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ABSTRACT: Fluorine-substituted sodium hydride is investigated for application as a thermal energy storage material inside ther-
mal batteries. A range of compositions of NaHxF1−x (x = 0, 0.5, 0.7, 0.85, 0.95, 1) have been studied using synchrotron radiation 
powder X-ray diffraction (SR-XRD), near edge X-ray absorption fine structure spectroscopy (NEXAFS), and nuclear magnetic 
resonance spectroscopy (NMR), with the thermal conductivity and melting points also being determined. SR-XRD and NMR spec-
troscopy studies identified that the solid solutions formed during synthesis contain multiple phases rather than a single stoichio-
metric compound, despite the materials exhibiting a single melting point. As the fluorine content of the materials increases, the 
Na−H(F) bond length decreases, increasing the stability of the compound. This trend is also observed during the melting point 
analysis where increasing the fluorine content increases the melting point of the material, i.e. x < 0.3 (i.e. F− > 0.7) enables melting 
at temperatures above 750 °C.

1. INTRODUCTION 
The future of global energy supply and demand is consist-

ently on the political and economic agenda. At the same time, 
governments are realising that hydrogen must be in the frame 
due to its high energy density, and relative ease of production 
and storage compared to alternative energy storage media.1 
Currently, high-density storage is one of the key challenges to 
overcome for the hydrogen economy, although metal hydrides 
are able to reversibly store hydrogen at an ever decreasing 
cost. The reaction of metal with hydrogen is an exothermic 
reaction and much research has been conducted to use metal 
hydrides as thermal energy stores, also known as thermal bat-
teries.2-6 Metal hydrides are materials that have potential for 
multiple technological applications, including as a fuel for 
vehicles and infrastructure, thermal and electrical batteries, 
and smart windows.4, 6-14 These applications require drastically 
diverse physical properties from the hydride, although the 
prevailing characteristic is that hydrogen must be stored re-
versibly to be cost effective.  

Thermal batteries can be designed to store waste heat pro-
duced during industrial processes (e.g. smelting plants or re-
fineries) or from concentrating solar power, where the stored 
heat can be released upon demand to produce electricity.4, 6, 15-

16 To optimise thermal-to-electrical conversion efficiency, the 
thermal batteries should have high operating temperatures of > 
600 °C, although low-temperature applications, such as cen-
tralised heating/cooling, solar cooking, or greenhouse heating 
have also been identified.15-16 Three methods of thermal ener-
gy storage have been identified: (i) sensible, (ii) latent, and 
(iii) thermochemical heat storage. A full review of these meth-

ods has been previously undertaken,17-18 identifying thermo-
chemical heat storage as the most energy dense. During ther-
mochemical heat storage the heat is stored by way of an endo-
thermic process of breaking chemical bonds between elements 
(e.g Na−H), whilst heat is released during the exothermic pro-
cess of forming bonds. An example of this process is the re-
versible hydrogenation of metals, of which a host of metal 
hydrides have been reported to be potential materials for high-
temperature thermal batteries, including NaH, MgH2, 
NaMgH3, FeTiHx, CaH2, CaH2/2Al and Mg2FeH6. Lab-scale 
prototypes have also been developed to illustrate the potential 
of thermal batteries.2-6, 11-12, 19-25 

An inherent problem with employing Na or Mg as the base 
metal in a thermal battery is their low vapour pressure, which 
causes the metal to segregate during cycling at elevated oper-
ating temperatures.19, 24 A recent method to inhibit metal seg-
regation, and to also increase the operating temperatures 
and/or reduce the hydrogen operating pressure, is to stoichio-
metrically substitute F− for H−

. A variety of these systems 
have been explored and physically characterised including 
NaMgH2F,26 NaHxF1−x, and Mg(HxF1−x)2 (x = 0.5, 0.7, 0.85, 
0.95, 1).19, 24 In these systems, segregation is inhibited by the 
formation of the metal fluoride during hydrogen release (e.g. 
NaMgF3, NaF or MgF2, respectively). Some segregation is 
reported to occur at higher temperatures, although further in-
vestigations have shown that encapsulation of the powder in 
iron tubes is beneficial.19  

Despite the evaporative problems associated with NaHxF1−x 

upon dehydrogenation, the physical properties displayed by 
this material still make it attractive as a thermal battery mate-



 

rial. Pure NaH has an enthalpy ΔHdes = 117 kJ/mol H2 and 
entropy ΔSdes = 167 J/K/mol H2 change during hydrogen re-
lease, and as such has an operating temperature range of 427 – 
660 °C (1 – 150 bar H2).21, 27 Due to the additional stability 
provided by F− substitution, NaH0.5F0.5 has modified thermo-
dynamics ΔHdes = 106 kJ/mol H2 and ΔSdes = 143 J/K/mol H2, 
and as such has an operating temperature range of 468 – 773 
°C (1 – 150 bar H2).19 It is noted that ΔHdes actually decreases 
with increasing F content, which is counterintuitive when con-
sidering the material undergoes stabilisation, but the signifi-
cant decrease in ΔSdes provides the main contribution to the 
material’s thermal stabilisation due to the reduction of molecu-
lar rearrangement required.  

In addition to applying NaH complexes as a thermal battery 
based on thermochemical heat storage, NaH has the potential 
to be applied as a latent heat or phase-change material (PCM) 
for thermal batteries. NaH has a melting point of 632 °C, but 
in order to avoid hydrogen desorption (a reaction that could be 
used for thermochemical heat storage), a significant hydrogen 
back pressure is required.21, 28 For instance, NaH decomposes 
to Na at 427 °C under 1 bar H2,27 while NaH requires a pres-
sure of > 106 bar H2 to prevent decomposition when it melts at 
632 °C with an associated heat of fusion ΔHfus = 26.6 kJ/mol 
or 1108 kJ/kg.28 Although this energy is less than the thermo-
chemical storage capacity of NaH of 2434 kJ/kg, there are 
advantages to employing NaH as a PCM. For instance, a 
chemical reaction is not taking place, and as such, hydrogen 
will not need to be stored in a separate low-pressure store dur-
ing hydrogen desorption, resulting in a reduction in engineer-
ing and materials costs. In addition, the ΔHfus = 1108 kJ/kg is 
higher than many other compounds including LiF (1041 kJ/kg) 
and LiF-MgF2 (947 kJ/kg).29 

NaHxF1−x may prove to be a PCM that could operate at in-
creased temperatures and require lower H2 back-pressure 
compared to NaH. It is expected that increasing the F content 
will make the melting point tend towards the melting point of 
NaF (995 °C),30 whilst a lower back-pressure would be re-
quired due to the increased thermodynamic stabilisation of the 
F-rich materials. For instance, NaH0.5F0.5 would only require 
approximately 22.5 bar H2 to prevent decomposition at 632 
°C, compared to 115 bar for pure NaH based on its thermody-
namics.19, 28 

Previous studies have reported the physical characterisation 
of NaH and NaF by various techniques including X-ray and 
neutron powder diffraction (XRD; NPD);19, 31-32 and vibration-
al,33-34 nuclear magnetic resonance (NMR)35-36 and X-ray fluo-
rescence (XRF) spectroscopies.37-41 These studies have under-
lined the differences between these isomorphous materials, but 
very little is known of their solid-solutions apart from their 
crystallographic and thermodynamic properties. In this study, 
the NaHxF1−x (x = 0, 0.5, 0.7, 0.85, 0.95, 1) system has been 
investigated by X-ray diffraction, 1H and 23Na NMR spectros-
copy and near-edge X-ray absorption fine structure spectros-
copy (NEXAFS, see ESI for details) to investigate the bonding 
differences between the solid-state solution systems. In addi-
tion, the melting point of these materials has been determined 
to assess their application as a PCM for thermal battery tech-
nologies, while their thermal conductivities have also been 
established.  

 
2. EXPERIMENTAL SECTON 

2.1. Synthesis and manipulation. All manipulation of 
chemicals was undertaken in an argon-atmosphere Mbraun 
Unilab glovebox in order to minimise oxygen (O2 < 1 ppm) 
and water (H2O < 1 ppm) contamination. NaH (95%, Sigma-
Aldrich) and NaF (99.99%, Sigma-Aldrich) were ball milled at 
various stoichiometric ratios (Table 1) inside an Across Inter-
national Planetary Ball Mill (PQ-N04) employing tempered 
316 stainless steel vials and balls in an Ar atmosphere. A ball-
to-powder mass ratio of 30:1 was employed, with a total mill-
ing time of 3 h at a speed of 400 rpm. This method of synthe-
sis has been shown to be ideal for this class of material.19, 42 
Following milling, the samples were generally annealed under 
a H2 pressure of 40 bar at 460 °C for 6 days to form solid solu-
tions.  

2.2. Powder X-ray diffraction. Synchrotron radiation 
powder X-ray diffraction (SR-XRD) was performed on the PD 
beamline at the Australian Synchrotron in Melbourne, Austral-
ia.43 NaHxF1−x powder was loaded in a quartz capillary (outer 
diameter 0.7 mm, wall thickness 0.01 mm) and mounted in a 
sample holder with Swagelok tube fittings inside a glove box 
filled with purified argon (< 1 ppm O2 and H2O). The sample 
holder was then connected to a H2 gas filling/vacuum manifold 
and placed under 1 bar H2 atmosphere. The NaF sample was 
measured in a sealed quartz capillary. One-dimensional SR-
XRD patterns (monochromatic X-rays with λ = 0.824890(1) 
Å) were collected at room temperature using a Mythen mi-
crostrip detector44 with an exposure time of 54 s. The capillary 
was oscillated 120° to improve the powder averaging. Diffrac-
tion patterns were quantitatively analysed with the Rietveld 
method45 using TOPAS (Bruker-AXS).46 The low atomic 
number of hydrogen usually presents difficulties for Rietveld 
refinement of hydrogen containing phases from X-ray data. 
However, the occupancy of hydrogen and fluorine can be 
readily obtained for NaHxF1−x solid solutions due to dramatic 
changes in diffracted peak intensities that occur upon fluorine 
substitution for hydrogen. 

Laboratory powder X-ray diffraction was conducted on a 
Bruker D8 advance (Cu-Kα1+2 radiation, λ = 1.5418 Å) 
equipped with a LynxEye 3° linear position sensitive detector 
(PSD). A 2ϴ acquisition range was typically between 20° and 
80°. To prevent sample oxidation occurring during data acqui-
sition, samples were loaded into an air-tight spherically 
capped poly-methylmethacrylate (PMMA) sample holder. The 
sample holder caused a broad hump in the diffraction profile 
in the region where 2ϴ equals 20°.  

2.3. NMR Spectroscopy. Solid-state 1H, and 23Na Magic 
Angle Spinning (MAS) Nuclear Magnetic Resonance (NMR) 
experiments were carried out on a narrow-bore Bruker Biospin 
Avance III solids-700 MHz spectrometer with a 16.4 Tesla 
superconducting magnet operating at frequencies of 700 MHz, 
and 185 MHz for the 1H, and 23Na nuclei respectively. Ap-
proximately 3 - 10 mg of material was packed into 2.5 mm 
zirconia rotors fitted with Vespel® caps and spun to 28 kHz at 
the magic angle. The one dimensional 1H and 23Na spectra 
were acquired with hard 2.5 μs and 2 μs radio frequency puls-
es corresponding to 90° and 30° tip angles respectively. The 
recycle delays of up to 1000 s and 10 s for the 1H and 23Na 
nuclei were used to ensure full relaxation of the signals. 32 
and 1024 transients were co-added for the 1H and 23Na exper-
iments to ensure sufficient signal to noise. The 1H NMR shifts 
were referenced to solid adamantane at 1.8 ppm whilst the 
23Na NMR shifts were referenced to the signal of solid NaCl 



 

(δcs = 0 ppm) obtained at 28 kHz MAS, to account for sample 
heating during the fast MAS (Note: For 0.1 M aqueous NaCl, 
δ = -7.2 ppm against solid NaCl).35 The 23Na 2D MQMAS 
(multiple-quantum magic-angle spinning) spectra were ac-
quired with a triple-quantum pulse sequence with an excitation 
pulse of 8.5 μs, a conversion pulse of 2.5 μs with a 20 μs z-
filter followed by a 60 μs selective 90° pulse for detection. 
The spectral deconvolution was carried out using the Dmfit 
software.47  

2.4. Melting Point Analysis. Melting point analysis was 
carried out inside a custom built high pressure (150 bar) auto-
clave reactor composed of Haynes 230 Inconel alloy. A K-
type thermocouple was inserted through the top of the reactor 
so that it sat 1 cm from the bottom of the vessel before ~4 g of 
sample was loaded to ensure adequate penetration into the 
sample. The heating profile was set with an initial ramp of 20 
°C/min to maximum temperature followed by two cycles with 
heating and cooling at 2 °C/min. The range of cycling temper-
atures varied between samples with a maximum range of 560 
– 770 °C. During cycling, temperature was recorded every 2 
seconds. To prevent the pressure from exceeding the reactor 
rating, the initial pressure was set at 140 bar and vented gradu-
ally maintain 140 bar until the maximum cycling temperature 
was reached. Endo/exothermic phase transition temperatures 
were determined by identifying sharp discontinuities in the 
temperature derivative with respect to time.  

2.5 Thermal Conductivity, Thermal Diffusivity and Spe-
cific heat The thermal conductivity (λTC), thermal diffusivity 
(k) and and the heat capacity per unit volume (C) was meas-
ured using the TPS 500S (Hot Disk, Thermtest). The TPS 
500S uses a double nickel spiral sensor (2 mm radius), lami-
nated by electrically insulating Kapton. Measurements were 
undertaken in an argon atmosphere at a constant ambient tem-
perature. 1.5 g of NaHxF1−x (x = 0, 0.5, 0.70, 0.85, 1) was 
pressed in a 13 mm diameter die with a manual hydraulic 
press (370 MPa for 5 minutes). The sensor was firmly 
clamped co-centrically between the pellets. In these experi-
ments, the isotropic module was utilised, calculating the geo-
metric mean value of the radial thermal conductivity in the 
probed sample volume. Fine-tuned analysis occurred with the 
first 20 to 200 data points, generating the transient and residu-
al graphs. 10 measurements per sample were conducted, with 
15 minutes in between each measurement to allow the sample 
and sensor to cool. 
3. RESULTS AND DISCUSSION 
3.1. Powder X-ray diffraction. NaH and NaF both exist in 
the cubic space group Fm3�m, and have crystallographic lattice 
parameters (LP) of 4.8812(2) and 4.63397(1) Å, respectively 
after annealing (Table 1, Figure 1(a)). This difference is a con-
sequence of the decreased ionic radius of F− (1.33 Å) com-
pared to H− (1.4 - 2.1 Å),48 and increased electronegativity of 
F− (F− = 3.98, H− = 2.20)49 which ensures a reduction in bond 
distance with Na–H = 2.44061(8) Å and Na–F = 2.316985(5) 
Å (Table 1, Figure 1(b)).31-32 Upon formation of Na−H−F 
solid-solutions, a near linear correlation between H/F compo-
sition and lattice parameters has been previously observed, 
although bond distances have not been discussed.19 Na and 
H(F) occupy the crystallographic special sites 4a and 4b, re-
spectively, and so bond lengths can be deduced directly from 
the lattice parameter. Due to the cubic atomic arrangement, the 
Na−H and Na−F distances would be expected to be averaged 

to avoid disorder and perhaps altering the atomic symmetry. A 
direct correlation is observed between an increase in Na−H(F) 
bond distance with increasing H− content (Table 1, Figure 
1(b)). This is best described as a polynomial increase with a R2 
factor of 0.9992 (Figure 1(a)). It must be noted that the Na−H 
distance of 2.44061(8) Å is within 2% error of the 2.445 Å 
determined by neutron powder diffraction at room tempera-
ture,32 hence the values reported here are validated. 

The non-linearity of the LP and Na−H(F) bond length as a 
function of H− content is likely attributed to the steric hin-
drance caused by the H− as x approaches 1 in NaHxF1−x. It is 
known that the ionic size of H− can vary between 1.4 − 2.1 
Å48, and it has been calculated to be 1.40 Å in LiH.50 Although 
the ionic radius expansion of the unit cell as F− occupancy 
diminishes. In NaF, the F−F bond distance is 3.276662(5) Å, 
which increases of H− is similar to the size of F− (1.33 Å), the 
9% increase in size may become significant enough to invoke 
a greater to 3.3826(2) Å in NaH0.7F0.3 and 3.45154(8) Å in 
NaH (Table 1). As the crystal system is cubic, all of the bond 
distances and lattice parameters increase by 5.3 % from NaF 
to NaH.   

Each of the NaHxF1−x samples were analysed to determine 
the homogeneity of the solid solutions (Table S1, ESI). This 
analysis was undertaken by quantitative Rietveld refinement 
of the SR-XRD data with an input of eleven NaHxF1−x phases 

 

Figure 1. (a) Lattice parameter and (b) Na−H(F) bond distance 
for NaHxF1−x (x = 0, 0.5, 0.7, 0.85, 0.95, 1) solid solutions deter-
mined by SR-XRD. Lattice parameter: y = 0.089x2 = 0.1564x + 
4.6345. Na−H(F) bond distance: y = 0.0446x2 + 0.0781x + 2.3173. 

Table 1. Lattice parameter (LP), Na−H(F), and H(F)−H(F) 
bond distances for each NaHxF1−x (x = 0, 0.5, 0.7, 0.85, 0.95, 
1) solid-solution determined by SR-XRD at room tempera-
ture. Estimated standard deviations (ESDs) are in paren-
theses. 

x(NaHxF1−x) LP (Å) Na−H(F) 
(Å) 

H(F)−H(F) 
(Å) 

0 4.63397(1) 2.316985(5) 3.276662(5) 
0.50 4.73884(3) 2.36942(2) 3.35086(2) 
0.70 4.7837(4) 2.3918(2) 3.3826(2) 
0.85 4.83049(5) 2.41525(3) 3.41568(3) 
0.95 4.8642(1) 2.43208(6) 3.43948(6) 
1 4.8812(2) 2.44061(8) 3.45154(8) 



 

 

Figure 2. Phase distribution in NaHxF1−x solid solutions determined by SR-XRD as observed at the (002) Bragg peak (space group Fm3�m). 
Black curves indicate the data measured by XRD, remaining curves indicate the modelled phases. λ = 0.824890(1) Å, T = 27 °C. 

 
(21 for NaH0.70F0.30) allowing the LP and H/F occupancy to 

refine freely. Due to the limit of quantification, only phases 
with greater than 1.0 wt% have been used for quantitative 
analaysis. Table S1 details the LP and quantification of any 
determined Na−H−F phases, while Figure 2 illustrates that 
data while focusing on the (002) Bragg peak. For a homoge-
neous sample, a single symmetric peak would be observed, 
however phase segregation is apparently inherent for all sam-
ples, but increases with F− concentration. This is observed as 
asymmetry of the peaks. For NaHxF1−x samples with x = 0.70 
and 0.50, there were at least 7 phases identified, with each 
phase containing a slightly different lattice parameter and 
therefore a slightly different H:F ratio. NaH0.7F0.3 had the larg-
est spread, with the second largest phase quantified to 26.4 
wt%. Using a quadratic function to correlate the LP with x in 
in NaHxF1−x it was determined that x for the NaH0.7F0.3 sample 
ranged from 0.70 (30.2 wt%) to 0.57 (2.1 wt%). 

3.2. NMR Spectroscopy. The solid-state NMR spectra il-
lustrate that, as with the SR-XRD results, there are multiple 
chemical environments observed in the NaHxF1−x mixtures 
(Figure 3). Analysis of pure NaH by 23Na NMR yields a single 
signal symmetric peak centred at 11 ppm, consistent with the 
highly symmetric environment and consequently low quadru-
polar coupling for the 23Na nucleus. Upon addition of stoichi-
ometric quantities of F−, an increasing number of smaller 
peaks are observed, mainly shifted to lower ppm. The 23Na 
NMR signals, which are best resolved for NaH0.50F0.50, clearly 
indicate the formation of distinct phases with different H:F 
ratios as indicated by the XRD measurements. Careful analy-
sis of the 23Na signals however shows that initially, the prima-
ry peak is shifted to slightly higher ppm with F− addition: 11.5, 
12.1 and 12.5 ppm (for x = 0.95, 0.85 and 0.70 respectively). 
Pure NaF has been reported to have a chemical shift of ~ 
8ppm.51 The distribution of peaks, especially with increasing 
F− content, is indicative of species with altered Na environ-
ments, which is due to the different distributions of F− and H− 
in the first coordination sphere around the Na+.52 This  
 

 

 
Figure 3. 23Na MAS NMR spectra of NaHxF1−x for (a) x = 1, 
(b) x = 0.95, (c) x = 0.85, (d) x = 0.70 and (e) x = 0.50. 

 
therefore corroborates the observations in the SR-XRD data, 
in that single phases are not being obtained. 

Broadening of the primary peak is evident for NaH0.50F0.50, 
where the primary peak maximum is at 9.5 ppm. The in-
creased peak broadening (of the primary peak) likely indicates 
a two-fold effect of increased quadrupolar coupling brought 
about by a degree of asymmetry in the local bonding around 
the 23Na nucleus as well as an increase in the disorder of the 
primary phase due to the milling process. In comparison, the 
multiple new peaks that are formed have a narrower line 
width, indicating that they originate from ordered crystalline 
environments, which are forming with the increased addition 
of NaF. Compared to the 23Na NMR, the 1H NMR is not in-
formative, with the 1H spectra for the different compositions 
yielding a similar signal (Figure S1, ESI).  



 

 

Figure 4. 23Na MQMAS NMR of (a) NaH0.85F0.15, (b) NaH0.70F0.30 
and (c) NaH0.50F0.50.  The MAS spectra are plotted on the top, 
while the isotropic projections are plotted to the left. The CS axis 
with slope 1 describes the chemical shift distributions, while the 
QIS axis describes the variation in the quadrupolar shifts. The 
gaussian fits to the isotropic projections are presented as filled 
peaks.  

Considering the wide NMR shift distribution observed for 
the 23Na, the formulations x = 0.85, 0.70 and 0.50 were further 
investigated via 2D MQMAS spectroscopy (Figure 4). The 
complexity of resolving signal with a disorder induced chemi-
cal shift dispersion as well as quadrupolar interaction can be 
addressed via the MQMAS experiment, which separates the 
isotropic and quadrupolar interactions along two distinct 
axes.53 Thus the 2D MQMAS experiment can separate signals 
that would otherwise overlap in the 1D NMR. A fit to the iso-

tropic signals from the MQMAS experiment reveals that there 
are 9,  13 and 5 resolvable 23Na sites for x = 0.85, 0.70 and 
0.50 respectively. The high number of sites observed for x = 
0.70 agrees with the XRD refinements. Sites marked (i) and 
(ii) for x = 0.85 and x = 0.50 (Figure 4 (a) and (c) respectively) 
lie off the main chemical shift (CS - defined as the trace of the 
chemical shift tensor in its principal axis frame) axis indicat-
ing that they have a more distinct quadrupolar shift than the 
NaH/F phase and are therefore attributed to impurities, such as 
NaOH, in the material. While the peaks are broadened to a 
degree along the CS axis, for example, site (iii) in Figure 4 (c), 
there is relatively little dispersion along the QIS axis, which 
does increase with increasing values of x. This indicates that at 
low NaF substitution, (NaH0.85F0.15), there is greater disorder, 
likely caused by the incorporation of the F− into the NaH lat-
tice, which induces a degree of disorder. At greater F− content, 
it may be thermodynamically favourable for multiple crystal-
line phase segregation to occur, which is evidenced by the 
reduced dispersion along the QIS axis. Within this context, it is 
likely that the broadening for the isotropic peak (iii) observed 
for NaH0.50F0.50, is not a result of disorder, since it would be 
expected to also result in a concomitant dispersion of the 
quadrupolar shift, which is seen for example in disordered 
pervoskites.54-55 Instead it is likely a result of multiple 23Na 
sites within the NaH/F family that are not sufficiently chemi-
cally resolved, and therefore have a large spectral overlap. 
Finally, we note that the peak marked (iv) for x = 0.5, having 
the lowest chemical shift is likely some unreacted “pure” NaF 
phase.  

3.3. Melting Point Analysis. The solid-liquid phase transi-
tion temperatures for NaHxF1-x (x = 1, 0.85, 0.50) were meas-
ured through temperature measurements during thermal ramps 
whilst maintaining a hydrogen pressure of 150 bar to minimise 
the possibility of sample decomposition. According to ther-
modynamic analysis,  NaH is stable up to 659 °C under 150 
bar H2 pressure, whilst the most stable compound of the series 
studied here should be NaH0.50F0.50, which should decompose 
at 775 °C under 150 bar H2.19, 27 Therefore, although the other 
compounds in this series have not had their thermodynamics 
experimentally determined, their temperature of desorption 
will fall between 659 and 775 °C under 150 bar H2 backpres-
sure (Table 2). For pure NaH, a sharp thermal signal was ob-
served (Figure S2(a), ESI) and a phase transition temperature 
of 625.2 ± 6.5 °C was extrapolated. This is in agreement with 
the accepted value of 632 °C.28  

For NaH0.85F0.15, the melting point was not as defined as for 
NaH although an inflection in the temperature data is visible at 
662.5 ± 7.7 °C (Figure S2(b), ESI). The possibility of phase 
segregation was investigated by XRD analysis of the tempera-
ture cycled material. Visual inspection of the NaH0.85F0.15 cy-
cled product shows two distinctive phases, one white and one 
grey-white, while powder XRD confirmed the occurrence of 
phase segregation (Figure S3, ESI). Analysis of the data for 
the cycled material suggests at least three NaHxF1-x phases 
exist, along with some Na and NaOH. The XRD of the cycled 
NaH0.85F0.15 (Figure S3(b), ESI) is considerably altered com-
pared to the synthesised material. The synthesised material has 
Bragg peaks at 2θ = 28, 48 and 56° which are only seen in 
hydrogen rich samples.19 Post cycling, these peaks have disap-
peared completely, while the remaining peaks have shifted to 
higher angles indicating the sample has become more fluorine 
rich. A small peak at 2θ = 29.5° also indicates the presence of 
metallic sodium and hence



 

Table 2. Thermal Transport Properties of NaHxF1−x (x = 1, 0.85, 0.7, 0.5, 0) samples, where λTC is thermal conductivity 
(W/m.K), k is thermal diffusivity (mm2/s), and C is the heat capacity per unit volume (MJ/m3.K). Crystallite size determined 
from the SR-XRD data using TOPAS.46  

 
Sample λTC  

(W/m.K) 
k  
(mm2/s) 

C 
(MJ/m³.K) 

Crystallite 
size (nm) 

Melting point 
(°C) 

NaF 9.4(1) 1.8(2) 5.5(6) 256 995a 
NaH0.5F0.5 0.870(2) 0.73(1) 1.20(2) 4489 > 750 
NaH0.85F0.15 1.490(6)  0.72(3) 2.00(8) 206 662.5(77) 
NaH  4.98(7) 1.1(1)   4.7(4)  4490 625.2(65) 

a Ref 30

decomposition has occurred to an extent. While 140 bar H2 should 
be enough to prevent a uniform sample of NaH0.85F0.15 from de-
composing at these temperatures, if the NaH phase segregates 
decomposition will occur.19  

At the maximum temperature of the cycle of 720 °C, NaH re-
quires a hydrogen back pressure of 430 bar. As such, under the 
experiment conditions employed here, decomposition will oc-
cur.Upon heating NaH0.50F0.50 to 750 °C, no apparent change in 
the temperature gradient was observed indicating that no phase 
change or decomposition event occurred (Figs. S2(c), ESI). The 
addition of fluorine to NaH causes a large increase in phase transi-
tion temperature, due to increased thermal efficiencies at higher 
temperatures. NaF has previously been determined to melt at 995 
°C,30  therefore NaH0.50F0.50 and NaH0.70F0.30 are expected to melt 
before this point. However, without instrumentation that can hold 
greater than 150 bar H2 at temperatures above 750 °C it is not 
possible to determine their melting point. It is assumed that phase 
segregation will occur as NaH0.50F0.50 has been shown to segregate 
during hydrogen cycling at 520 °C.19 

3.4. Thermal Conductivity, Thermal Diffusivity and 
Heat Capacity. The average thermal transport properties of 
NaHxF1−x (x = 1, 0.85, 0.70, 0.50, 0) are presented in Table 2. 
A non-linear relationship between these thermal transport 
properties and amount of H/F present was evident (Figure 5). 
The data collected for NaF correlates well with data available 
in databases (λTC = 10.5 W/m∙K, k = 3.7 mm2/s, C = 2.8 
MJ/m³∙K).56 Thermal transport properties are highly dependent 
on sample preparation and measurement conditions, and these 
conditions are often not defined clearly in the existing litera-
ture e.g. refs 56-57. Each sample in the present study was meas-
ured under identical conditions with identically prepared pel-
lets being measured under an Ar atmosphere. Each of the de-
termined properties (λTC, k and C) show that the fluorine sub-
stituted materials exhibited less favourable thermal properties 
than their pure counterparts. This effect does not appear to be 
directly related to the crystallite size, as shown in Table 2. 

 
4. CONCLUSIONS  

This study has detailed a thorough characterisation of fluo-
rine substituted sodium hydride (NaHxF1−x where x = 1, 0.95, 
0.85, 0.70, 0.50, 0), a class of materials that have potential 
application as thermal energy storage materials. The physical 
properties of these solid solutions have been probed by XRD, 
NMR, NEXAFS, phase transition analysis and thermal con-
ductivity. A contraction of the cubic crystal lattice is observed 
upon addition of F− into the unit cell, which is largely due to 
the smaller ionic radius of the F- compared to H-. This  

Figure 5. Relationship between thermal transport properties (■ 
Thermal Conductivity, ■ Thermal Diffusivity and ● Heat Capaci-
ty per unit volume) and composition in NaHxF1−x.  

 
ultimately leads to a reduction in Na-H(F) bond distance. SR-
XRD and NMR spectroscopy determined that a single phase 
NaHxF1−x solid solution is not formed upon annealing for 6 
days at 450 °C but rather a mixture of stoichiometries with an 
average H:F ratio close to expected. 

The melting point analysis of these materials allowed a fea-
sibility study for application as phase change materials for 
thermal energy storage. The initial melting points increase 
with F− content although upon cycling, phase segregation oc-
curs. 

The thermal transport properties, including thermal conduc-
tivity, diffusivity and heat capacity, for the range of NaHxF1−x 
samples were also determined. This was the first time that 
NaH and NaF have been measured under the same conditions 
as each other, which has allowed a direct comparison with the 
fluorine substituted analogues. Thermal conductivity and dif-
fusivity is seen to decrease for the substituted samples and is 
likely due to the random distribution of F− within the lattice.  

To ensure technological application, a homogeneous solid 
solution may be required. Overall, this may reduce the risk of 
phase segregation. The utilisation of common laboratory pow-
der X-ray diffractometry may not allow identification of in-
homogeneity with solid solutions as the Bragg peaks measured 
are often broad and may hide slight asymmetry. This study has 
shown that MAS-NMR is suitable to determine whether mul-
tiple phases are present. Annealing for longer than six days 
may increase the homogeneity of the sample but if technologi-



 

cal application is to be achieved then sample preparation time 
may be key. NaF is also a hard material and so reduction of 
particle size before ball milling may also increase homogenei-
ty.  
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