have been 

excluded. 
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Figure 4-37: Observed, calculated and difference (OCD) plot from structural refinement of 

data collected from the 35 o (A) detector bank for sample 29 at 313 K from PND data. 

The black tickmarks indicate reflections from Li4ND (1), the red tickmarks indicate 

reflections from Li2ND and the blue tickmarks indicate reflections from Li4ND (1′). The open 

square indicates a reflection from LiND2 and the black triangle indicates reflections from the 

sample environment (i.e. the furnace and vanadium canister), all of which have been 

excluded. 

Atomic positions and anisotropic temperature factors are presented in for each of the three 

phases in Tables 4.40, 4.41 and 4.42 respectively. Thermal parameters for each of the N 

and D atoms within Li4ND (1) was refined anisotropically but the refinement was unstable 

when varying Li anisotropically. With regard to the Li2ND and Li4ND (1′) phases, N, Li 

and D thermal parameters were refined isotropically. 
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Table 4-40: Atom positions and anisotropic temperature factors generated by PND Rietveld 

refinement for Li4ND (1) in sample 29 at 313 K. 

Atom N 1 D 1 N 2 D 2 Li 1 

Site 4a 4a 4b 4b 16f 

x 0 0 0 0 0.199 (4) 

y 0.250 0.250 0.25 0.25 0.441 (4) 

z 0.1250 0.1250 0.625 0.625 0.2771 (9) 

100 x Uiso / Å2 - - - - 1.4 (1) 

100 x U11 / Å2 1.16 (9) 1.16 (9) 1.9 (2) 1.9 (2) - 

100 x U22 / Å2 1.16 (9) 1.16 (9) 1.9 (2) 1.9 (2) - 

100 x U33 / Å2 0.9 (1) 0.9 (1) 4.8 (4) 4.8 (4) - 

100 x U12 / Å2 0 0 0 0 - 

100 x U13 / Å2 0 0 0 0 - 

100 x U23 / Å2 0 0 0 0 - 

Occupancy 0.95 0.05 0.05 0.95 1.00 

 

Table 4-41: Atom positions and isotropic temperature factors generated by PND Rietveld 

refinement of Li2ND in sample 29 at 313 K. 

Atom Li 1 N 1 D 1 

Site 8c 4a 192l 

x 0.25 0 0.139 (2) 

y 0.25 0 0.095 (2) 

z 0.25 0 0.054 (2) 

100 x Uiso / Å2 5.4 (1) 1.96 (3) 3.6 (2) 

Occupancy 1.00 1.00 0.0208 
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Table 4-42: Atom positions and isotropic temperature factors generated by PND Rietveld 

refinement for Li4ND (1′) in sample 29 at 313 K. 

Atom Li 1 N 1 D 1 

Site 8c 4a 4a 

x 0.25 0 0 

y 0.25 0 0 

z 0.25 0 0 

100 x Uiso / Å2 6.4 (7) 1.3 (1) 1.3 (1) 

Occupancy 1.00 0.50 0.50 

 

Subsequent data were collected for this sample at 773 K and selected Rietveld refinement 

data are presented in Table 4.43 and observed, calculated and difference plots from the 

145o (C), 90o (E) and 35o (A) detector banks are displayed in Figures 4.38, 4.39 and 4.40. 

Atomic positions and anisotropic temperature factors are shown in Table 4.44. The thermal 

displacement parameters for the N1 and D1 atoms were refined isotropically as were those 

for Li. The thermal parameter for D on the 192l site could not be varied. 
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Table 4-43: Selected Rietveld refinement data from the PND refinement of sample 30 (where 

x = 0.6) at 773 K. 

Empirical Formula Li4-2xN1-xD1-x(ND)x 

Collection temperature / K 773 

Crystal system Cubic 

Space Group Fm-3m 

Lattice parameters a = 5.1188 (3) 

V / Å 3 134.12 (1) 

Unit cell formula weight, Mw 101.292 

Density / g/cm3 1.254 

No. of varied parameters 43 

No. of observations 11669 

Rwp 0.0169 

Rp 0.0576 

χ 2 0.6127 
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Figure 4-38: Observed, calculated and difference (OCD) plot from structural refinement of 

data collected from the 145 o (C) detector bank for sample 30 at 773 K from PND data. 

The black tickmarks indicate reflections from the quasi-imide phase. The black triangle 

indicates reflections from the sample environment (i.e. the furnace and the vanadium 

canister) which have been excluded. 

 

Figure 4-39: Observed, calculated and difference (OCD) plot from structural refinement of 

data collected from the 90 o (E) detector bank for sample 30 at 773 K from PND data. 

The black tickmarks indicate reflections from the quasi-imide phase. The black triangle 
indicates reflections from the sample environment (i.e. the furnace and the vanadium 

canister) which have been excluded. 
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Figure 4-40: Observed, calculated and difference (OCD) plot from structural refinement of 

data collected from the 35 o (A) detector bank for sample 30 at 773 K from PND data. 

The black tickmarks indicate reflections from the quasi-imide phase. The black triangle 

indicates reflections from the sample environment (i.e. the furnace and the vanadium 

canister) which have been excluded. 
 

Table 4-44: Atom positions and isotropic temperature factors generated by PND Rietveld 

refinement of sample 30 at 773 K. 

Atom Li 1 N 1 D1 D 2 

Site 8c 4a 4a 192l 

x 0.25 0 0 0.144 (5) 

y 0.25 0 0 0.11 (9) 

z 0.25 0 0 0.04 (9) 

100 x Uiso / Å2 8.5 (2) 3.4 (1) 3.4 (1) 5.50 

Occupancy 1.00 0.7143 0.0089 0.2857 

 

From Rietveld analysis of PND data collected for samples 22, 24, 26, 28 and 30, it is 

evident that as the value of x increases, the a lattice parameter of the new quasi-imide 

increases therefore the lattice parameter is composition dependent and this trend was also 

reported by Weidner et al. 2 The increase in size of the unit cell is shown clearly in Table 

4-45 and Figure 4.41 is a representation of the structure. 

Interatomic distances were also generated from Rietveld refinement of the PND data and 

are presented in Table 4.46. Considering the cubic symmetry of the structure where the N 
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and Li atoms are located on special positions and the distances obtained, the elongation of 

the Li-N bonds as x increases are responsible for the increase in lattice parameter value. 

Table 4-45: Overview of lattice parameters obtained from Rietveld refinement of PND data at 

773 K for varying values of x in samples of Li4-2xN1-xD1-x(ND)x. 

x a lattice 
parameter / Å 

0.0 5.0542 (2) 

0.36 5.0811 (2) 

0.5 5.0968 (3) 

0.6 5.1188 (3) 

1.0 5.1661 (3) 

 

Table 4-46: Overview of the interatomic distances obtained from Rietveld refinement of PND 

data at 773 K for varying values of x in samples of Li4-2xN1-xD1-x(ND)x. 

 Interatomic Distances / Å 

x 4x Li-N 6x N-D 6x Li-Li 

0.0 2.1852 (5) 0.89756 (2) 2.4733 (3) 

0.36 2.20019 (6) 0.89 (4) 2.54056 (9) 

0.5 2.20699 (10) 0.83 (4) 2.5484 (2) 

0.6 2.21650 (9) 0.9 (2) 2.5594 (1) 

1.0 2.23700 (8) 0.85 (2) 2.5831 (1) 
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Figure 4-41: Illustration of a cubic ‘quasi-imide’ phase. 

The lithium and nitrogen are on fixed sites. The hydrogen atoms represent all possible sites 

which may be occupied around the nitrogen atoms, as in the imide, expect rotational 

disorder of N-D (Li+ - pink, N3- - blue, H+ - green). 

Another feature of the quasi-imide phase which results as x increases is an increase in cell 

volume, calculated unit cell formula weight and cell density. The increase in calculated 

unit cell formula weight implies a change in the stoichiometry of Li4-2xN1-xD1-x(ND)x. As 

the value of x increases, an increase in the amount of the larger (ND)x leads to an increase 

in the calculated unit cell formula weight. Although the cell volume increases with 

increasing x, the correlation deviates slightly from linear behaviour. A representation of 

this is shown in Figure 4.42.  
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Figure 4-42: Comparison of cell volume obtained from Rietveld refinement of PND data at 

773 K versus value of x. 

The reaction pathway adopted by the ‘quasi-imide’ model suggested in this work and 

previously, 2,
 
3 differs from that suggested by Chen et al and David et al with regards to 

charge balance. 16 17 Firstly, Chen et al reported the formation of a Li-rich imide phase 

(LixNH3-x where x > 2) as a result of the thermal desorption of a 1:2 mixture of LiNH2 and 

LiH. 16 However, Chen et al stated that further investigations were required to verify the 

structure. Subsequently, during the investigation of the decomposition product of 

hydrogenated Li3N, David et al reported a series of non-stoichiometric compounds (Li2-

xNH1+x). 17 The aforementioned authors propose that charge balance is maintained via an 

exchange of Li+ for H+ however the ‘quasi-imide’ model suggested in this work and by 

Weidner et al 2 indicate that the inclusion of both H+ and H- (D+ and D-) is the reason that 

charge balance is maintained. Formation of the solid solutions between the imide-amide or 

the nitride-hydride-imide and associated mechanisms are dependent on different reaction 

conditions, e.g. high and low H2 pressure respectively. It is believed that when the H2 

partial pressure is low, Li3N reacts with LiH resulting in the formation of Li4NH which 

subsequently reacts with Li2NH to form the ‘quasi-imide’. 
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4.4 Conclusions 

Significant advances in the synthesis of Li4ND using microwave radiation have been 

presented in this chapter. Using this novel synthetic method instead of a conventional 

method is advantageous in many regards including rapid heating and ultrafast cooling 

rates. As a consequence of rapid heating one disadvantage transpires; the temperature at 

which the reaction takes place cannot be monitored accurately. Fortunately, after 

employing a trial and error approach using various reaction parameters, including reaction 

time, power and atmosphere under which the reactions were run, optimum conditions 

emerged therefore the reaction temperature was not as critical as it may have been under 

conventional conditions. Furthermore, by employing the novel microwave synthesis, 

encouragingly the results are easily reproduced. 

A PND study of Li4ND over a variable temperature range resulted in the conclusion that at 

temperatures of 673 K and above, Li4ND transforms from a tetragonal structure to a cubic 

structure. With regards to the tetragonal structure, the 4a and 4b sites are occupied by both 

N and D with the 4a site being predominantly occupied by N (approximately 95%) 

whereas the 4b site is predominantly occupied by D (approximately 95%). This was 

supported by bond valence calculations. Rietveld analysis confirmed the presence of a 

second Li4ND phase in the sample at 313/323 K. This second phase is thought to be cubic 

Li4ND and the structure is based on a modified Li2ND type suggested by Balogh et al 14 

however it should be noted that there are no previous reports of cubic-Li4ND in the 

literature. On formation of the cubic structure, there is a change in anion distribution from 

approximately fully N and D occupied sites to one site that is occupied in a 50:50 ratio.  

A PND investigation of Li2ND was also conducted and data was collected at 313 and 773 

K. The main purpose of collecting data at 313 K was to ensure that there were no impurity 

phases present in the starting material and to establish that Li2ND was stoichiometric. With 

regards to the structure, Rietveld refinement of the data collected at 773 K shows that the 

lattice parameters increased which is consistent with thermal expansion. 

As identified by Marx, a reaction involving Li4NH and Li2NH results in the formation of a 

cubic ‘quasi-imide’ phase (Li4-2xN1-xD1-x(ND)x) in which N3-, D- and (ND)2- are disordered 

across the anti-fluorite anion sites. This work revealed that the temperature at which the 

quasi-imide phases formed was 773 K. Various non-stoichiometric mixtures of Li4ND and 

Li2ND were analysed using the Rietveld method and by modifying the cubic structure 

proposed for Li2ND by Balogh et al, 14 this allowed the cubic quasi-imide phase to be 

refined. Although the data obtained were relatively poor (either due to poorly crystalline 

samples or insufficient data collection times) and the structure is a complex one, a general 
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trend in the data was apparent; as the value of x was increased, an expansion of a resulted 

and the cell volume (and density) increased. Furthermore, as the value of x increases (0.36, 

0.5, 0.6), the anion distribution changes; the occupancy of imide N in (ND)2- on the 4a site 

increases as does the occupancy of protonic D of (ND)2- on the 192l site. Furthermore, the 

Li-N and Li-Li bonds elongate with x. 
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5 The Li-Ca-N System 

5.1 Introduction 

Of the alkali metals, only lithium is known to form ternary nitrides with group 2 elements 

with Li-Mg-N being the most well studied of these systems. 1 Although closely related to 

LiMgN, in which stoichiometric LiMgN as well as Mg and Li rich phases are known, 2 to 

date, only one ternary nitride is known for the Li-Ca-N system; LiCaN. 3 Other ternary 

nitrides containing lithium and a group 2 element, other than LiMgN, include LiBeN, 

LiSrN and LiBaN. 4 5 6 A Li-rich phase for the Li-Sr-N system was also reported by 

Cordier et al; Li4SrN2. 3 

To date, there is only one previous report of the crystal structure of LiCaN determined by 

X-ray diffraction. 3 The nitride adopts a distorted orthorhombic structure based on an anti-

fluorite in which half the tetrahedral holes are occupied by Ca atoms and Li atoms are 

displaced from the remaining tetrahedral positions of the approximately cubic close-packed 

matrix. Lithium atoms are coordinated to three nitrogen atoms in a trigonal planar 

geometry, as in Li3N, although in LiCaN the triangle is distorted as is shown in Figure 5.1. 

Each calcium atom is tetrahedrally coordinated to a nitrogen atom, comparable to the 

coordination in α-Ca3N2. Each nitrogen forms pentagonal bipyramids with four calcium 

atoms (two axial, two equatorial) and three lithium atoms (equatorial).  

 

Figure 5-1: Distorted orthorhombic structure adopted by LiCaN. 

(Li+ - pink, N3- - blue, Ca2+ - teal) 
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The ternary nitride, LiCaN can be synthesised by a solid state reaction using stoichiometric 

amounts of calcium metal and lithium nitride at a temperature of 873 K under an N2(g) 

pressure of 2 bar. 7 Furthermore, reacting Li3N and Ca3N2 at 973 K under a nitrogen 

atmosphere also results in the formation of LiCaN. 8  

In relation to work by performed initially by Yamane et al 1 and subsequently by Bailey et 

al 2 involving PXD and PND studies respectively, results concluded that defect structures 

within the Li-Mg-N system were present. Therefore, as well as stoichiometric LiMgN, this 

system also contains Mg-rich and Li-rich compounds. 2 Due to the reports of the Mg-rich 

and Li-rich phases within the Li-Mg-N system together with the lack of structural data 

reported on the Li-Ca-N system, attempts were made to synthesise non-stoichiometric 

LiCaN.  A subsequent PND study was conducted to investigate if the Li-Ca-N systems 

behaves in a similar way to that of the Li-Mg-N system.  

This chapter describes the synthesis of lithium calcium nitride both conventionally and by 

a novel synthesis using microwaves. An initial study of the structure was performed by 

PXD and subsequently by PND. A PND study was essential in order to derive accurate Li 

positions, provide information on thermal displacements and ascertain if the material is 

perfectly stoichiometric as proposed. Based on the findings of the defect structures within 

the Li-Mg-N system by Yamane et al 1 and Bailey et al, 2 a further PND study was 

conducted to investigate non-stoichiometric LiCaN. The sample selected was influenced 

by the opportunity to introduce defects (essentially Li+ vacancies) in Li3-xCaxN1-x/3 (by 

analogy to the Li-Mg-N system). 

5.2 Experimental 

5.2.1 Synthesis of Ca3N2 

Synthesis of Ca3N2 (sample 1) was carried out by a direct reaction between calcium metal 

and nitrogen gas. A piece of calcium (~ 6 g) was cut from a larger ingot (Alfa Aesar, 97%) 

and cleaned, under an argon-filled atmosphere in a recirculating glove box, to remove any 

oxides present on the surface of the material. The metal piece was then placed inside a 

stainless steel crucible which was then transferred into a stainless steel reaction vessel 

which was sealed under nitrogen (Section 2.3.1.1, Figure 2.5) before being removed from 

the glove box. The reaction vessel was evacuated before being purged with nitrogen and 

heated to 993 K for 24 h. 

On cooling, the reaction vessel was opened in a recirculating glove box under a nitrogen 

atmosphere. The material was ground using an agate mortar and pestle before preparing a 

capillary for PXD.  
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5.2.2 Synthesis of Li-Ca-N materials 

5.2.2.1 Synthesis of LiCaN 

Lithium calcium nitride was synthesised using two different methods. Initially, LiCaN was 

synthesised coventionally by reacting Li3N and Ca3N2 in a stainless steel reaction vessel 

under a static nitrogen atmosphere, using a 25 wt. % excess of Li3N. The reactants were 

ground together using an agate mortar and pestle before pelletising the material using a 13 

mm pellet die (samples 3-22). The pellet was transferred into a stainless steel crucible 

which was then placed inside a stainless steel reaction vessel (Section 2.3.2.1, Figure 2.8). 

This was sealed before being removed from the glove box. The reaction vessel was heated 

to 923 K for 24 h. Upon completion of the reaction and subsequent cooling, the reaction 

vessel was opened in a recirculating glove box under a nitrogen atmosphere. The material 

was then ground using an agate mortar and pestle before preparing a capillary for PXD. An 

overview of the reaction conditions that were varied in order to synthesise single phase 

LiCaN using conventional methods are discussed in Table 5.1. For conventional syntheses, 

all material was pelletised unless stated otherwise. 
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Table 5-1: Summary of Li3N + Ca3N2 reactions using a conventional method 

Sample 
Excess 
of Li3N 

(%) 

Time 
(h) 

Temp 
(K) Reaction Conditions Results 

2 - 48 923 N2(g) atmosphere, 
non-pelletised 

LiCaN, CaO 

3 - 48 973 N2(g) atmosphere LiCaN, CaO 

4 - 48 923 N2(g) atmosphere LiCaN, CaO 

5 10 48 923 N2(g) atmosphere LiCaN, CaO 

6 10 48 823 N2(g) atmosphere LiCaN, CaO 

7 15 48 923 N2(g) atmosphere LiCaN, CaO 

8 15 24 923 N2(g) atmosphere LiCaN, CaO 

9 15 24 823 N2(g) atmosphere LiCaN, CaO 

10 15 24 973 N2(g) atmosphere LiCaN, CaO 

11 25 48 923 N2(g) atmosphere LiCaN, CaO 

12 25 48 823 N2(g) atmosphere LiCaN, CaO 

13 25 48 973 N2(g) atmosphere LiCaN, CaO 

14 25 24 923 N2(g) atmosphere LiCaN, CaO 

15 25 24 973 N2(g) atmosphere LiCaN, CaO 

16 25 24 823 N2(g) atmosphere LiCaN, CaO 

17 25 48 923 N2(g) atmosphere LiCaN, CaO 

18 25 24 923 N2(g) atmosphere LiCaN, CaO 

19 2:1 48 973 N2(g) atmosphere LiCaN, CaO 

20 2:1 24 973 N2(g) atmosphere LiCaN, CaO 

21 2:1 48 923 N2(g) atmosphere LiCaN, CaO 

22 4:1 24 973 N2(g) atmosphere LiCaN, CaO, α-Li3N 

 

In addition to the conventional route of synthesis, this ternary nitride can be prepared using 

a novel method via microwave synthesis. Using the same stiochiometries of reactants, the 

material was loaded into a silica glass tube which was sealed either under vacuum or by 

using a septum cap. Two types of microwave apparatus were employed; a multi-mode 

reactor and a single mode reactor, both of which facilitate plasma generation. In the case of 
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LiCaN synthesis, the plasma is cerise in colour before becoming lilac; this is true for 

reactions using both types of microwave reactors. When an orange glow was observed and 

the lilac glow ceased, this indicated that the reaction had reached completion. 

Using a domestic microwave oven (Panasonic 4697 NN-TS53W) (Section 2.3.2.1, Figure 

2.10), the vacuum-sealed tube was reacted at medium power (approximately 400 w) for 

600 seconds to obtain the desired product. Using a single mode microwave reactor, CEM 

Discover, (where the microwaves are focussed directly on the sample) (Section 2.3.2.1, 

Figure 2.11), the reaction took place under a nitrogen or argon atmosphere at 300 w and 

the reaction time was reduced to 150 seconds. Conditions for both MW syntheses were 

optimised after varying numerous parameters outlined in Tables 5.2 and 5.3. It should be 

noted that the times stated in Tables 5.2 and 5.3 were not continuous and therefore periods 

of cooling were introduced for two main reasons. The first and most simplistic factor for 

the introduction of cooling periods was to avoid cracking of the silica glass tube. Secondly, 

Houmes and zur Loye reported that extremely rapid heating can lead to the evaporation of 

Li3N ultimately resulting in the incomplete formation of the desired product 9 therefore 

cooling periods enabled this problem to be avoided. It was also vital that the reaction was 

monitored closely to ensure that thermal runaway did not occur which would have led to 

melting of the material as this has been reported elsewhere within solid state chemistry. 10 

Table 5-2: Summary of Li3N + Ca3N2 reactions using a domestic microwave oven 

Sample 
Excess 
of Li3N 

(%) 

Time 
(secs) Power Reaction 

Conditions Results 

23 25 420 ‘Med/High’ N2 (g) atmosphere α-Li3N, β-Li3N, 
Ca3N2 

24 25 900 ‘High’ N2 (g) atmosphere, 
Fe susceptor 

α-Li3N, Ca3N2, 
LiCaN, CaO  

25 25 600 ‘Med/High’ Vacuum LiCaN, CaO 
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Table 5-3: Summary of Li3N + Ca3N2 reactions using a single mode microwave reactor 

Sample Excess of 
Li3N (%) 

Time 
(secs) 

Power 
(watts) Reaction Conditions 

 

Results 

26 25 120 300 N2(g) atmosphere LiCaN, CaO 

27 25 150 300 N2(g) atmosphere LiCaN, CaO 

28 - 150 300 N2(g) atmosphere LiCaN, CaO 

29 25 150 300 N2(g) atmosphere LiCaN, CaO 

30 50 150 300 N2(g) atmosphere LiCaN, CaO, 
Ca3N2 

 

Despite varying numerous parameters using each of the synthetic methods described, it 

was impossible to obtain single phase LiCaN; a slight CaO impurity was present 

regardless. Both starting materials and each sample were analysed by PXD to determine 

the purity of each. In regards to the starting materials used for each synthesis, data 

collected from PXD revealed that both Li3N (Alfa Aesar, 99.4 %) (see appendix) and 

Ca3N2 (laboratory synthesised) did not have any oxide impurities present (Figure 5.2). 

5.2.2.2  Synthesis of non-stoichiometric LiCaN 

In attempts to make Li3-xCaxN1+(x/3) (x = 1.6) for a PND study, the same method of 

synthesis, using a single mode microwave reactor, was followed. It should be noted that an 

excess of Li3N continued to be used throughout these reactions also. A summary of the 

reactions performed in order to ascertain the most appropriate reaction conditions are is 

detailed in Table 5.4.   

Table 5-4: Summary of Li3-xCaxN1+(x/3) (x = 1.6) reactions using a single mode microwave 

reactor 

Sample Excess of 
Li3N (%) 

Time 
(secs) 

Power 
(watts) Reaction Conditions 

 

Results 

35 25 120 300 N2(g) atmosphere LiCaN, CaO, 
Ca3N2 

36 25 150 300 N2(g) atmosphere LiCaN, CaO 
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5.2.3 Scanning Electron Microscopy 

A small amount of sample (conventionally and MW synthesised material) was deposited 

onto an aluminium stub using adhesive carbon tabs. All preparations were carried out 

under a nitrogen atmosphere in a recirculating glove box due to the air sensitive nature of 

the material. Each tab was placed inside a glass vial which was sealed before removal from 

the glove box. 

The sample was subsequently transferred quickly from the glass vial into the vacuum 

column of the microscope, once again so as to minimise exposure to the air. Each sample 

was examined by J. Gallagher on a Hitachi S-4700 SEM with an applied accelerating 

voltage of 5 kV and a working distance of 12.5 mm.  

5.2.4 Powder X-ray Diffraction (PXD) Experiments 

All compounds which were synthesised were initially characterised by PXD using a Bruker 

D8 or a PANalytical X’Pert PRO MPD powder diffractometer, as described in Section 

2.4.1.1. Capillaries of the materials were prepared for each PXD measurement.  Data were 

collected from 5-85o 2θ or 10-110o 2θ for 1 h or 12 h respectively, using a step size of 

0.017o 2θ. PXD data collected overnight produced high quality data which were used for 

Rietveld refinements. 

5.2.5 Rietveld refinement against PXD data 

The structure of LiCaN, synthesised both conventionally and by microwave reaction, was 

refined using the General Structure Analysis System (GSAS) 11 via the EXPGUI interface. 
12 The background of both samples was successfully modelled using GSAS background 

function 1 (shifted Chebyschev function), using 12 or 14 coefficients. This was followed 

by refinement of the cell parameters. Subsequently, peak profiles (using GSAS function 3, 

a convolution of back-to-back exponentials and pseudo-Voigt combination with Lorentzian 

broadening) and atomic positions were refined as well as isotropic temperature factors. 

Lastly, anisotropic temperature factors were refined. 
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5.2.6 Powder Neutron Diffraction (PND) Experiments 

Powder neutron diffraction studies on the Li-Ca-N system were performed at ISIS, 

Rutherford Appleton Laboratory. The diffraction experiments were carried out on 

POLARIS which is a high intensity, medium resolution diffractometer 13 and described 

more fully in Section 2.4.2.1. Data were collected for three samples within the Li-Ca-N 

system and are detailed below (Table 5.5). 

Table 5-5: Summary of the PND experiments performed on POLARIS. 

Sample Composition Temperature 
(K) 

37 LiCaN 300 

38 LiCaN 400 

39 Li3-xCaxN1+(x/3) where x = 1.6 300 

40 Li3-xCaxN1+(x/3) where x = 1.6 400 

 

Approximately 1 g of each sample was loaded into a 8 mm vanadium canister in a glove 

box under an argon atmosphere. The canister was made air-tight by using a copper gasket 

which was placed between the lid and the canister. Measurements were carried out in a 

furnace at 300 and 400 K for approximately 2 h each and data were collected at the 145o 

(C), 90o (E) and 35o (A) detector banks.  

5.2.7 Rietveld refinement against PND data 

The General Structure Analysis System (GSAS) 11 via the EXPGUI interface 12 was 

employed to carry out Rietveld refinements of the collected PND time of flight data. Data 

were employed from three detector banks; A bank (35o), E bank (90o) and C bank (145o) 

and an appropriate starting model based on the known structure of LiCaN 3 was used in 

each refinement. For sample 37, the data were fitted to the LiCaN phase and an additional 

CaO impurity phase. In the case of the LiNH2 impurity phase, the signal to noise ratio was 

poor therefore it was difficult to achieve a good fit of this phase. The LiCaN phase was 

refined to the orthorhombic structure proposed by Cordier et al 3 in the space group Pnma. 

The impurity phase of CaO, which crystallises in the space group Fm-3m, was modelled 

against the standard rock salt structure 14 and LiNH2 was modelled against a tetragonal 

starting model suggested by Jacobs and Juza 15 in space group I-4. 



 

215 
 

Initially data collected from the 145o (C) bank for samples 37 and 38 at 300 K and 400 K 

respectively were used in refinements. In both cases background function 1, shifted 

Chebyschev (in GSAS) was employed using 10 coefficients and was refined. This was 

followed by refinement of the unit cell and an absorption correction was applied. The peak 

profiles (using GSAS function 3, a convolution of back-to-back exponentials and pseudo-

Voigt combination with Lorentzian broadening), atomic positions and isotropic 

temperature factors were then subsequently refined. Impurity phases were then added once 

the refinement of the main phase was near completion. Lastly, the anisotropic temperature 

factors were refined for the main phase. Prior to completing the refinement, as many 

parameters as possible were simultaneously refined for each data set to obtain the best 

possible fit with the optimum number of varied parameters.  

The same procedure as described above was followed for samples 39 and 40, although the 

number of coefficients used for obtaining a good fit of the background was increased (14 

coefficients were used). 

5.3 Results and Discussion 

5.3.1 Synthesis of Ca3N2 

Successful laboratory synthesis of α-Ca3N2 resulted in a material which was a dark red 

colour. Figure 5.2 shows the PXD pattern obtained and highlights the fact that the 

experimental pattern shown in black fits well to the theoretical pattern input using 

PowderCell 2.4 (in red). Furthermore, the PXD pattern shown below confirms the fact that 

no impurities were present within the sample. The cubic cell parameters (a = 11.468 (6) Å) 

are in good agreement with that reported in the literature by Laurent et al 16  (a = 11.473 

(1) Å). 
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Figure 5-2: Powder pattern obtained for lab-synthesised Ca3N2 (indicated in red).  

5.3.2 Synthesis of LiCaN 

Lithium calcium nitride was successfully synthesised using two different methods and both 

yielded a product which had a slight CaO impurity. Both the conventionally synthesised 

LiCaN and the material synthesised by the employment of microwaves gave rise to a bright 

orange coloured product. Rietveld refinements were performed using the LiCaN model 

structure proposed by Cordier et al in 1989 (in orthorhombic space group Pnma). 3 The 

structures for materials obtained from both synthetic methods resulted in good agreement 

to the theoretical model and χ2 values of 1.953 and 1.284 were obtained for the 

conventional and novel microwave synthesis methods respectively. Selected Rietveld 

refinement data is shown in Table 5.6. Figure 5.3 illustrates the observed, calculated and 

difference (OCD) plot for conventionally synthesised LiCaN. Atomic positions and 

anisotropic temperature factors for the LiCaN phase are displayed in Table 5.7. It should 

be noted that the atomic position for the Li atom could not be varied due to the instability 

of the refinement but the atomic positions (x, z) of Ca and N were varied (Table 5.7).  
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Table 5-6: Selected Rietveld refinement data from the PXD refinement of sample 16 at 293 K. 

Empirical Formula LiCaN CaO 

Collection Temperature / K 293 

Crystal system Orthorhombic Cubic 

Space Group Pnma Fm-3m 

Lattice parameters / Å a = 8.4502 (5) a = 4.7956 (3) 

 b = 3.6639 (2)  - 

 c = 5.5254(4) - 

V / Å 3 171.070 (18) 110.286 (13) 

Unit cell formula weight, Mw 244.112 224.316 

Density (g/cm3) 2.370 3.378 

Wt. % 92.318 (1) 7.682 (6) 

No. of varied parameters 31 

No. of observations 11812 

Rwp 0.1406 

Rp 0.0887 

χ 2 1.953 
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Figure 5-3: Observed, calculated and difference (OCD) plot obtained for sample 16 refined 

against PXD data. 

The black tickmarks indicate the LiCaN phase and the red tickmarks indicate the impurity 

phase, CaO. 

 

Table 5-7: Atom positions and anisotropic temperature factors for the LiCaN phase in 

sample 16 generated from the Rietveld refinement of PXD data. 

Atom Li Ca N 

Site 4c 4c 4c 

x 0.047610 0.1527 (8) 0.408 (3) 

y 0.25 0.25 0.25 

z 0.574490 0.025 (1) 0.2344 (3) 

100 x U11 / Å2 0.7 (26) 9.6 (5) 8.6 (20) 

100 x U22 / Å2 7.2 (29) 8.1 (4) 7.0 (16) 

100 x U33 / Å2 8.6 (30) 9.2 (5) 9.6 (18) 

100 x U12 / Å2 0 0 0 

100 x U13 / Å2 1.8 (22) -2.1 (7) 2.7 (12) 

100 x U23 / Å2 0.00 0.00 0.00 

Occupancy 1.00 1.00 1.00 
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A Rietveld refinement was performed on sample 26 in order to compare LiCaN prepared 

via conventional heating versus that produced by microwave synthesis. Figure 5.4 shows 

the observed, calculated and difference (OCD) plot for this material which was synthesised 

using microwaves. Selected Rietveld refinement data is shown in Table 5.8. Atomic 

positions were varied for all atoms in the main phase and data is displayed in Table 5.9 

along with anisotropic temperature factors. 

Table 5-8: Selected Rietveld refinement data generated from the PXD refinement of sample 

26 at 293 K. 

Empirical Formula LiCaN CaO 

Collection Temperature / K 293 

Crystal System Orthorhombic Cubic 

Space Group Pnma Fm-3m 

Lattice parameters / Å a = 8.4775 (3) a = 4.814 (3) 

 b = 3.6794 (2)  - 

 c = 5.5440 (2) - 

V / Å 3 172.930 (11) 112.554 (13) 

Z 4 4 

Unit cell formula weight, Mw 244.112 224.316 

Density (g/cm3) 2.344 3.309 

Wt. % 87.979 (2) 12.021 (7) 

No. of varied parameters 42 

No. of observations 4786 

Rwp 0.0502 

Rp 0.0352 

χ 2 1.284 
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Figure 5-4: Observed, calculated and difference (OCD) plot obtained for sample 26. 

The black tickmarks indicate the LiCaN phase and the red tickmarks indicate the impurity 

phase, CaO. 

 

Table 5-9: Atom positions and anisotropic temperature factors for LiCaN generated by 
Rietveld refinement of PXD data. 

Atom Li Ca N 

Site 4c 4c 4c 

x 0.038 (4) 0.1557 (4) 0.4051 (16) 

y 0.25 0.25 0.25 

z 0.569 (5) 0.0272 (5) 0.2401 (18) 

100 x Uiso / Å2 8.5 (10) - - 

100 x U11 / Å2 - 4.37 (20) 6.9 (10) 

100 x U22 / Å2 - 3.86 (18) 3.5 (8) 

100 x U33 / Å2 - 3.93 (20) 4.2 (7) 

100 x U12 / Å2 - 0 0 

100 x U13 / Å2 - 0.81 (27) 0.5 (6) 

100 x U23 / Å2 - 0 0 

Occupancy 1.00 1.00 1.00 
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In terms of lattice parameters, those reported for the microwave synthesis are in good 

agreement with those stated in the literature however there is a difference in the lattice 

parameters obtained for the conventional synthesis (Table 5.10). The unit cell parameters 

for the conventionally synthesised material are smaller than that of both reported in the 

literature and for the microwave synthesis. It should be noted that Cordier et al synthesised 

the LiCaN material at 1123 K 3 and in this work, the conventional synthesis was carried 

out at 823 K. It is difficult to reach a final conclusion with regards to the LiCaN material 

synthesised via microwaves, since the temperature cannot be monitored using this 

synthetic method. There was an attempt to refine the occupancies in order to ascertain if a 

non-stoichiometric phase was present, but the occupancies did not vary from 1. 

Table 5-10: Comparison of lattice parameters for different synthetic methods in relation to 

literature values. 3 

Lattice 
Parameter Literature 

Conventional 
Synthesis  

(Sample 16) 

Microwave 
Synthesis 

(Sample 26) 

a / Å 8.471 (3) 8.4502 (2) 8.4775 (3) 

b / Å 3.676 (2) 3.6639 (2) 3.6794 (2) 

c / Å 5.537 (3) 5.5254 (4) 5.5440 (2) 

 

5.3.3 Scanning Electron Microscopy 

The morphology of LiCaN samples synthesised both conventionally and by irradiating 

with microwaves are not well defined. From Figures 5.5 (a-b) and 5.6 (a-b), it is evident 

that there are smaller particles present on the surface of larger agglomerations. These 

agglomerations are present almost certainly due to the high temperature at which the 

reactions were performed and in both cases indicates an onset of sintering. It can be 

observed from Figures 5.6 (a-b) and 5.7 (a-b) that the method of synthesis employed has 

very little effect on the overall particle size or morphology of LiCaN. 
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Figure 5-5:SEM micrographs of conventionally synthesised LiCaN (sample 16) at (a) 5 µm 

and (b) 40 µm. 

 

Figure 5-6:SEM micrographs of LiCaN (sample 26) synthesised by microwave reaction at (a) 

10 µm and (b) 100 µm. 

5.3.4 Powder Neutron Diffraction (PND) Experiments 

Powder neutron diffraction experiments were performed on POLARIS at ISIS at the 

Rutherford Appleton Laboratory. Two different experiments were conducted; the first 

involved the investigation of laboratory synthesised LiCaN. The second experiment was a 

study into the compound Li3-xCaxN1+x/3 (where x = 1.6). The choice of sample for the 

second PND experiment was influenced by the opportunity to introduce defects 

(essentially Li+ vacancies) by analogy to the Li-Mg-N system. 1 2 The temperatures at 

which the experiments were conducted at were chosen carefully, considering conditions 

when materials would not be “in service” (ambient) and conditions where they would be 

expected to be in operation as hydrogen stores (373 – 473 K). For each experiment, data 

were collected at 300 and 400 K. 
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5.3.4.1 PND study of stoichiometric LiCaN at 300 and 400 K 

The initial PND experiment was conducted in order to obtain a definitive structural model 

of lithium calcium nitride from powder neutron diffraction which is an important first step 

towards a systematic study of the process and mechanism of hydrogenation in this system. 

Selected Rietveld refinement data is presented in Table 5.11 and Figures 5.7, 5.8 and 5.9 

show the observed, calculated and difference (OCD) plots for data collected at 300 K for 

sample 37 at the 145o (C), 90o (E) and 35o (E) detector banks respectively. It should be 

noted that the starting material was not single phase lithium calcium nitride. Powder X-ray 

diffraction patterns obtained for the material used for the PND experiment highlighted the 

presence of a calcium oxide impurity. However PXD failed to draw attention to the 

presence of a lithium amide impurity, a calcium nitride impurity and a very slight α-Li3N 

impurity. The impurity phases of CaO and LiNH2 were refined and the main phase, LiCaN, 

was fitted to the model proposed by Cordier et al, 3 however the third and fourth impurity 

phases of Ca3N2 and α-Li3N could not be refined due to the relatively low intensities of 

these phases. It is unexpected that LiNH2 should be present as an impurity however if the 

vanadium canister used for the PND experiment was not fully dry then the moisture could 

have reacted with the LiCaN to form a LiNH2 impurity. The poor fit of the data can be 

attributed to a peak shape issue that can be clearly seen at higher d spacing (3.072 Å) and 

is also highlighted in the difference plot. A trial and error approach, in regards to the 

varying of Gaussian and Lorentzian peak profile functions, was employed to obtain the 

best fit of the data. Atomic positions and anisotropic temperature factors were obtained for 

each atom in this phase and the values are reported in Table 5.12. 
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Table 5-11: Selected Rietveld refinement data from the PND refinement of sample 37 (300 K).  

Empirical Formula LiCaN CaO LiNH2 

Collection Temperature / K 300 

Crystal system Orthorhombic Cubic Tetragonal 

Space Group Pnma Fm-3m I-4 

Lattice parameters / Å a = 8.4964 (2) a = 4.8337 (2) a = 5.111 (1) 

 b = 3.6874 (10) - - 

 c = 5.5575 (1) - c = 10.150 (6) 

V / Å 3 174.12 (1) 112.93 (1) 265.11 (20) 

Z 4 4 8 

Unit cell formula weight, Mw 244.112 224.316 183.712 

Density (g/cm3) 2.328 3.298 1.151 

wt. % 84.893 (2) 12.296 (2) 2.811 (1) 

No. of varied parameters 76 

No. of observations 11833 

Rwp 0.0136 

Rp 0.0282 

χ 2 2.133 
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Figure 5-7: Observed, calculated and difference (OCD) plot from the structural refinement of 

sample 37 (300 K), 145o (C) bank. 

The black tickmarks indicate reflections from LiCaN, the red tickmarks indicate reflections 

from CaO and the blue tickmarks represent reflections from LiNH2. The white square 

indicates reflections from Ca3N2, the black triangle represents a reflection from the sample 

environment (i.e. the furnace) and the black circle represents a reflection from α-Li3N, all of 
which have been excluded. 

 

Figure 5-8: Observed, calculated and difference (OCD) plot from the structural refinement of 

sample 37 (300 K), 90o (E) bank. 

The black tickmarks indicate reflections from LiCaN, the red tickmarks indicate reflections 

from CaO and the blue tickmarks represent reflections from LiNH2. The white square 

represents reflections from Ca3N2, the black triangle represents reflections from the sample 

environment (i.e. the furnace) and the black circle represents a reflection from α-Li3N, all of 

which have been excluded. 
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Figure 5-9: Observed, calculated and difference (OCD) plot from the structural refinement of 

sample 37 (300 K), 35o (A) bank. 

The black tickmarks indicate reflections from LiCaN, the red tickmarks indicate reflections 

from CaO and the blue tickmarks represent reflections from LiNH2. The black circle 

represents a reflection from α-Li3N which has been excluded. 

 
Table 5-12: Atom positions and anisotropic temperature factors for the LiCaN phase of 

sample 37 at 300 K generated by PND Rietveld refinement. 

Atom Li Ca N 

Site 4c 4c 4c 

x 0.0463 (4) 0.1566 (2) 0.40614 (7) 

y 0.25 0.25 0.25 

z 0.5725 (5) 0.0260 (2) 0.2409 (2) 

100 x U11 / Å2 1.95 (13) 0.78 (4) 1.63 (2) 

100 x U22 / Å2 0.69 (11) 1.04 (4) 1.16 (2) 

100 x U33 / Å2 2.23 (16) 1.11 (4) 1.40 (2) 

100 x U12 / Å2 0 0 0 

100 x U13 / Å2 -0.10 (11) -0.24 (4) -0.14 (3) 

100 x U23 / Å2 0 0 0 

Occupancy 1.00 1.00 1.00 
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With regard to lattice parameters obtained from Rietveld refinement of sample 37, it is 

evident from the data presented in Table 5.13 that there is a difference (outwith 3σ) in the 

values obtained by X-ray diffraction and by PND. The lattice parameters obtained from 

Rietveld analysis of the PND data revealed that a, b and c are larger than initially reported 

by Cordier et al (a = 8.471 (3) Å, b = 3.676 (2) Å, c = 5.537 (3) Å). 3 

Table 5-13: Comparison of lattice parameters reported in the literature (single crystal X-ray 
diffraction) 3 and this work (PXD and PND) of LiCaN between 293 and 300 K. 

Lattice parameter 
Literature 

Single crystal XRD 

This work 

PXD 

This work 

PND 

a / Å 8.471 (3) 8.4775 (3) 8.4964 (2) 

b / Å 3.676 (2) 3.6794 (2) 3.6874 (1) 

c / Å 5.537 (3) 5.5440 (2) 5.5575 (1) 

 

Further PND data were collected at a higher temperature, at 400 K (sample 38). As the 

temperature increases from 300 K to 400 K, the lattice parameters obtained from the 

experimental data are consistent with thermal expansion. Selected Rietveld refinement data 

are presented in Table 5.14 and Figures 5.10, 5.11 and 5.12 show the observed, calculated 

and difference (OCD) plot for sample 38. Data were collected at the 145o (C), 90o (E) and 

35o (A) detector banks. Atomic positions and anisotropic temperature factors for sample 38 

are displayed in Table 5.15. 
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Table 5-14: Selected Rietveld refinement data from the PND refinement of sample 38 at 400 

K. 

Empirical Formula LiCaN CaO LiNH2 

Collection Temperature / K 400 

Crystal system Orthorhombic Cubic Tetragonal 

Space Group Pnma Fm-3m I-4 

Lattice parameters / Å a = 8.5067 (2) a = 4.8391 (4) a = 5.110 (2) 

 b = 3.6947 (10) - - 

 c = 5.5663 (1) - c = 10.273 (7) 

V / Å 3 174.95 (1) 113.39 (1) 268.24 (23) 

Z 4 4 8 

Unit cell formula weight, Mw 244.112 224.316 183.712 

Density (g/cm3) 2.317 3.285 1.137 

wt. % 84.291 (2) 10.844 (2) 2.865 (1) 

No. of varied parameters 77 

No. of observations 11797 

Rwp 0.0131 

Rp 0.0273 

χ 2 1.740 
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Figure 5-10: Observed, calculated and difference (OCD) plot from the structural refinement 

of sample 38 at 400 K, 145o (C) bank. 

The black tickmarks indicate reflections from LiCaN, the red tickmarks indicate reflections 
from CaO and the blue tickmarks indicate reflections from LiNH2. The white square 

represents reflections from Ca3N2, the black triangle represents reflections from the sample 

environment (i.e. the furnace) and the black circle represents a reflection from α-Li3N, all of 

which have been excluded. 

 

Figure 5-11: Observed, calculated and difference (OCD) plot from the structural refinement 

of sample 38 at 400 K, 90o (E) bank. 

The black tickmarks indicate reflections from LiCaN, the red tickmarks indicate reflections 

from CaO and the blue tickmarks indicate reflections from LiNH2. The white square 
represents reflections from Ca3N2, the black triangle represents reflections from the sample 

environment (i.e. the furnace) and the black circles represent reflections from α-Li3N, all of 

which have been excluded.  
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Figure 5-12: Observed, calculated and difference (OCD) plot from the structural refinement 

of sample 38 at 400 K, 35o (A) bank. 

The black tickmarks indicate reflections from LiCaN, the red tickmarks indicate reflections 

from CaO and the blue tickmarks indicate reflections from LiNH2. The black circles indicate 

reflections from α-Li3N which have been excluded. 

 

Table 5-15: Atom positions and anisotropic temperature factors for the LiCaN phase of 

sample 38 at 400 K generated by PND Rietveld refinement. 

Atom Li Ca N 

Site 4c 4c 4c 

x 0.0463 (4) 0.1561 (2) 0.40588 (7) 

y 0.25 0.25 0.25 

z 0.5702 (6) 0.0261 (2) 0.2413 (2) 

100 x U11 / Å2 1.5 (1) 0.64 (4) 1.35 (2) 

100 x U22 / Å2 0.5 (1) 0.96 (5) 1.00 (2) 

100 x U33 / Å2 2.1 (2) 0.95 (5) 1.12 (3) 

100 x U12 / Å2 0 0 0 

100 x U13 / Å2 -0.4 (1) 0.01 (4) -0.12 (3) 

100 x U23 / Å2 0 0 0 

Occupancy 1.00 1.00 1.00 
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As expected, the bond lengths expand as the temperature increases. Although the 

interatomic distances do not differ greatly from sample 37 to sample 38 (300 K to 400 K), 

a subtle thermal expansion result is evident from the values generated by Rietveld 

refinements. A comparison of the interatomic distances by employment of PND at 300 K 

and 400 K is shown in Table 5.16.  The bond angles obtained Rietveld refinement of 

samples 37 and 38 are displayed in Table 5.17 however the increase in temperature from 

300 K to 400 K had little effect. 

Table 5-16: Comparison of interatomic distances of LiCaN obtained by Rietveld analysis of 

PND data of samples 37 and 38 collected at 300 and 400 K respectively. 

Interatomic 
Distance / Å Temperature / K 

 300 400 

2x Li1-Li1 2.160 (3) 2.155 (3) 

1x Li1-Ca1 2.689 (3) 2.704 (3) 

3x Li1-N1 2.107 (2), 2x 2.110 (3) 2.118 (2), 2x 2.106 (3) 

4x Ca1-N1 2.434 (2), 2x 2.4887 (8), 2.491 (2) 2.440 (2), 2x 2.4906 (8), 2.491 (2) 

 

Table 5-17: Comparison of bond angles within LiCaN obtained by Rietveld analysis of PND 
data of samples 37 and 38 collected at 300 and 400 K respectively. 

Bond Angle / o Temperature / K 

 300 400 

1x Li1-Li1-Li1 117.2 (3) 118.0 (3) 

2x Li1-Li1-Ca1 118.5 (2)  117.8 (2) 

3x Li1-Li1-N1 59.25 (7), 169.3 (2), 59.1 (1)  59.04 (8), 168.8 (3), 59.6 (2) 

3x N1-Li1-N1 122.1 (2), 2x 118.36 (8)  121.5 (2), 2x 118.63 (8) 

6x N1-Ca1-N1 
2x 119.94 (4), 119.27 (3), 

95.61 (4), 2x 98.52 (4) 

2x 119.77 (4), 119.27 (4), 

95.76 (4), 2x 98.63 (4) 
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5.3.4.2 PND study of Li3-xCaxN1+x/3 at 300 and 400 K 

The second PND experiment was based on Li3-xCaxN1+x/3 (x = 1.6). Since an excess of 

Li3N was used to synthesise stoichiometric LiCaN (refer to Section 5.3.4.1), a 25 wt. % 

increase of Li3N was also used for these reactions (samples 39 and 40) to ensure a true 

comparison could be drawn from the results obtained for both sets of samples (37 and 38 

versus 39 and 40). However, it should be noted that since such a high excess of Li3N was 

used in the reactions, controlling the stoichiometry proved problematic. The aim of this 

part of the study was to try and introduce defects (essentially Li+ vacancies) into the 

material and obtain further structural information. Furthermore, the study aimed to 

investigate a possible link between the Li-Ca-N and Li-Mg-N systems as a consequence of 

the defect structures existing within the Li-Mg-N system as reported by Yamane et al and 

Bailey et al. 1, 2 

Selected refinement data are shown in Table 5.18 and Figures 5.13, 5.14 and 5.15 show the 

observed, calculated and difference (OCD) plots for data collected at 300 K at the 145o 

(C), 90o (E) and 35o (E) detector banks. As in samples 37 and 38 above, it should be noted 

that the sample was not single phase. PXD measurements had failed to highlight the 

presence of Ca3N2 in these particular samples. In accordance with the previous sample, the 

main phase was fitted to a model based on the structure of LiCaN proposed by Cordier et 

al. 3 The impurity phases of CaO 14 and Ca3N2 16 were also fitted to theoretical models 

relatively well. Atomic positions and anisotropic temperature factors for the main phase of 

sample 39, LiCaN, are displayed in Table 5.19. 
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Table 5-18: Selected Rietveld refinement data from the PND refinement of sample 39 at 

300 K.  

Empirical Formula LiCaN CaO Ca3N2 

Collection Temperature / K 300 

Crystal system Orthorhombic Cubic Cubic 

Space Group Pnma Fm-3m I 21/a-3 

Lattice parameters / Å a = 8.4839 (1) a = 4.8219 (3) a = 11.469 (1)  

 b = 3.6823 (10) - - 

 c = 5.5499 (10) - - 

V / Å 3 173.371 (4) 112.11 (1) 1508.62 (24) 

Z 4 4 16 

Unit cell formula weight, Mw 244.112 224.316 2374.064 

Density (g/cm3) 2.338 3.323 2.611 

wt. % 88.873 (2) 4.452 (2) 4.675 (2) 

No. of varied parameters 82 

No. of observations 11976 

Rwp 0.0125 

Rp 0.0270 

χ 2 1.836 
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Figure 5-13: Observed, calculated and difference (OCD) plot from the structural refinement 

of sample 39 at 300 K, 145o (C) bank. 

The black tickmarks indicate reflections from LiCaN, the red tickmarks indicate reflections 
from CaO and the blue tickmarks indicate reflections from Ca3N2. The black triangle 

indicates a reflection from the sample environment (i.e. the furnace) and the black circle 

indicates a reflection from α-Li3N, both of which have been excluded. 

 

Figure 5-14: Observed, calculated and difference (OCD) plot from the structural refinement 

of sample 39 at 300 K, 90o (E) bank. 

The black tickmarks indicate reflections from LiCaN, the red tickmarks indicate reflections 

from CaO and the blue tickmarks indicate reflections from Ca3N2. The black circle indicates 

a reflection from α-Li3N which has been excluded. 
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Figure 5-15: Observed, calculated and difference (OCD) plot from the structural refinement 

of sample 39 at 300 K, 35o (A) bank. 

The black tickmarks indicate reflections from LiCaN, the  red tickmarks indicate reflections 
from CaO and the blue tickmarks indicate reflections from Ca3N2. The black circle indicates 

a reflection from α-Li3N which has been excluded. 

 

Table 5-19: Atom positions and anisotropic temperature factors for the LiCaN phase of 

sample 39 generated by PND Rietveld refinement at 300 K. 

Atom Li Ca N 

Site 4c 4c 4c 

x 0.0473 (2) 0.1562 (1) 0.40639 (5) 

y 0.25 0.25 0.25 

z 0.5718 (4) 0.0261 (1) 0.2411 (1) 

100 x U11 / Å2 1.49 (8) 0.38 (3) 0.94 (1) 

100 x U22 / Å2 0.27 (7) 0.86 (3) 0.67 (1) 

100 x U33 / Å2 1.40 (10) 0.52 (3) 0.75 (2) 

100 x U12 / Å2 0 0 0 

100 x U13 / Å2 -0.64 (7) 0.04 (2) -0.05 (2) 

100 x U23 / Å2 0 0 0 

Occupancy 1.00 1.00 1.00 
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From the information obtained from Rietveld refinement, it is evident that the lattice 

parameters in sample 39 differ from those reported in the literature 3 which may be 

indicative of a subtle change in composition. However, on varying the Li and N 

occupancies, a value of greater than 1 was obtained which does not make chemical sense 

and when attempting to vary the Ca occupancy, it only varied by 0.01. Bailey et al stated 

that the defect structures reported within the Li-Mg-N system were controlled by 

composition and temperature. 2 Furthermore, Stoeva et al reported that reaction conditions 

such as reaction duration and temperature can have an effect on the levels of vacancies 

within the structure of nitridometallates. 17 It is therefore possible that if the parameters 

used during the synthesis of LiCaN were altered then this may offer a route by which 

vacancies can be induced and controlled. 

The LiCaN phase of sample 39 was also refined against a cubic model in attempt to 

compare this system to the Li-Mg-N system as described by Bailey et al, 2 however 

attempts were unsuccessful and the best model for LiCaN in this work is most certainly an 

orthorhombic model (space group Pnma). 

Further PND data were collected at 400 K. Selected Rietveld refinement data for sample 

40 are shown in Table 5.20 and Figures 5.16, 5.17 and 5.18 show the observed, calculated 

and difference (OCD) plots for data collected at this temperature at the 145o (C), 90o (E) 

and 35o (E) detector banks. In accordance with the previous sample, the main phase was 

fitted to the theoretical model proposed by Cordier et al. 3 The impurity phases of CaO 14 

and Ca3N2 16 were also fitted to theoretical models relatively well. As expected, an increase 

in lattice parameters was evident which is consistent with thermal expansion. Atomic 

positions and anisotropic temperature factors for sample 40 are displayed in Table 5.21. 
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Table 5-20: Selected Rietveld refinement data from the PND refinement of sample 40 at 400 

K.  

Empirical Formula LiCaN CaO Ca3N2 

Collection temperature / K 400 

Crystal system Orthorhombic Cubic Cubic 

Space Group Pnma Fm-3m I 21/a-3 

Lattice parameters / Å a = 8.4929 (1) a = 4.8279 (4) a = 11.4837 (9) 

 b = 3.6886 (10) - - 

 c = 5.5574 (10) - - 

V / Å 3 174.096 (4) 112.53 (1) 1514.40 (21) 

Z 4 4 16 

Unit cell formula weight, Mw 244.112 224.316 2372.064 

Density (g/cm3) 2.340 3.327 2.614 

wt. % 89.944 (2) 5.786 (2) 4.270 (2) 

No. of varied parameters 83 

No. of observations 11864 

Rwp 0.0121 

Rp 0.0249 

χ 2 2.260 
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Figure 5-16: Observed, calculated and difference (OCD) plot from structural refinement of 

sample 40 at 400 K, 145o (C) bank. 

The black tickmarks indicate reflections from LiCaN, the red tickmarks indicate reflections 
from CaO and the blue tickmarks indicate reflections from Ca3N2. The black triangle 

indicates a reflection from the sample environment (i.e. the furnace), the black circle 

indicates a reflection from α-Li3N and the black square indicates a reflection from LiNH2, all 

of which have been excluded. 

 

Figure 5-17: Observed, calculated and difference (OCD) plot from structural refinement of 
sample 40 at 400 K, 90o (E) bank. 

The black tickmarks indicate reflections from LiCaN, the red tickmarks indicate reflections 

from CaO and the blue tickmarks indicate reflections from Ca3N2. The black circle indicates 

a reflection from α-Li3N and the black square indicates a reflection from LiNH2, both of 

which have been excluded. 
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Figure 5-18: Observed, calculated and difference (OCD) plot from structural refinement of 

sample 40 at 400 K, 35o (A) bank. 

The black tickmarks indicate reflections from LiCaN, the red tickmarks indicate reflections 

from CaO and the blue tickmarks indicate reflections from Ca3N2. The black circle indicates 

a reflection from α-Li3N and the black square indicates a reflection from LiNH2, both of 
which have been excluded. 

 

Table 5-21: Atom positions and anisotropic temperature factors for the LiCaN phase of 

sample 40 generated by PND Rietveld refinement at 400 K. 

Atom Li Ca N 

Site 4c 4c 4c 

x 0.0476 (3) 0.1561 (1) 0.40615 (2) 

y 0.25 0.25 0.25 

z 0.5712 (4) 0.0263 (1) 0.2413 (1) 

100 x U11 / Å2 2.04 (9) 1.17 (3) 1.76 (2) 

100 x U22 / Å2 1.01 (9) 1.54 (3) 1.48 (2) 

100 x U33 / Å2 2.59 (13) 1.31 (3) 1.56 (2) 

100 x U12 / Å2 0 0 0 

100 x U13 / Å2 -0.73 (8) 0.12 (3) -0.06 (2) 

100 x U23 / Å2 0 0 0 

Occupancy 1.00 1.00 1.00 
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Interatomic distances and bond angles obtained from Rietveld analysis of TOF PND data 

for sample 40 are displayed in Tables 5.22 and 5.23 respectively. In agreement with the 

previous findings for sample 37 and 38, there is only a subtle difference of the interatomic 

distances between samples 39 and 40. With regard to the bond angles, the temperature 

increase has little effect which is evident from the values displayed in Table 5.23. 

Table 5-22: Comparison of interatomic distances of LiCaN obtained by Rietveld analysis of 

PND data of samples 39 and 40 collected at 300 and 400 K respectively. 

Interatomic 
Distance / Å Temperature / K 

 300 400 

2x Li1-Li1 2.161 (2) 2.163 (2) 

1x Li1-Ca1 2.685 (2) 2.692 (2) 

3x Li1-N1 2x 2.104 (1), 2.108 (2) 2x 2.109 (1), 2.111 (2) 

4x Ca1-N1 2.435 (1), 2x 2.485 (5), 2.482 (1) 2.437 (1), 2x 2.4879 (6), 2.485 (1) 

 

Table 5-23: Comparison of bond angles within LiCaN obtained by Rietveld analysis of PND 

data of samples 39 and 40 collected at 300 and 400 K respectively. 

Bond Angle / o Temperature / K 

 300 400 

1x Li1-Li1-Li1 116.8 (2) 117.0 (2) 

2x Li1-Li1-Ca1 118.3 (1) 118.1 (1) 

3x Li1-Li1-N1 59.23 (5), 168.4 (2), 59.04 (9) 59.21 (5), 168.2 (2), 59.13 (10) 

3x N1-Li1-N1 121.11 (10), 2x 118.27 (5) 121.93 (11), 2x 118.33 (5) 

6x N1-Ca1-N1 
2x 119.87 (2), 119.29 (2), 

95.64 (3), 2x 98.57 (3) 

2x 119.82 (3), 119.32 (2),  

95.69 (3), 2x 98.59 (3) 

  



 

241 
 

5.4 Conclusions 

Significant developments have been made in regards to the synthesis of lithium calcium 

nitride. Although previous works have shown that this ternary nitride can be made 

conventionally, 7, 8 the novel approach using microwave technology has many advantages 

as outlined in Chapter 4. The microwave process is appealing due to its ability to 

dramatically reduce reaction times however in order to obtain the desired product, a 

specific set of reaction conditions must be followed. It is at this optimisation stage that the 

process is time consuming since each reaction parameter must be carefully investigated to 

ensure that the product can be ultimately synthesised quickly and easily. Using Li3N as a 

starting material for microwave reactions is attractive since it is an ionic conductor and 

therefore heats well on exposure to microwaves. 9 As stated previously, cooling periods 

were employed to ensure that evaporation of Li3N did not occur as this was reported by 

Houmes and zur Loye as a result of extremely rapid heating and therefore leading to the 

subsequent formation of incomplete products. Although reacting two nitrides, Li3N and 

Ca3N2 in this case, starts off relatively slowly (i.e. no reaction can be observed for the first 

30 seconds), rapid heating occurs and the reaction reaches completion in the remaining 90 

seconds (sample 26). When using a single mode microwave reactor, it is unknown how 

important the atmosphere under which the reaction is run since reactions have only been 

conducted under a N2(g) atmosphere. Although the nitrogen content of Li3N and Ca3N2 

should be sufficient to drive the reaction resulting in the formation of LiCaN, performing 

the reaction under another inert gas such as Ar(g) may not yield the same products. If this is 

the case then it would be obvious that the N2(g) atmosphere must play a role in the 

formation of the desired products and that the N content of the two starting materials is 

insufficient.  

Until now, the structural information available on LiCaN was limited to data collected 

during a single crystal X-ray diffraction experiment conducted by Cordier et al. 3 The work 

in this thesis has reported detailed structural information obtained by PND at both ambient 

and elevated temperatures from which we have been able to report accurate Li positions 

and anisotropic temperature factors. Furthermore, the lattice parameters obtained from 

Rietveld refinement of data collected for sample 37 indicate a subtle change in 

composition of LiCaN. The data which was collected for sample 38 yielded lattice 

parameters consistent with thermal expansion, as expected. Since the elements within 

LiCaN, with the exception of Ca, are lighter and have a lower electron density, Li and N do 

not scatter well when interacting with X-rays however both interact better with neutrons. 
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Therefore the data collected from PND, i.e. the lattice parameters, is likely to be much 

more accurate for lighter elements than in comparison to PXD. 

In order to compare the Li-Ca-N system with that of Li-Mg-N, a further PND study was 

performed which involved attempting to synthesise and characterise non-stoichiometric 

phases within the Li-Ca-N system. Due to the interest surrounding the Li-Mg-N system, 

i.e. its ability to reversibly store hydrogen and the fact that the non-stoichiometric defect 

structures form a compositional band (both Mg-rich and Li-rich phases) around the 1:1 

LiMgN which was previously considered a line phase, the Li-Ca-N system was 

investigated to determine if there were any similarities within the systems. In relation to 

the Li-Mg-N system, by altering the stoichiometries of the starting materials, the idea was 

to try and introduce defects (essentially Li+ vacancies) into the structure however at this 

point, only a subtle change in composition resulted, indicated by a change in lattice 

parameters. Furthermore, a result of thermal expansion is evident as the temperature 

increased from 300 K to 400 K, in agreement with the findings for samples 37 and 38. 

Table 5-24: Overview of lattice parameters for LiCaN samples 37 - 40 

Lattice 
Parameters  PND samples 

 Literature 3 37 38 39 40 

 293 K 300 K 400 K 300 K 400 K 

a / Å 8.471 (3) 8.4964 (2) 8.5067 (2) 8.4839 (1) 8.4929 (1) 

b / Å 3.676 (2) 3.6874 (10) 3.6947 (10) 3.6823 (10) 3.6886 (10) 

c / Å 5.537 (3) 5.5575 (1) 5.5663 (1) 5.5496 (1) 5.5574 (10) 

 

Furthermore, attempts were made to vary the occupancies of Li, Ca and N within the 

LiCaN phase however the resultant occupancies did not vary much from 1. Additionally, 

attempts to fit the data using an alternative model such a simple cubic structure (as 

reported in the Li-Mg-N system for Li1.11Mg0.89N0.96, space group Fm-3m) proved 

unsuccessful proving that the orthorhombic LiCaN model 3 proposed by Cordier et al was 

the most appropriate model. Due to the fact that the stoichiometry could not be strictly 

controlled due to the excess 25 wt. % of Li3N required, it is possible that this has had an 

adverse effect and the stoichiometry chosen to induce defects was not correct. By analogy 

to the Li-Mg-N system, the opportunity to introduce defects into Li3-xCaxN1+x/3 should lie 

between 1.5<x<<3 however using a value of x = 1.6, resulted in only a subtle change in 

composition of the LiCaN phase.  
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6 Conclusions and Future Work 

This thesis describes the synthesis and characterisation of group I and II nitrides as potential 

hydrogen storage materials. Both conventional and novel methods were employed to 

synthesise binary and ternary nitrides. The main characterisation techniques employed for the 

work presented in this thesis are powder X-ray diffraction and powder neutron diffraction.  

Lithium nitride is a material that has fascinated solid state scientists for decades due to its 

unique structure and stability, which is an unusual trait for binary nitrides of the alkali metals. 

Lithium nitride consists of three polymorphs; alpha, beta and gamma, with the latter being the 

least well documented. Alpha-Li3N was reported to crystallise in space group P6/mmm and 

the beta polymorph in space group P63/mmc. Single phase α-Li3N was synthesised using by 

flowing N2(g) over a Na/Li alloy which was followed by sodium distillation. PXD yielded 

lattice parameters of a = 3.659 (2) Å and c 3.879 (1) = Å, which is in good agreement with the 

literature. Applying pressure induces a phase transition from α-Li3N to β-Li3N and this was 

conducted by either use of a multi-anvil high pressure procedure (experiments were 

performed by Dr. Gunter Heymann and Prof. Hubert Huppertz at the Leopold-Franzens-

Universität, Innsbruck, Austria) or by ball milling. With regard to the multi-anvil high 

pressure procedure, it was evident from the results obtained that pressure alone was not 

sufficient to convert α-Li3N to β-Li3N; heating of the sample was required to aid conversion. 

Considering the second method for synthesising β-Li3N, by employment of ball milling for 25 

h, an unknown pressure was applied to form β-Li3N (a = 3.5660 (6) Å, c = 6.356 (2) Å - 

PXD). It should be noted that after milling commercial Li3N for 5 h, the sample was 

composed of ~98 wt. % β-Li3N however samples were milled for 25 h in attempt to 

synthesise a sample which was 100 % β-Li3N. The same trend emerged when using 

laboratory synthesised α-Li3N - after ball milling for 5 h, the sample was composed of ~98 

wt. % β-Li3N. In addition to PXD, PND was employed to investigate further the structure of 

β-Li3N enabling the attainment of more accurate lattice parameters and thermal displacement 

parameters over a variable temperature range. By employment of PND, an initial study of the 

structure of β-Li3N over a variable temperature range (4.2 – 600 K) was conducted. At 

temperatures below 50 K, negative thermal expansion of the a parameter occurred and on 

subsequent increase of temperature the structure exhibited a positive thermal expansion 

coefficient. At 500 K, a temperature induced phase transformation occurred from β-Li3N to 

α-Li3N and on reaching 600 K, the percentage weight fractions were 60 wt. % and 40 wt. % 

for the beta and alpha phases respectively. 
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Lithium nitride has shown potential as a hydrogen storage medium however studies into the 

effect of the beta polymorph of Li3N on hydrogen uptake potential of Li3N have never been 

conducted. This gap in the literature led to the investigation of the interaction of β-Li3N with 

D2. At temperatures below 50 K, negative thermal expansion was observed and solid D2 was 

evident in the PND patterns. Due to the fact that this study was investigated under a pressure 

of approximately 10 bar, it is not unexpected for D2(g) to liquefy then solidify at such low 

temperatures. On increasing the temperature above 50 K stepwise to 400 K, positive thermal 

expansion resulted. Formation of LiND2 and LiD occurred at 500 K and on reaching 600 K, 

the material was composed solely of these two phases. It should be noted that at no point 

during the process was Li2ND observed. It is likely that the temperature increment from 400 

K to 500 K was too large and therefore if data had been collected at temperatures within this 

region then the presence of Li2ND would have been detected.  

The presence of D2(g) would appear to inhibit expansion of the bonds within β-Li3N and 

therefore has a subsequent effect on the lattice parameters. In order to reach a definitive 

conclusion regarding the effect of D2(g) on the structure of β-Li3N, repeating the experiment 

using an inert gas, such as Ar(g), instead of D2(g) would possibly indicate whether the likely 

inhibition of lattice expansion is only a function of pressure or if the D2(g) is in some other 

way affecting the structure. Furthermore, conducting hydrogen uptake measurements (i.e. 

PCT measurements) using single phase α-Li3N, β-Li3N and then commercial Li3N would 

indicate the importance and/or role of each polymorph with regards to hydrogen storage. 

Further work involving the hydrogen storage mechanism of Li3N was conducted by focusing 

on Li4NH, a minority phase which has been reported to form during a proposed reaction 

pathway involving the decomposition of Li3N. Li4NH/D was synthesised using both 

conventional and novel means. The novel synthesis involved the employment of microwaves 

to facilitate the reaction between Li3N and LiH/to form Li4ND. A systematic study of varying 

reaction parameters enabled optimization of the process in order to obtain single phase 

Li4NH/D. The use of microwave technology in the synthesis of ternary nitrides has offered an 

alternative to conventional synthetic methods and is advantageous in many regards: rapid 

heating and cooling rates, and selective heating. Plasma generation was an important factor in 

determining if the materials are still reacting or not. When plasma formation ceases, this is 

generally indicative of the fact that the reaction has reached completion. Although rapid 

heating is advantageous, it is a hindrance that the temperature cannot be controlled. A trial 

and error approach was employed to ascertain favourable reaction conditions which included 

reaction time, power and the atmosphere under which the reactions were run. Determining the 
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aforementioned parameters ensured that the temperature at which the reaction was conducted 

was not as critical as it may have been under conventional conditions. 

A PND investigation of Li4ND revealed the presence of tetragonal Li4ND (a = 4.8843 (1) Å, c 

= 9.226 (3) Å) at 323 K. To ensure that the occupancies of the 4a and 4b sites were correct, 

i.e. the 4a site was predominantly occupied by N and the 4b site was predominantly occupied 

by D, bond valence calculations were performed. These calculations confirmed that the 

occupancies reported by Marx 1 and in this work are sensible where the anion distribution on 

the 4a site is 0.95/0.05 N/D and the 4b site is 0.05/0.95 N/D. When performing Rietveld 

analysis of Li4ND at 323 K, a second Li4ND phase was evident and refined as a new cubic 

phase (a = 4.9467 (6) Å) in which N3- and D- ions which are disordered across the anti-

fluorite anion sites. The cubic Li4ND phase was refined against a modified cubic anti-fluorite 

Li2ND model proposed by Balogh et al 2 in which the N position is partly occupied by D. An 

increase in temperature to 773 K induces a phase transition resulting in cubic Li4ND being the 

dominant phase. 

A further PND investigation was conducted in order to obtain a further understanding of the 

mechanisms within the Li-N-H system; this involved an in-situ experiment between (1-

x)Li4ND and xLi2ND using varying values of x (0.36, 0.5 and 0.6). After heating to 773 K, 

the resultant product was a cubic ‘quasi-imide’ phase (Li4-2xN1-xD1-x(ND)x). The various non-

stoichiometric mixtures of Li4ND and Li2ND were analysed by using the Rietveld method 

and the resultant ‘quasi-imide’ phase was fitted to a model of cubic Li2ND which was 

modified resulting in a 4a site which was occupied by both N and D. Although the data 

obtained were relatively poor due to the poor crystallinity of the samples or due to the 

insufficient data collection time, and considering the fact that the structure is a complex one, a 

general trend in the data emerged; as the value of x was increased, an expansion of a resulted 

and the cell volume (and density) increased. It should also be noted that as the value of x 

increases (0.36, 0.5, 0.6), the anion distribution changes; the occupancy of N3- and N of 

(ND)2- on the 4a site increases as does the occupancy of protonic D of (ND)2- on the 192l site. 

Therefore, this work has demonstrated that N3-, D- and (ND)2- can be simultaneously 

accommodated within the same structure and the inclusion of both D- and D+ maintains the 

charge balance within the structure. In addition to the research performed by Weidner et al 

and Bull et al, 3, 4 this work confirms the likelihood of the ‘quasi-imide’ phase playing an 

important role in offering an alternative pathway with regards to hydrogen storage within the 

Li-N-H system. 
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In order to synthesise the ‘quasi-imide’ in-situ, a temperature of 773 K was employed 

however this temperature may be higher than required therefore TG-DTA experiments 

combined with mass spectrometry may give an indication of the temperature at which the 

phase transition occurs. 

With regard to Li2ND, in order to ascertain that no impurity phases were present in the 

starting material, a PND experiment was conducted on Li2ND at 313 K and further data were 

then collected at 773 K before the in-situ ‘quasi-imide’ experiment was conducted. Rietveld 

refinement of both data sets highlighted the fact that a increased with temperature which is 

therefore consistent with positive thermal expansion.  

Another focus of the research presented in this thesis was the synthesis and characterisation of 

LiCaN. The ternary nitride can be synthesised both conventionally and by a novel means 

using microwaves. Both syntheses were investigated in great depth to optimise the synthesis 

and attempt to obtain single phase LiCaN. Unfortunately, it was apparent from both PXD and 

PND data that the resultant product, by either the conventional or microwave method, had a 

CaO impurity. Although both synthetic methods produced a material composed of LiCaN 

with a CaO impurity, the novel method offered many advantages over synthesis by 

conventional means which has been discussed previously. 

Preliminary structural investigations into the Li-Ca-N were performed in order to obtain 

definitive structures and information of the thermal displacement parameters at ambient and 

elevated temperatures. The LiCaN phase was refined to the orthorhombic structure proposed 

by Cordier et al 5 in the space group Pnma and by employment of the Rietveld method, lattice 

parameters of a = 8.4870 (5) Å, b = 3.6842 (2) and c = 5.5526 (3) Å were obtained at 300 K. 

Based on the work performed on the Li-Mg-N system and the desire to ascertain whether the 

same structural defects  (essentially Li+ vacancies) were present in the Li-Ca-N system, a 

further PND study was performed of Li3-xCaxN1+x/3 (x = 1.6) however no such defects were 

apparent. In order to induce defects, alternating the synthetic method may enable non-

stoichiometric phases to form, i.e. longer duration times or higher temperatures may be 

required. 6 

Since we have ascertained accurate atomic positions and thermal parameters for LiCaN, these 

experiments have formed a foundation for future in-situ experiments to study the interaction 

of LiCaN with D2 (g). 
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7 Appendix 

7.1 Chapter 3 

7.1.1 A.3.1 Interatomic distances and bond angles - β-Li3N, 

PXD data 

Table A.3.1. Comparison of interatomic distances within α-Li3N in un-milled and milled 

commercial Li3N. 

Ball Milling Duration 

Interatomic 
Distance / Å 

0 h 

(Sample 1) 

5 h  

(Sample 2) 

25 h 

(Sample 6) 

2x Li1-N1 1.9355 (3) - - 

6x Li2-N1 2.1043 (2) - - 

Li1-Li2 2.8591 (2) - - 

Table A.3.2. Comparison of bond angles within α-Li3N in un-milled and milled 

commercial Li3N. 

Ball Milling Duration 

Bond Angle / 
o 

0 h 

(Sample 1) 

5 h  

(Sample 2) 

25 h 

(Sample 6) 

N1-Li1-N1 4x 180.0 (0) - - 

Li1-N1-Li2 4x 90.0 (0) - - 

Li2-N1-Li2 4x 0.0 (0) - - 
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Table A.3.3. Comparison of interatomic distances within β-Li3N in un-milled and milled 

commercial Li3N. 

Ball Milling Duration 

Interatomic 
Distance / Å 

0 h 

(Sample 1) 

5 h  

(Sample 2) 

25 h 

(Sample 6) 

2x Li1-N1 2.0596 (2) 2.0518 (3) 2.0590 (3) 

3x Li2-N1 (6x) 2.330 (5) 2.338 (2) 2.334 (5) 

Li1-Li2 2.928 (8) 2.897 (3) 2.925 (7) 

Table A.3.4. Comparison of bond angles within β-Li3N in un-milled and milled 
commercial Li3N. 

 

 

Table A.3.5. Comparison of interatomic distances within α-Li3N in un-milled and milled 

laboratory synthesised α-Li3N. 

 Ball Milling Duration 

Interatomic 
Distance / Å 

0 h 

(Sample 7) 

5 h  

(Sample 8) 

25 h 

(Sample 11) 

2x Li1-N1 1.93689 (3) - - 

6x Li2-N1 2.10609 (2) - - 

Li1-Li2 2.86155 (2) - - 

  

Bond Angle / o 

Ball Milling Duration 

0 h 

(Sample 1) 

5 h  

(Sample 2) 

25 h 

(Sample 6) 

N1-Li1-N1 
2x120.00 (0) 

2x119.99 (0) 

2x120.00 (0) 

2x119.99 (0) 

2x120.00 (0) 

2x119.99 (0) 

Li1-N1-Li2 

2x 89.991 (0) 

4x 63.77 (7) 

4x 63.76 (7) 

2x 89.991 (0) 

4x 63.98 (2) 

4x 63.97 (2) 

2x 89.992 (0) 

4x 63.47 (9) 

4x 63.47 (9) 

Li2-N1-Li2 
2x 117.87 (3) 

2x 62.13 (3) 

2x 118.67 (7) 

2x 61.33 (7) 

2x 116.7 (4) 

2x 63.3 (4) 
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Table A.3.6. Comparison of bond angles within α-Li3N in un-milled and milled 

laboratory synthesised α-Li3N. 

 Ball Milling Duration 

Bond Angle / 
o 

0 h 

(Sample 7) 

5 h  

(Sample 8) 

25 h 

(Sample 11) 

N1-Li1-N1 4x 180.0 (0) - - 

Li1-N1-Li2 4x 90.0 (0) - - 

Li2-N1-Li2 4x 60.0 (0) - - 

 

Table A.3.7. Comparison of interatomic distances within β-Li3N in un-milled and milled 

laboratory synthesised α-Li3N. 

 Ball Milling Duration 

Interatomic 
Distance / Å 

0 h 

(Sample 7) 

5 h  

(Sample 8) 

25 h 

(Sample 11) 

2x Li1-N1 - 2.0580 (1) 2.0568 (4) 

3x Li2-N1 - 2.3391 (12) 2.365 (4) 

Li1-Li2 - 2.9095 (18) 2.870 (6) 

Table A.3.8. Comparison of bond angles within β-Li3N in un-milled and milled 

laboratory synthesised α-Li3N. 

Bond Angle / o Ball Milling Duration 

 
0 h 

(Sample 7) 

5 h  

(Sample 8) 

25 h 

(Sample 11) 

N1-Li1-N1 - 
2x120.00 (0) 

2x119.99 (0) 

2x120.00 (0) 

2x119.99 (0) 

Li1-N1-Li2 - 

2x 90.00 (0) 

4x 63.91 (1) 

4x 63.90 (1) 

2x 90.00 (0) 

4x 63.95 (5) 

4x 63.94 (5) 

Li2-N1-Li2 - 
2x 118.39 (5) 

2x 61.61 (5) 

2x 118.6 (2) 

2x 63.4 (2) 
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7.1.2 A.3.2 PND variable temperature measurements on β-

Li3N 

 

Figure A.3.1 Observed, calculated and difference (OCD) plot from the structural 

refinement of sample 20 (β-Li3N at 15 K) from PND data, 145o (C) bank. 

The black tickmarks indicate reflections from β-Li3N. The black triangles represent 

reflections from the sample environment and the black circle represents a reflection 
from α-Li3N, both of which have been excluded. 

 

Figure A.3.2 Observed, calculated and difference (OCD) plot from the structural 

refinement of sample 20 (β-Li3N at 15 K) from PND data, 90o (E) bank. 
The black tickmarks indicate reflections from β-Li3N. The black triangles represent 

reflections from the sample environment and the black circle represents a reflection 

from α-Li3N, both of which have been excluded. 
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Figure A.3.3 Observed, calculated and difference (OCD) plot from the structural 

refinement of sample 20 (β-Li3N at 15 K) from PND data, 35o (A) bank. 

The black tickmarks indicate reflections from β-Li3N. The black circle represents a 

reflection from α-Li3N which has been excluded. 

 

Figure A.3.4 Observed, calculated and difference (OCD) plot from the structural 

refinement of sample 21 (β-Li3N at 50 K) from PND data, 145o (C) bank. 

The black tickmarks indicate reflections from β-Li3N. The black triangles represent 

reflections from the sample environment and the black circle represents a reflection 
from α-Li3N, both of which have been excluded. 
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Figure A.3.5 Observed, calculated and difference (OCD) plot from the structural 

refinement of sample 21 (β-Li3N at 50 K) from PND data, 90o (C) bank. 

The black tickmarks indicate reflections from β-Li3N. The black triangles represent 

reflections from the sample environment and the black circle represents a reflection 

from α-Li3N, both of which have been excluded. 

 

Figure A.3.6 Observed, calculated and difference (OCD) plot from the structural 

refinement of sample 21 (β-Li3N at 50 K) from PND data, 35o (A) bank. 

The black tickmarks indicate reflections from β-Li3N. The black circle represents a 
reflection from α-Li3N which has been excluded. 
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Figure A.3.7 Observed, calculated and difference (OCD) plot from the structural 

refinement of sample 23 (β-Li3N at 193 K) from PND data, 145o (C) bank. 

The black tickmarks indicate reflections from β-Li3N. The black triangles represent 

reflections from the sample environment and the black circle represents a reflection 

from α-Li3N, both of which have been excluded. 

 

Figure A.3.8 Observed, calculated and difference (OCD) plot from structural refinement 
of sample 23 (β-Li3N at 193 K) from PND data, 90o (E) bank. 

The black triangle represents a reflection from the sample environment and the black 

circle represents a reflection from α-Li3N, both of which have been excluded. 
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Figure A.3.9 Observed, calculated and difference (OCD) plot from structural refinement 

of sample 23 (β-Li3N at 193 K) from PND data, 35o (A) bank. 
The black tickmarks indicate reflections from β-Li3N. The black circle represents a 

reflection from α-Li3N which has been excluded. 

 

 

Figure A.3.10 Observed, calculated and difference (OCD) plot from the structural 

refinement of sample 24 (β-Li3N at 293 K) from PND data, 145o (C) bank. 

The black tickmarks indicate reflections from β-Li3N. The black triangles represent 

reflections from the sample environment and the black circle represents a reflection 

from α-Li3N, both of which have been excluded. 
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Figure A.3.11 Observed, calculated and difference (OCD) plot from structural 

refinement of sample 24 (β-Li3N at 293 K) from PND data, 90o (E) bank. 
The black tickmarks indicate reflections from β-Li3N. The black triangle represents a 

reflection from the sample environment and the black circle represents a reflection 

from α-Li3N, both of which have been excluded. 

 

Figure A.3.12 Observed, calculated and difference (OCD) plot from structural 

refinement of sample 24 (β-Li3N at 293 K) from PND data, 35o (A) bank. 

The black tickmarks indicate reflections from β-Li3N. The black circle represents a 

reflection from α-Li3N which has been excluded. 
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Figure A.3.13 Observed, calculated and difference (OCD) plot from the structural 

refinement of sample 25 (β-Li3N at 400 K) from PND data, 145o (C) bank. 

The black tickmarks indicate reflections from β-Li3N. The black triangles represent 

reflections from the sample environment and the black circle represents a reflection 

from α-Li3N, both of which have been excluded. 

 

Figure A.3.14 Observed, calculated and difference (OCD) plot from structural 

refinement of sample 25 (β-Li3N at 400 K) from PND data, 90o (E) bank. 

The black tickmarks indicate reflections from β-Li3N. The black triangle represents a 

reflection from the sample environment and the black circle represents a reflection 

from α-Li3N, both of which have been excluded. 
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Figure A.3.15 Observed, calculated and difference (OCD) plot from structural 

refinement of sample 25 (β-Li3N at 400 K) from PND data, 35o (A) bank. 

The black tickmarks indicate reflections from β-Li3N. The black circle represents a 

reflection from α-Li3N which has been excluded. 

 

Figure A.3.16 Observed, calculated and difference (OCD) plot from the structural 

refinement of sample 26 (β-Li3N at 513 K) from PND data, 145o (C) bank. 

The black tickmarks indicate reflections from β-Li3N. The black triangles represent 

reflections from the sample environment and the black circles represent reflections 
from α-Li3N, both of which have been excluded. 
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Figure A.3.17 Observed, calculated and difference (OCD) plot from structural 

refinement of sample 26 (β-Li3N at 513 K) from PND data, 90o (E) bank. 

The black tickmarks indicate reflections from β-Li3N. The black triangle represents a 

reflection from the sample environment and the black circles represent reflections 

from α-Li3N, both of which have been excluded. 

 

Figure A.3.18 Observed, calculated and difference (OCD) plot from structural 

refinement of sample 26 (β-Li3N at 513 K) from PND data, 35o (A) bank. 

The black tickmarks indicate reflections from β-Li3N. The black circles represent 

reflections from α-Li3N which have been excluded. 
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7.1.3 A.3.3 In-situ variable temperature measurements of β-

Li3N under D2 

 

Figure A.3.19 Observed, calculated and difference (OCD) plot from structural 

refinement of sample 29 (β-Li3N/D2 at 15 K) from PND data, 90o (E) bank. 

The black tickmarks indicate reflections from β-Li3N. The black triangle represents a 

reflection from the sample environment. 

 

 

Figure A.3.20 Observed, calculated and difference (OCD) plot from structural 

refinement of sample 30 (β-Li3N/D2 at 50 K) from PND data, 90o (E) bank. 

The black tickmarks indicate reflections from β-Li3N. The black triangle represents a 

reflection from the sample environment.  
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Figure A.3.21 Observed, calculated and difference (OCD) plot from structural 

refinement of sample 32 (β-Li3N/D2 at 200 K) from PND data, 90o (E) bank. 

The black tickmarks indicate reflections from β-Li3N. The black triangle represents a 

reflection from the sample environment. 

 

Figure A.3.22 Observed, calculated and difference (OCD) plot from structural 

refinement of sample 33 (β-Li3N/D2 at 300 K) from PND data, 90o (E) bank. 

The black tickmarks indicate reflections from β-Li3N. The black triangle represents a 

reflection from the sample environment. 
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Figure A.3.23 Observed, calculated and difference (OCD) plot from structural 

refinement of sample 34 (β-Li3N/D2 at 400 K) from PND data, 90o (E) bank. 
The black tickmarks indicate reflections from β-Li3N. The black triangle represents a 

reflection from the sample environment. 

 

 

Figure A.3.24 Observed, calculated and difference (OCD) plot from structural 

refinement of sample 35 (β-Li3N/D2 at 500 K) from PND data, 90o (E) bank. 

The black tickmarks indicate reflections from LiND2, the red tickmarks indicate 

reflections from LiD and the green tickmarks indicate reflections from β-Li3N. The black 

triangle represents a reflection from the sample environment. 

 

  



 

264 
 

Table A.3.9 Comparison of the interatomic distances generated by Rietveld refinement 

for β-Li3N in the absence of D2(g). 

Sample Temperature / K 
β-Li3N 

Li(1)-N(1) Li(2)-N(1) Li(1)-Li(2) 

19 4.2 2.0526 (2) 2.080 (18) 2.9225 (13) 

20 15 2.0523 (1) 2.0842 (18) 2.9249 (13) 

21 50 2.0527 (2) 2.0882 (18) 2.9282 (13) 

22 100 2.0527 (1) 2.0893 (15) 2.9287 (10) 

23 200 2.0558 (1) 2.09113 (16) 2.93220 (15) 

24 300 2.0603 (1) 2.0979 (19) 2.9404 (13) 

25 400 2.0662 (1) 2.0976 (18) 2.9443 (13) 

26 500 2.0720 (1) 2.1059 (21) 2.9540 (15) 

27 600 2.07776 (9) 2.1118 (26) 2.9623 (19) 

 

Table A.3.10 Comparison of the interatomic distances generated by Rietveld 

refinement for β-Li3N under D2(g). 

Sample Temperature / K 
β-Li3N/D2 

Li(1)-N(1) Li(2)-N(1) Li(1)-Li(2) 

28 4.2 2.0481 (4) 2.016 (8) 2.874 (6) 

29 15 2.0483 (3) 2.023 (9) 2.879 (7) 

30 50 2.0491 (5) 2.015 (7) 2.874 (5) 

31 100 2.0497 (4) 2.0265 (6) 2.8821 (5) 

32 193 2.0528 (5) 2.052 (7) 2.902 (5) 

33 293 2.0574 (5) 2.049 (8) 2.904 (6) 

34 400 2.0611 (5) 2.080 (9) 2.928 (6) 

35 500 2.0712 (5) 2.12 (2) 2.955 (16) 
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Table A.3.11 Comparison of lattice parameters of β-Li3N in the absence and presence 

of D2. 

Temperature / K 
β-Li3N β-Li3N/D2 

a / Å c / Å a / Å c / Å 

4.2 3.5550 (3) 6.3356 (6) 3.5477 (7) 6.3452 (20) 

15 3.5546 (3) 6.3385 (7) 3.5476 (5) 6.3334 (18) 

50 3.5552 (3) 6.3389 (6) 3.5490 (9) 6.3312 (21) 

100 3.5552 (2) 6.3395 (5) 5.5499 (8) 6.3319 (19) 

193 3.5605 (2) 6.3445 (5) 3.5554 (8) 6.3369 (20) 

293 3.5683 (3) 6.3569 (6) 3.5633 (9) 6.3545 (23) 

400 3.5785 (2) 6.3744 (5) 3.5697 (9) 6.3649 (24) 

500 3.5886 (2) 6.3902 (5) 3.5872 (8) 6.3875 (32) 

600 3.5986 (2) 6.4000 (4) - - 

 

Further information can be found on the accompanying CD. 
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7.1.4 A.3.4 Variable temperature PND refinements – β-Li3N 

53376_Li3N_15K_nongas_5_c_excluded.dis 

53376_Li3N_15K_nongas_5_c_excluded.tbl 

 

53377_Li3N_50K_nongas_excluded_4_c.dis 

53377_Li3N_50K_nongas_excluded_4_c.tbl 

 

53379_Li3N_nongas_193K_nongas_4.dis 

53379_Li3N_nongas_193K_nongas_4.tbl 

 

53380_Li3N_293K_3.dis 

53380_Li3N_293K_3.tbl 

 

53381_Li3N_400K_nongas_4.dis 

53381_Li3N_400K_nongas_4.tbl 

 

53382_Li3N_513K_nongas_A_3.dis 

53382_Li3N_513K_nongas_A_3.tbl 

7.1.5 A.3.5 Variable temperature PND refinements – β-
Li3N/D2 

E52745_Li3N_15K_corrected_4_C.dis 

E52745_Li3N_15K_corrected_4_C.tbl 

 

E52747_Li3N_50K_corrected_2.dis 

E52747_Li3N_50K_corrected_2.tbl 

 

E52751_Li3N_200K_corrected_2.dis 

E52751_Li3N_200K_corrected_2.tbl 

 

E52753_Li3N_300K_corrected_2.dis 

E52753_Li3N_300K_corrected_2.tbl 
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E52755_Li3N_400K_corrected_2.dis 

E52755_Li3N_400K_corrected_2.tbl 

 

E52757_Li3N_500K_corrected_2.dis 

E52757_Li3N_500K_corrected_2.tbl 
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7.2 Chapter 4  

 

Figure A. 4.1. Mass spectrometry analysis of Li4NH under Ar(g). (NH3(g) is shown as the 

top line and N2(g) is the bottom blue line). 

 

Figure A.4.2 PXD analysis of commercial LiNH2 showing the experimental (black) and 

calculated (red – LiNH2 and blue – Li2O). 
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7.2.1 A.4.1 Variable temperature study of Li4ND 

 

Figure A.4.3 Observed, calculated and difference (OCD) plot from structural refinement 

of Li4ND at 523 K from PND data, 145o (C) bank. 

The black tickmarks indicate reflections from tetragonal Li4ND (1), the red tickmarks 

indicate reflections from cubic Li4ND (1′) and the blue tickmarks indicate reflections 

from LiD. The black triangle represents reflections from the sample environment (i.e. 

the furnace and the vanadium canister) which have been excluded. 

 

Figure A.4.5 Observed, calculated and difference (OCD) plot from structural refinement 

of Li4ND at 523 K from PND data, 90o (E) bank. 

The black tickmarks indicate reflections from tetragonal Li4ND, the red tickmarks 

indicate reflections from cubic Li4ND and the blue tickmarks indicate reflections from 

LiD. The black triangle represents reflections from the sample environment (i.e. the 

furnace and the vanadium canister) which have been excluded. 
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Figure A.4.6 Observed, calculated and difference (OCD) plot from structural refinement 

of Li4ND at 523 K from PND data, 35o (A) bank. 

The black tickmarks indicate reflections from tetragonal Li4ND, the red tickmarks 

indicate reflections from cubic Li4ND and the blue tickmarks indicate reflections from 

LiD. The black triangle represents reflections from the sample environment (i.e. the 

furnace and the vanadium canister) which have been excluded. 

 

Figure A.4.7 Observed, calculated and difference (OCD) plot from structural refinement 

of Li4ND at 673 K from PND data, 145o (C) bank. 

The black tickmarks indicate reflections from tetragonal Li4ND, the red tickmarks 

indicate reflections from LiD and the blue tickmarks indicate reflections from cubic 

Li4ND. The black triangle represents reflections from the sample environment (i.e. the 

furnace and the vanadium canister) which have been excluded. 
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Figure A.4.8 Observed, calculated and difference (OCD) plot from structural refinement 

of Li4ND at 673 K from PND data, 90o (E) bank. 

The black tickmarks indicate reflections from tetragonal Li4ND, the red tickmarks 

indicate reflections from LiD and the blue tickmarks indicate reflections from cubic 

Li4ND. The black triangle represents reflections from the sample environment (i.e. the 

furnace and the vanadium canister) which have been excluded. 

 

Figure A.4.9 Observed, calculated and difference (OCD) plot from structural refinement 

of Li4ND at 673 K from PND data, 35o (A) bank. 

The black tickmarks indicate reflections from tetragonal Li4ND, the red tickmarks 

indicate reflections from LiD and the blue tickmarks indicate reflections from cubic 

Li4ND. The black triangle represents reflections from the sample environment (i.e. the 
furnace and the vanadium canister) which have been excluded. 
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7.2.2 A.4.2 PND study of non-stoichiometric nitride-hydride-
imide samples 

313 K  57281_sample26_313K_8_D_excluded.dis 

773 K  57283-98_sample26_773K_7_C_exlcuded.dis 

 

313 K  57475_sample27_313K_16_excluded.dis 

773 K  57669-80_sample27_773K_5_NS_3_exlcuded.dis 

 

313 K  57315_sample28_313K_8_G_excluded.dis 

773 K  57337_sample28_773K_9_exlcuded.dis 
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7.3 Chapter 5 Appendix 

 

Figure A.5.1 Powder pattern obtained for commercial Li3N (α-Li3N indicated in red and 

β-Li3N indicated in blue). 

7.3.1 A.5.1 LiCaN – PXD data 

Please find the following files on the accompanying CD. 

Sample16_LiCaN.dis 

Sample26_LiCaN.dis 




