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Abstract: Sodium-ion batteries represent a promising alternative to 

lithium-ion systems. However, the rapid growth of sodium-ion battery 

technology requires a sustainable and scalable synthetic route to 

high-grade sodium hexafluorophosphate. This work demonstrates a 

new multi-gram scale synthesis of NaPF6 in which the reaction of 

ammonium hexafluorophosphate with sodium metal in THF solvent 
generates the electrolyte salt with the absence of the impurities that 

are common in commercial material. The high purity of the electrolyte 

(absence of insoluble NaF) allows for concentrations up to 3 M to be 

obtained accurately in binary carbonate battery solvent. 

Electrochemical characterization shows that the degradation 

dynamics of sodium metal–electrolyte interface are different for more 

concentrated (>2 M) electrolytes, suggesting that the higher 

concentration regime (above the conventional 1 M concentration) may 

be beneficial to battery performance. 

The ever-growing demand for electrical energy production and 
large-scale grid storage has led to a surge in research efforts in 
recent years into sodium-ion batteries (SIBs).[1–5] Although the 
lithium-ion battery (LIB) field currently dominates and is well 
established, arguably one of the most attractive features of 
moving towards SIBs is the significantly higher abundance of 
sodium compared to lithium. Moreover, these sodium deposits 
are evenly distributed worldwide so are less susceptible to 
geopolitical price fluctuations and are much cheaper than 
lithium.[6] Although the inherently lower energy density has 
previously plagued SIBs, for large-scale or stationary storage 
applications this is less of a critical consideration as here, the low 
cell cost dominates. Given the low abundance and relatively high 
cost of lithium, it is envisioned that the development of SIBs for 
grid storage will be critical to relieve the pressure on LIBs, as the 
surging rise of portable electronic devices and electric powered 
vehicles is likely to place an insurmountable burden on lithium 
supplies.[7] Furthermore, the use of sodium has other 
sustainability implications, which are particularly important for 
grid-scale applications, as it allows cobalt-free cathodes to be 
used and the copper current collectors at the anode to be 
replaced by aluminium.   
          As sodium sits below lithium in Group 1 of the periodic table, 
knowledge of the LIB field can help accelerate research and 
development of SIBs as the general principles are the same for 
both batteries. This is true in particular of the electrolyte, which 
plays a crucial role for the overall lifetime, rate capability and 

safety of the battery, for which direct sodium analogues of lithium 
electrolytes are normally used.[8–12] From the selection of sodium 
salts currently available, the present benchmark is sodium 
hexafluorophosphate, although optimum solvents and 
concentrations are still widely debated.[13] Organic carbonate-
based solvents are typically preferred, in part due to their high 
dielectric constant and low viscosity, which aids solubility and 
gives high ionic mobility. Recent work by Younesi and colleagues 
has shown that ethylene carbonate: diethyl carbonate (EC:DEC) 
may be advantageous as a solvent due to aiding a more stable 
solid-electrolyte interphase (SEI), whereas propylene carbonate 
(PC) leads to a less stable SEI due to the higher solubility of SEI 
components, such as NaF and Na2CO3.[14]  
 

 
 
Figure 1. Top: Previous synthetic methods of producing NaPF6. Bottom: This 

work using ammonium hexafluorophosphate and sodium metal. 
 
         Sodium hexafluorophosphate has a number of attractive 
features as a salt compared to the other commonly used sodium 
salts. Nevertheless, studies have shown that NaPF6 is highly 
hydroscopic and readily undergoes hydrolysis to produce NaF, 
HF and other phosphate species (such as POF3).[15,16] 
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Remarkably, this hydrolysis can still take place in battery-grade 
electrolytes which have <20 ppm of water present,[15] highlighting 
the highly hydroscopic nature of NaPF6. Consequently, this 
means that the quality of commercially purchased NaPF6 may be 
variable and depends on the degree of hydrolysis that has 
occurred (either through storage or as a result of the synthetic 
route used to make it). The presence of impurities has a 
detrimental effect on use in battery research, as these highly 
insoluble hydrolysis products crucially affects the real electrolyte 
concentration. Bhide and Adelhelm in recent work reported that 
when using a high purity (99%) supply of NaPF6, an insoluble 
fraction appeared beyond 0.4 M concentration when dissolving in 
ethylene carbonate: dimethyl carbonate (EC:DMC 30:70 wt%). 
Subsequent X-ray diffraction of the mixture found evidence of NaF 
(which is also an important solid electrolyte interphase (SEI) 
component) as the insoluble impurity.[17] Resolving this solubility 
issue of NaPF6 is therefore of primary importance for the SIB field 
as fundamental properties of the electrolyte are dependent upon 
the ions concentration.[13,17]  
        As commercially purchased NaPF6 may contain insoluble 
impurities, it would be desirable to synthesize it under anhydrous 
conditions and immediately use it, thus preventing NaF formation. 
However, the literature contains few methods to do this and most 
involve using HF, which has significant safety concerns. One 
reported synthesis by Woyski  is the fluorination of a mixture of 
sodium and PCl5 with liquid HF,[18] whereas Clifford’s synthesis 
involves the formation of PF5 from red phosphorus, HF and ClF3 

and subsequent reaction with NaF.[19] A patented method from 
South Africa Nuclear Energy involves the reaction of pyridinium 
hexafluorophosphate, synthesized from HF, phosphoric acid and 
pyridine, with sodium hydroxide,[20]  whereas Astruc has shown 
NaPF6 may be produced from reduction of CpFe(II)(arene) 
hexafluorophosphate with sodium amalgam at −20 °C (Figure 
1).[21] Clearly these synthetic routes all contain a number of 
hazardous or expensive steps that make the synthesis of NaPF6 
inaccessible without special control measures and specialized 
equipment. Alternatively, electrolyte solutions of NaPF6 in 
carbonate solvent may be commercially purchased, but their high 
cost can be prohibitive. 
       Similar synthesis routes exist for producing LiPF6,[22,23] where 
early methods involved the addition of LiF to PF5 in anhydrous 
HF.[24] This protocol may be used in acetonitrile solvent, but gives 
a tetra-coordinated solvated lithium cation.[25] The solvated 
Li(CH3CN)4PF6 salt can also be produced from the reaction of 
HPF6 with LiOH.[23] Alternatively, unsolvated LiPF6 may be 
synthesized from direct fluorination from LiF and phosphorus in a 
fluorine atmosphere.[26]    
          Herein, we address the urgent need to produce high grade 
NaPF6 that is suitable to act as an electrolyte salt, showcasing a 
simple and inexpensive method using ammonium 
hexafluorophosphate and metallic sodium. This method does not 
involve the use of HF or aqueous conditions and can be readily 
performed in a laboratory setting without specialist or expensive 
equipment.     
         Previously our group has reported that magnesium 
hexafluorophosphate can be synthesized from nitrosonium 
hexafluorophosphate (NOPF6) with magnesium turnings in 
acetonitrile solvent.[27] However, this synthetic route is 
inappropriate for producing NaPF6 as sodium metal reacts with 
acetonitrile and other solvents were found to react with NOPF6. In 
search of a new protocol, ammonium hexafluorophosphate 

(NH4PF6) was instead employed, which has the additional benefit 
of reduced cost compared to NOPF6 (see SI for cost analysis of 
synthesized NaPF6).[28]  
          NaPF6 was synthesized by firstly dissolving NH4PF6 in THF 
solvent. Once dissolved, this was added dropwise to freshly cut 
metallic sodium suspended in THF, which immediately gave 
effervescence due to the release of dihydrogen and ammonia gas 
as the only by-products. The reaction was heated to reflux for six 
hours, then left to stir for a further sixteen hours at 50 °C, which 
after removing the excess sodium by filtration and drying under 
vacuum produced NaPF6 in an excellent yield of 89% (Scheme 1). 
Two equivalents of sodium metal were found to be optimal for the 
synthesis as using stoichiometric or a small excess (1.2 
equivalents) failed to consistently give complete conversion using 
the above stated conditions. Furthermore, the scalability of this 
protocol has been shown by producing 24 g of NaPF6 (See SI). 
 

 
 
Scheme 1. Synthesis of sodium hexafluorophosphate from metallic sodium and 

ammonium hexafluorophosphate. 

 
         Initial characterization of the NaPF6 salt was performed 
using solution-state NMR spectroscopy (Figures S2.1.1–S2.1.3). 
Analysis of both the 31P NMR and 19F NMR spectra revealed the 
expected septet and doublet signals at −144.6 ppm and −73.2 
ppm respectively, confirming the presence of the PF6

− anion. 
More informative was the 1H NMR spectrum, which showed the 
absence of an ammonium signal, which appears at ca. 5.9 ppm. 
Furthermore, on account of the strong donor ability of the THF 
solvent, the 1H NMR spectrum showed residual THF solvent 
signals at 3.64 ppm and 1.79 ppm, despite drying under vacuum 
for 16 hours. The addition of 1,4-dimethoxybenzene as an internal 
standard showed these THF signals account for ca. 3% of the 
sample (Figure S2.1.4).  
      Attempts were made to fully remove the residual solvent by 
drying under vacuum at both ambient temperature and at 160 °C 
for 72 hours and 24 hours respectively, but both cases still 
showed THF solvent signals in the solution-state 1H NMR 
spectrum. However, precipitating NaPF6 from a concentrated 
solution of THF with pentane and drying under vacuum at 120 °C 
for 24 hours was found to reduce the intensity of the THF signals, 
albeit not fully removing them (see SI and Figure S2.1.7).  
       Additionally, the scope of this synthetic procedure was also 
investigated by synthesizing KPF6. This proceeded in analogous 
fashion to the NaPF6 synthesis, with the addition of NH4PF6 to 
metallic potassium in THF solvent; solution-state NMR 
spectroscopy again confirmed the presence of the PF6

− anion and 
loss of NH4PF6 starting material (SI and Figures S2.1.8–S2.1.10).  

With NaPF6 in hand, solid-state NMR (SSNMR) 
spectroscopy was used to assess the purity of the salt as it allows 
the identification of insoluble chemical species, even if they are 
present at low concentrations (Figure 2). Figure 2a shows the 1H 
solid-state NMR spectrum, which consists of several signals with 
low signal-to-noise ratios, suggesting a low concentration of 
proton-containing species. These signals are assigned to the 
minor amount of THF that is incorporated into the material, with 
the appearance of several peaks being a result of 
crystallographically distinct protons in the THF molecules. The 19F 
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spectrum has a doublet centered at –81.1 ppm with overlapping, 
low-intensity multiplets underneath (Figure 2b). The additional 
signals are likely due to minor amounts of hydrolysis product 
impurities (e.g., PO2F2

2–, POF3
–); however, the overlap with the 

NaPF6 signal precludes quantification of these impurities using 
19F NMR spectroscopy. On the other hand, in the 31P SSNMMR 
spectrum (Figure 2d), the signals for NaPF6 (–145 ppm) and the 
impurities (16 ppm) are well separated. Integration of the two 
signals gives a NaPF6 : impurity ratio of 1:0.0071, indicating a high 
purity sample. The 23Na SSNMR spectrum has a single peak at –
20.6 ppm, consistent with NaPF6 (Figure 2c), with no evidence for 
NaF. Conversely, multinuclear SSNMR spectra recorded on a 
commercial sample of NaPF6 showed the presence of impurities; 
tentatively assigned to NaHF2 (Figures S2.2.5–S2.2.7). 

  

 
Figure 2. (a) 1H, (b) 19F, (c) 23Na, and (d) 31P solid-state NMR spectra of 

synthesized NaPF6. The inset in panel (d) shows an expanded view with the 

signal of the hydrolysis products visible. 

 
       As the level of hydrolysis and degradation products present 
in the NaPF6 salt affects the electrolyte concentration that can be 
achieved, we looked to determine the concentration range that 
could be produced from our high purity NaPF6 salt in a binary 
mixture of ethylene carbonate: diethyl carbonate (EC:DEC 1:1 
v/v) solvent. A 1 M solution could easily be obtained with minimal 
stirring at room temperature, giving a transparent electrolyte 
solution within minutes. A similar story was found when making a 
2 M solution, however upon increasing the concentration to 3 M 

more vigorous stirring for 30 mins was required to obtain a clear 
solution. Saturation of the solution occurs at higher concentration, 
with the 3.5 M concentration electrolyte having very high viscosity 
and gel-like appearance, as well as containing undissolved NaPF6. 
The electrolyte solutions become pale yellow in colour and less 
transparent as the concentration increases beyond 1 M (Figure 
S4.1.1).  

 
Figure 3. Electrolyte conductivity vs. concentration of NaPF6 electrolytes. 

Measured in RHD instruments TSC 1600 Closed conductivity cell, the cell 

constant (K) is 13 cm-1 at T = 35 °C using impedance spectroscopy 1MHz–1Hz 

10 mV amplitude. 

 

 
Figure 4. Impedance for 2 M NaPF6 electrolyte (EC:DEC 1:1 v/v) from Na metal 

symmetric cell in coin cell.   
 
        The absence of insoluble impurities in our synthesized 
NaPF6 allows for the accurate study of ultra-concentrated 
electrolytes, with the maximum electrolyte conductivity obtained 
with 1 M electrolyte solution (19.0 mS/cm at T = 35 °C), larger 
than the conductivity values of 8.2, 16.1 and 11.0 mS/cm for 0.5 
M, 2.0 M and 3.0 M electrolyte solutions, respectively (Figure 3). 
Electrolyte conductivity and the aging of the native solid-
electrolyte interphase (SEI) were then measured in Na-Na 
symmetric cells in the concentration range 1–3 M using 
electrochemical impedance spectroscopy (EIS) measurements 
between 1 MHz and 0.1 Hz (Figures 4 and S3.4–3.6). 
Consecutive impedance spectra were recorded for 70 hours after 
cell assembly and Nyquist plots accumulated during the first 70 
hours from cell assembly are shown in Figure 4. It is assumed that 
the main contribution to the low-frequency conductivity is the 
sodium SEI, thus the evolution of the low-frequency conductivity 
is attributed to the aging, reorganization and dissolution of the SEI 
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during rest (Figure S3.7). The interface impedance for the ultra-
concentrated (>2 M) electrolytes is around 300 Ω (6.3 µS/cm), 
while for 1 M it is around 500 Ω (3.8 µS/cm) at the same storage 
time. More importantly, the interface stabilization is slower for the 
1 M electrolyte (Figures 4, S3.6), which could be the result of 
different SEI compositions, structures, or dissolution rate.  
          The electrochemical stability window (ESW) of our 
synthesized NaPF6 electrolyte was determined using cyclic 
voltammetry (CV). Mixtures of 1–3 M NaPF6 in EC:DEC (1:1 v/v) 
were tested in three-electrode cells using glassy carbon, stainless 
steel, and aluminium as working electrodes (WE); sodium metal 
was used as the counter and quasi-reference electrode (Figures 
5, S3.1–S3.3). The current density of both oxidation (>4 V) and 
reduction (<1 V) waves decrease with the cycle number (Figure 
S3.1). The electrochemical stability of NaPF6 vs. aluminium was 
investigated (Figure 5) and it was found that the measured current 
is three times lower for 2 M and 3 M electrolytes, in turn showing 
that the electrolyte electrochemical stability towards the current 
collectors is noticeably affected by the concentration of NaPF6 

. 

 
Figure 5. Cyclic voltammetry of 1–3 M NaPF6 (EC:DEC 1:1 v/v) in three-

electrode cell (WE - aluminium, CE- sodium metal, RE- sodium metal). 3rd cycle, 

measured at 1 mV/sec between 0.01 to 4.2 V.  

 
          The onset oxidation potential on glassy carbon, 304 
stainless steel and aluminium for 1–3 M electrolyte solutions was 
observed at 3.7 V vs. sodium metal (Figures 5 and S3.1–3.3). 
However, EC oxidation onset potential above 5 V vs. sodium was 
recorded in the literature.[29–31] Traces of water in the electrolyte 
could be a possible cause for lower oxidation potentials.[32–34] 
While in the case of lithium, lithium hydroxide, which is generated 
by water reduction on the anode, tends to precipitate and 
accumulate in the SEI, sodium hydroxide remains in solution due 
to its high solubility (similarly to other sodium-SEI components).[35] 
This higher solubility results in less electrode passivation in 
sodium electrolytes and thus a larger water reduction current at 
lower potentials. Additionally, a minor reduction peak was 
observed at 1 V vs. sodium on the 1st cycle (Figures 5, S3.1, S3.3) 
and disappeared on the 3rd cycle (Figure S3.1). The most 
probable reaction responsible for this peak is the reduction of 
water, resulting in hydroxide formation and hydrogen evolution, 
consistent with the above proposals. The cathodic wave that 
starts around 0.6 V and peaks at 0.2–0.3 V is attributed to SEI 
formation. 
        Comparing the different electrolyte concentrations, 2 M and 
3 M solutions of NaPF6 were found to be more stable versus 

aluminium current collectors as opposed to 1 M NaPF6 electrolyte. 
Moreover, the 2 M and 3 M electrolyte solutions resulted in lower 
impedance of the SEI on sodium compared to the impedance of 
the SEI in 1 M electrolyte which increased with time. This trend 
indicates a change in the break down and repair mechanism of 
the SEI and possibly lower SEI solubility with the increase in 
NaPF6 concertation. However, since the bulk conductivity of the 2 
M and 3 M electrolytes is lower compared to 1 M electrolytes, the 
choice of electrolyte concentration presents a potential trade-off 
between SEI and current collector stability, and cell power 
capability (further discussed in SI, S7).  
        Lastly, in order to showcase the high-grade nature of our 
synthesized NaPF6, commercial 2- and 3-electrode pouch cells 
were produced independently by Faradion Limited, UK. 1 M 
electrolyte solutions of both our synthesized NaPF6 and 
commercial Faradion baseline NaPF6 were prepared in an 
ethylene carbonate, diethyl carbonate and propylene carbonate 
mixture (with no additives); the anode active material was a 
commercially available hard carbon and the cathode active 
material was sourced from Haldor-Topsoe A/S, synthesized 
according to Faradion’s specification for a mixed phase O3/P2 
layered oxide.[36,37] For the 3-electrode cell testing the reference 
electrode comprised an appropriately positioned tab of Na metal 
on aluminium. The results of these 3- and 2-electrode sodium-ion 
pouch cells showed comparable gravimetric capacity, rate 
capability and cycle life between our synthesized and Faradion 
baseline NaPF6 electrolytes. In turn this shows that our NaPF6 salt 
is compatible and stable electrochemically with both anode and 
cathode (Figure 6 and SI). Lastly, these results confirm the quality 
is as good as the commercial baseline electrolyte and the NaPF6 
produced is suitable for battery use. 
 

 
Figure 6. Cell voltage (V) and Anode and Cathode (V vs. Na) vs. cumulative 

active material specific capacity. Collected from 2nd cycle at an approximate 

constant current rate of C/7 for charge and discharge using cell voltage limits of 

1.0 and 4.2 V. The cell voltage trace is in blue, the cathode voltage profile versus 

a Na metal reference electrode in red and the anode voltage profile in black. 

Electrolyte is our synthesized NaPF6 (described above). 

 

         In conclusion this work demonstrates a simple, low cost and 
scalable synthetic route for producing high-grade NaPF6 that is as 
pure as the highest-grade battery electrolyte available, and has 
identical electrochemical performance at 1 M concentration, as 
demonstrated in commercial 2- and 3-electrode pouch cells by 
Faradion. Our protocol avoids the use of HF or aqueous 
conditions and the absence of insoluble impurities such as NaF 
means that a 1 M concentration solution can easily be achieved 
and up to 3 M solutions can be prepared accurately in standard 
electrochemical solvents. Importantly, electrochemical 



COMMUNICATION          

1 
 

measurements reveal potential benefits of using higher 
concentration electrolyte solutions on SEI characteristics, which 
may be of value in the optimization of battery performance and 
lifetime. 
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