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Abstract: Sodium-ion batteries are a technology rapidly approaching widespread adoption, so
studying the thermal stability and safety of their components is a pressing issue. In this work, we
employed differential scanning calorimetry (DSC) and ex situ powder X-ray diffraction to study the
thermal stability of several types of sodium-ion electrolytes (NaClO4 and NaPF6 solutions in PC, EC,
DEC, and their mixtures) and various cathode and anode materials (Na3V2(PO4)3, Na3(VO)2(PO4)2F,
β-NaVP2O7, and hard carbon) in combination with electrolytes. The obtained results indicate, first,
the satisfactory thermal stability of liquid Na-ion electrolytes, which start to decompose only at
270~300 ◦C. Second, we observed that charged vanadium-based polyanionic cathodes, which appear
to be very stable in the “dry” state, demonstrate an increase in decomposition enthalpy and a shift
of the DSC peaks to lower temperatures when in contact with 1 M NaPF6 in the EC:DEC solution.
However, the greatest thermal effect from the “electrode–electrolyte” interaction is demonstrated
by the anode material: the heat of decomposition of the soaked electrode in the charged state
is almost 40% higher than the sum of the decomposition enthalpies of the electrolyte and dry
electrode separately.

Keywords: Na-ion batteries; differential scanning calorimetry; thermal stability; electrode material;
electrolyte; cathode; anode

1. Introduction

Lithium-ion batteries (LIBs) are the most efficient electricity storage solution available
today, and their applications have steadily expanded over the past thirty years. Yet, the
safety of LIBs is an extremely important issue, which has become the subject of many studies
during the last decades [1–13]. It mainly concerns the thermal stability of the charged
electrode materials, electrolytes, and their combinations. In general, the accumulated
experimental experience consists of the following theses: (a) oxide cathode materials are
less stable than phosphate ones, although the release of oxygen when heating charged
cathodes occurs in both cases; (b) in combination with an electrolyte, decomposition
processes, as a rule, occur more intensely and at lower temperatures; (c) anode materials
(primarily graphite) demonstrate enthalpies of decomposition that are several times higher
than cathode ones. Sodium-ion batteries (SIBs), which are considered the most likely
successors to LIBs in many areas of technology, may also cause certain operational safety
issues, and, in recent years, there has been active research devoted to the thermal stability
of their components [14–23]. Thus, the analysis of the thermal behavior of Prussian blue
analogs revealed the generation of toxic cyanides and their exothermic reactions with
electrolytes, indicating that PBA cathodes may bring safety concerns to nonaqueous Na-
ion batteries [18,19]. Zhang et al. studied the thermal stability of hard carbon in the
presence of an electrolyte at different states of charge and showed that the thermal effect of
decomposition varies from 1.9 kJ/g for an initial electrode (2.5 V vs. Na/Na+) to 3.0 kJ/g
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for an electrode at a potential of 0 V vs. Na/Na+, which is close to the values for a metallic
sodium anode (3.6 kJ/g). [20]. Mohsin et al. demonstrated an increase in enthalpy and
a decrease in the temperature of decomposition peaks for the Na3V2(PO4)3 cathode and
hard carbon anode materials with increasing their degree of charge [21]. Samigullin et al.
conducted a systematic study of the thermal stability of several charged materials for LIBs
and SIBs in the absence of an electrolyte, demonstrating the advantages of polyanionic
vanadium compounds over oxides and carbon materials [22,23]. A natural question arises
regarding the stability of such systems in the presence of an electrolyte, as well as the
stability of the liquid electrolytes themselves. A significant difference in the thermal
stability of LIB electrode materials between dry and electrolyte-soaked states, due to certain
chemical interactions, was previously observed [3,6,24]. It was shown that polyanionic
cathodes, such as LiFePO4 (LFP) or LiFe1−xMnxPO4 (LFMP), that begin to decompose at
300–400 ◦C in the absence of an electrolyte, demonstrate a strong decrease in the onset
temperature of the exothermic process, i.e., down to 200–250 ◦C [3,24,25]. Most authors
consider PF5, produced from the decomposition of LiPF6 during the initial stage of heating,
to be the most reactive component of the reaction media. On the other hand, NaPF6 salt has
a better thermal stability with a higher decomposition temperature [11,26,27]. Therefore,
the behavior of the “electrode-electrolyte” composition in the Na-ion system seems quite
ambiguous and worth studying. In the recent paper, Gan et al. conducted a systematic
study of the thermal stability of the NaNi1/3Fe1/3Mn1/3O2 (NaNFM) cathode material in
different Na-ion electrolytes and revealed its better compatibility with NaPF6- and NaTFSI-
based solutions; the combination of ethylene carbonate and diethyl carbonate demonstrated
better thermal behavior then propylene-carbonate-based electrolytes [28].

In this work, we investigated the thermal stability of several types of electrolytes
(NaClO4 and NaPF6 solutions in propylene carbonate (PC), ethylene carbonate (EC), diethyl
carbonate (DEC), and their mixtures), as well as cathode and anode materials (Na3V2(PO4)3
(NVP), Na3(VO)2(PO4)2F (NVOPF), β-NaVP2O7 (NVPO), and hard carbon) in combination
with electrolytes utilizing differential scanning calorimetry (DSC) and ex-situ powder X-ray
diffraction (PXRD).

2. Materials and Methods
2.1. Material Preparation

All electrode materials were synthesized according to previously published routes.
All the initial reagents were purchased from Merck (formerly Sigma Aldrich, Rahway, NJ,
USA). Briefly, the synthesis procedure is as follows.

2.1.1. Na3V2(PO4)3 (NVP)

The Na3V2(PO4)3 sample was prepared by a two-step synthesis. In the first step,
vanadium oxide and citric acid were dissolved in distilled water in a molar ratio of 1:3,
followed by stirring for 40 min at 70 ◦C. Then, a solution of sodium dihydrogen phosphate
in distilled water was added dropwise and stirred for another 40 min, after which the
solution was evaporated overnight at 95 ◦C. The solid residue was ground in a mortar
and annealed at 350 ◦C for 3 h under argon, after which it was ground in a SPEX-8000M
vibration mill for 5 min and annealed at 750 ◦C for 8 h under argon [29].

2.1.2. Na3(VO)2(PO4)2F (NVOPF)

V2O5, NaF, NH4H2PO4, and oxalic acid were mixed in 1:3:2:2 molar ratio. Then, the
initial precursors were dissolved in deionized water, and the solution was magnetically
stirred at 65–70 ◦C for about 30 min while adding 1 mL of ammonia solution (25 mass%).
Next, 5 mL of the obtained homogeneous solution was transferred to a 10 mL glass vessel,
placed into a microwave hydrothermal reactor Anton Paar 400 and treated at 180 ◦C for
30 min. The final solid products were centrifuged and washed with deionized water several
times and dried in air. To obtain carbon coating, the material was mixed with glucose
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(8 wt.%) in a mortar to receive homogeneous mixture. Then, the mixture was annealed at
600 ◦C for 1 h under Ar flow [30].

2.1.3. β-NaVP2O7 (NVPO)

The sample was synthesized in two stages. At the first stage, the synthesis was carried
out using the hydrothermal method. At the second stage, the obtained precipitate was
annealed in an inert atmosphere. The hydrothermal stage was carried out according to
the following scheme. The initial reagents—VOSO4, NaOH, H3PO4, and N2H6SO4—were
dissolved in distilled water at room temperature with constant stirring. Then, the solution
was poured into a Teflon beaker, loaded into a steel autoclave (50 mL). The autoclave was
heated with stirring and maintained at 230 ◦C for 24 h. After that, the autoclave was cooled
in air or subjected to rapid cooling under a stream of cold water. The resulting powder was
centrifuged (3000 rpm, 3 min) with repeated washing with distilled water and dried in air.
At the second stage, the obtained samples were annealed in a furnace at 650 ◦C in an argon
flow (gas flow rate of 10 mL/min, heating time of 3 h) with preliminary argon purging for
30 min [31].

2.1.4. Hard Carbon (HC)

First, D-glucose powder was caramelized in air at 200 ◦C for 24 h. Then, obtained
precursor was powdered in an agate mortar. The second step of the synthesis was annealing
at 1300 ◦C under argon flow for 1 h. The obtained HC material was ground at 400 rpm in a
ball mill (Fritsch Pulverisette 5 classic line) for 1 h [32].

2.1.5. Electrodes

For the preparation of the electrodes, all powders were mixed with super P carbon
black (Timcal, Willebroek, Belgium) and polyvinylidene fluoride (PVdF, Kureha Chemical,
Tokyo, Japan) in a weight ratio of 80:10:10 with N-methyl-2-pyrrolidone (NMP) as the
solvent. The homogenous slurry was cast on an aluminum foil by the Doctor Blade
technique. The cast sheet was dried at 80 ◦C to remove NMP, roll-pressed, and punched
into 10 or 16 mm diameter electrodes. Subsequently, the punched electrodes were dried at
120 ◦C under vacuum, and then taken for cell assembly.

2.2. Characterization

The electrochemical measurements were carried out using two-electrode half-cells
with hard carbon, NVP, NVOPF, and NVPO as the working electrode; sodium metal as the
counter electrode; and glass fiber (Schleicher & Schuell MicroScience, Dassel, Germany)
as the separator. Electrolytes were prepared by dissolving NaPF6 or NaClO4 in the cor-
responding solvents: PC, EC, and DEC, pre-dried with molecular sieves. All electrolyte
components were supplied by Merck (formerly Sigma Aldrich, Rahway, NJ, USA) and
Kishida Chemicals. Electrochemical cells were assembled in an Ar-filled glove box (MBraun,
Garching, Germany). Galvanostatic experiments were carried out using an Elins P-20X8
potentiostat-galvanostat (ES8 software, v. 4.192).

Thermal stability of the electrode materials was investigated by differential scanning
calorimetry (DSC) using a Netzsch DSC 204 F1 Phoenix instrument (Selb, Germany) within
the temperature range 50–450 ◦C (5 ◦C·min−1 heating rate) in an argon atmosphere. Elec-
trodes from fully charged “half-cells” were extracted, washed with DMC, and dried under
vacuum, and then electrode materials were scrapped from the current collector. The result-
ing powders (about 6 mg), either separately or in the presence of an electrolyte (about 5 µL),
were placed in sealed crucibles made of high-pressure Cr–Ni stainless steel in an Ar-filled
glove box. The electrode powder/electrolyte mass ratio was 1:1 to ensure an excess of the
electrolyte during the experiment. To calculate the magnitude of the thermal effect, the
area under the peak on the DSC curve was considered with subtraction of the background
(if any) using the Netzsch Proteus 6.0 software.
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Morphology of the samples was investigated using a JEOL JSM-6490LV (Tokyo, Japan)
scanning electron microscope (SEM). The phase composition of the electrodes (ex situ
experiments) was investigated by powder X-ray diffraction (PXRD) data assembled from a
Huber Guinier camera G670 (Image Plate detector, curved Ge (111) monochromator, and
CuKα1 radiation λ = 1.54051 Å) (Rimsting, Germany).

3. Results

First, we performed the DSC experiments in several types of liquid Na-ion electrolytes
often used in research works (Figure 1). PC, EC, and DEC were chosen as co-solvents.
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Figure 1. DSC curves for different electrolyte solutions: (a) 1M NaPF6 in EC:DEC, EC:PC, and PC;
(b) 1M, 2M, and 3M NaPF6 in EC:DEC; and (c) 1M NaPF6 and NaClO4 in PC.

The results of the studies on 1M NaPF6 solutions in various solvents do not clearly
indicate a definitive advantage for any particular type of electrolyte. Although a PC-based
electrolyte has a higher temperature of the onset and peak of decomposition (Table 1), the
heat released is 1.7 times greater than in the case of 1M NaPF6 in the EC:DEC solution.
Similar results were published earlier when comparing solutions of sodium salts in PC and
a mixture of EC and dimethyl carbonate (DMC) [10].

Table 1. DSC data for different electrolyte solutions.

Electrolyte Onset Temperature, ◦C Peak Temperature, ◦C Enthalpy, J·g−1

1M NaPF6 in EC:DEC 274 290 268
2M NaPF6 in EC:DEC 258 270 281
3M NaPF6 in EC:DEC 257 267 246
1M NaPF6 in PC 301 307 476
1M NaPF6 in PC:EC 279 295 456
1M NaClO4 in PC 279 302 629

The study of electrolytes with various NaPF6 concentrations indicates that the thermal
stability decreases with an increasing amount of salt in the solution. This observation may
seem to contradict the common point of view regarding the better safety of concentrated
electrolytes in a lithium-ion system. However, early works devoted to the unique properties
of concentrated solutions were concerned rather with the lower volatility of the organic
solvent in such systems, whereas later studies using DSC and accelerated rate calorimetry
(ARC) revealed a decrease in the decomposition onset temperature with the increasing
concentration of lithium salts in different solvents [33–35]. Hence, our data for the concen-
trated sodium electrolytes are in good agreement with the results previously published
for lithium-ion systems, as well as with our experiments. As for the salts, according to
our data, the decomposition enthalpy in the case of the NaClO4-based solution is approx.
1.5 times higher than for the NaPF6 solution (Figure 1c, Table 1).

In general, the better stability of sodium-ion electrolytes compared to lithium-ion
ones is worth noting. Research shows that solutions of LiPF6 in alkyl carbonates have an
S–type decomposition curve, with an endothermic peak of LiPF6 decomposition followed
by an exothermic reaction of the interaction between PF5 (a strong Lewis acid) and solvent
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components [3,6,7]. The position of the decomposition peak of 1M LiPF6 solutions varies
slightly among different studies but is generally within the range of 230–260 ◦C. In contrast,
the Na-ion electrolyte demonstrates a higher temperature of the exothermic peak without
any signs of endothermic salt decomposition (this effect is slightly noticeable only in a 3M
NaPF6 solution; Figure 1b), which suggests a safety advantage of SIBs.

The obtained electrode materials (their morphology is shown in Figure 2a) demon-
strated typical electrochemical properties, with discharge capacities (Figure 2b) in the range
of 83–95% of the theoretical ones. Detailed information about the crystal structure, phase
composition, and electrochemical properties of the studied electrode materials is provided
in previous publications [29–32].
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Na3(VO)2(PO4)2F (b), β–NaVP2O7 (c), and hard carbon (d). Points on the curve where the electrodes
were tested are marked with an asterisk.

The study of Na-ion cathode materials reveals the following pattern. Desodiated
vanadium-based polyanionic cathodes—Na3V2(PO4)3, Na3(VO)2(PO4)2F, and β–NaVP2O7—
demonstrate a significant increase in the decomposition enthalpy in the presence of an
electrolyte compared to their “dry” state (Figures 3a–c and 4). Here and below, the thermal
effect of the mixture is normalized to the mass of the electrode material. In the absence of
chemical interaction, this effect is defined as:

∆Helectrode+electrolyte = ∆Helectrode + ∆Helectrolyte.

Moreover, the decomposition onset temperature of vanadium-based polyanionic
cathodes soaked in electrolytes is greatly reduced compared to their dried state, and even
lower than that of the liquid electrolyte. This can be a consequence of the increased
reactivity of vanadium in high oxidation states with the electrolyte components. This
effect was observed by S. Whittingham’s group in delithiated LiVOPO4. The authors
suggested that the interaction between the charged material (VOPO4) and the solvent in
the electrolyte is accelerated by LiPF6, and they proposed 11 possible chemical reactions
to describe this process [3]. In the present work, we have obtained similar results for all
three studied vanadium-containing cathode materials in the presence of an electrolyte,
i.e., a strong decrease in the onset temperature of exothermic processes compared to
“dry” materials and electrolytes. Notably, in the case of charged Na3(VO)2(PO4)2F and
β–NaVP2O7 (Na(VO)2(PO4)2F and β–VP2O7, correspondingly), the first decomposition
peak appears at 170~180 ◦C. However, this temperature is higher for Na1V2(PO4)3, reaching
~225 ◦C (Figure 4).
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Recently, Pablos et al. studied the thermal stability of Na3−xV2(PO4)2F3 and Na3−x
V2(PO4)2F3−yOy at different states of charge and observed a similar low-temperature de-
composition peak at a high desodiation state in all samples (x = 2) [36]. According to
our findings and literature data, the onset of interaction between the charged vanadium-
containing material and the electrolyte during heating is largely determined by the degree
of oxidation of vanadium cations, i.e., the desodiation potential. Additionally, an increase in
the charging potential leads to a change in the quantity and composition of electrolyte oxi-
dation products at the cathode–electrolyte interface, potentially decreasing the temperature
at which the material starts to decompose. Thus, in the work of Samigullin and co-authors,
an increase in the enthalpy and a decrease in the onset temperature of the decomposition
process for Na3V2(PO4)3 charged at a higher potential (4.5 versus 3.8 V vs. Na/Na+) were
found [22]. Considering that, at 3.8 V, the material is already completely charged, it was
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concluded that the decrease in thermal stability was associated precisely with an increase
in the amount and reactivity of the CEI (cathode–electrolyte interface) components.

In terms of decomposition enthalpy, β–NaVP2O7 remains the most stable among
the studied cathode materials despite exhibiting the highest charging potential and the
lowest onset temperature (Table 2). This is likely due to the well-known stability of the
pyrophosphate group, as well as the fact that the main product of the electrode–electrolyte
reaction, α–NaVP2O7, is quite similar to β–VP2O7 in terms of its composition and structure
(Figure 5) [31].

Table 2. DSC data and phase composition of the charged electrodes after the DSC experiment in the
presence of electrolyte (ex situ PXRD).

Initial Sample Onset
Temperature, ◦C

Peak
Temperature, ◦C

Enthalpy, Dry *,
J·g−1

Enthalpy, Soaked,
J·g−1

Main Crystalline
Phases by Ex Situ

PXRD

Na3V2(PO4)3 243 256, 270 78 503 α–NaVP2O7

Na3(VO)2(PO4)2F 170 188, 229, 391 111 460 Na5V3O3F11

β–NaVP2O7 150 175, 247 – 364 α–NaVP2O7

Hard carbon 85 114, 238 610 1205 NaF

Electrolyte (1M
NaPF6 in EC:DEC) 274 290 268

* Data for the charged, washed, and dried electrode materials obtained in our previous study [23]. All calculations
are normalized to the weight of the “dry” electrode material.

Energies 2024, 17, 3970 8 of 12 
 

 

 
Figure 5. Results of ex situ PXRD for the charged electrodes soaked in 1M NaPF6 in EC:DEC elec-
trolyte before and after DSC experiments: Na3V2(PO4)3 (a), Na3(VO)2(PO4)2F (b), β–NaVP2O7 (c), and 
hard carbon (d). 

In the case of the anode material, the presence of electrolytes leads to similar results: 
the thermal effect of the decomposition increases while the onset and peak temperatures 
decrease (Figure 3, Table 2). The total enthalpy released during heating by the mixture of 
the charged hard carbon and electrolyte is 1205 J·g–1. Hard carbon shows the highest in-
crease in enthalpy compared to the “electrode+electrolyte” sum (≈38%) among all the 
studied samples (Figure 4). It is likely that the chemical interaction in the mixture during 
heating occurs in a manner similar to the formation of the solid–electrolyte interface (SEI). 
This process is well-known to proceed more intensely at the anode (i.e., reduction in the 
electrolyte) than at the cathode (oxidation of the electrolyte) side [37–40]. 

4. Discussion 
The choice of a polyanionic cathode material for the development of sodium-ion bat-

tery technology is an extremely ambiguous task, since scientists and developers know a 
large family of different cathodes, each with its own advantages and disadvantages. In 
this paper, we studied such a key parameter of a sodium-ion battery as the thermal stabil-
ity of the “electrode–electrolyte” combination for several vanadium-based cathode mate-
rials. Particularly, two of them are well-known and intensively studied—Na3V2(PO4)3 and 
Na3(VO)2(PO4)2F—and a third—β–NaVP2O7—was discovered much later than the others, 
but is gaining popularity, at least in laboratory studies. The inclusion of this material in 
this paper is also dictated by the fact that pyrophosphates are much more thermally stable 
than phosphates or fluoride phosphates, which means that the use of β–NaVP2O7 may be 
in demand in those areas where battery safety is more important than its weight and size 
characteristics [4]. Indeed, a comparison of the theoretical specific energy capacity of these 
cathodes does not speak in favor of Na3V2(PO4)3: ≈415 Wh kg−1 for Na3V2(PO4)3, ≈420 for 
β–NaVP2O7, and ≈480 for Na3(VO)2(PO4)2F. However, as the data presented in the article 
show, it exhibits less chemical activity during the thermal decomposition of the electrode 
wetted with an electrolyte: the increase in heat for β–NaVP2O7 (compared to the value for 
liquid electrolyte) was 36% versus 87% for Na3V2(PO4)3 and 71% for Na3(VO)2(PO4)2F. 

For a deeper understanding of the results, it is necessary to compare the obtained 
data with the lithium-ion system, more precisely, with the most popular polyanionic ma-
terial—LiFePO4. There are some difficulties with this, since the literature data devoted to 
the study of the thermal stability of delithiated LiFePO4 in “dry” form and in the presence 
of electrolytes are partly contradictory. Thus, Xiang et al., who studied the interaction of 
liquid electrolyte with various cathode materials, found that LiFePO4 suppresses the de-
composition of the electrolyte and reduces the magnitude of the thermal effect [24]. The 

Figure 5. Results of ex situ PXRD for the charged electrodes soaked in 1M NaPF6 in EC:DEC
electrolyte before and after DSC experiments: Na3V2(PO4)3 (a), Na3(VO)2(PO4)2F (b), β–NaVP2O7

(c), and hard carbon (d).

According to the X-ray diffraction data (Figure 5), the decomposition products of
NaV2(PO4)3 and Na(VO)2(PO4)2F in the presence of an electrolyte differ significantly
from those of the dry electrodes described in literature [23]. This correlates well with the
elevated values of thermal effects: while charged dry electrodes mainly produce desodiated
phases after the DSC experiment, the presence of electrolytes results in the formation of
sodium-containing pyrophosphate and oxofluoride (Figure 5, Table 2).

In the case of the anode material, the presence of electrolytes leads to similar results:
the thermal effect of the decomposition increases while the onset and peak temperatures
decrease (Figure 3, Table 2). The total enthalpy released during heating by the mixture
of the charged hard carbon and electrolyte is 1205 J·g−1. Hard carbon shows the highest
increase in enthalpy compared to the “electrode+electrolyte” sum (≈38%) among all the
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studied samples (Figure 4). It is likely that the chemical interaction in the mixture during
heating occurs in a manner similar to the formation of the solid–electrolyte interface (SEI).
This process is well-known to proceed more intensely at the anode (i.e., reduction in the
electrolyte) than at the cathode (oxidation of the electrolyte) side [37–40].

4. Discussion

The choice of a polyanionic cathode material for the development of sodium-ion
battery technology is an extremely ambiguous task, since scientists and developers know
a large family of different cathodes, each with its own advantages and disadvantages.
In this paper, we studied such a key parameter of a sodium-ion battery as the thermal
stability of the “electrode–electrolyte” combination for several vanadium-based cathode
materials. Particularly, two of them are well-known and intensively studied—Na3V2(PO4)3
and Na3(VO)2(PO4)2F—and a third—β–NaVP2O7—was discovered much later than the
others, but is gaining popularity, at least in laboratory studies. The inclusion of this material
in this paper is also dictated by the fact that pyrophosphates are much more thermally
stable than phosphates or fluoride phosphates, which means that the use of β–NaVP2O7
may be in demand in those areas where battery safety is more important than its weight
and size characteristics [4]. Indeed, a comparison of the theoretical specific energy capacity
of these cathodes does not speak in favor of Na3V2(PO4)3: ≈415 Wh kg−1 for Na3V2(PO4)3,
≈420 for β–NaVP2O7, and ≈480 for Na3(VO)2(PO4)2F. However, as the data presented
in the article show, it exhibits less chemical activity during the thermal decomposition of
the electrode wetted with an electrolyte: the increase in heat for β–NaVP2O7 (compared
to the value for liquid electrolyte) was 36% versus 87% for Na3V2(PO4)3 and 71% for
Na3(VO)2(PO4)2F.

For a deeper understanding of the results, it is necessary to compare the obtained data
with the lithium-ion system, more precisely, with the most popular polyanionic material—
LiFePO4. There are some difficulties with this, since the literature data devoted to the
study of the thermal stability of delithiated LiFePO4 in “dry” form and in the presence
of electrolytes are partly contradictory. Thus, Xiang et al., who studied the interaction
of liquid electrolyte with various cathode materials, found that LiFePO4 suppresses the
decomposition of the electrolyte and reduces the magnitude of the thermal effect [24]. The
authors explained this by the fact that some active groups on the surface (e.g., PO4

3−) of
the material interact with Lewis acid PF5, which is a catalyst for the thermal decomposition
of the electrolyte. On the other hand, Joachin et al., as well as Huang et al. and Yi et al.,
found a significant increase in the enthalpy of decomposition of FePO4 in the presence
of an electrolyte [3,5,41]. Joachin et al. estimated the thermal effect of the reaction at
145 J·g−1 (however, the authors did not indicate what exactly the thermal effect value
was normalized to), Huang et al. at 251 J·g−1 (normalized to the mass of the electrode
+ the mass of the electrolyte, which was from 25 to 35% in the mixture), and Yi et al.
501 J·g−1 (normalized to the mass of the electrode material, with an electrode:electrolyte
mass ratio = 1:2). Yamada et al. did not provide data for a “dry” electrode, but the one
wetted with electrolytes showed thermal effect values similar to Joachin’s—147 J·g−1 [42]. It
is worth noting that, in this case, too, the authors did not indicate what exactly the thermal
effect was normalized to. Thus, even among those researches who report an increase in
the enthalpy of decomposition in contact with an electrolyte, there is no consensus on the
values of thermal effects; this is probably largely due to different approaches to conducting
the experiment. We performed our studies with hydrothermally synthesized LiFePO4 and
commercially available 1M LiPF6 in EC:DEC:DMC = 1:1:1 (Figure 6a) and obtained a value
of 276 J·g−1 (50 J·g−1 for an electrode without electrolyte), normalized to the mass of the
electrode material (or 138 J·g−1, if normalized to the sum of the masses of the electrode and
electrolyte—i.e., using the approach of Huang et al.).
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The increase in heat release compared to a pure electrolyte in our experiment was 22%,
which is less than for all studied sodium cathodes. Thus, even despite the better stability
of the sodium-ion liquid electrolyte compared to the lithium-ion one, sodium-containing
vanadium-based cathodes in a charged state demonstrate a greater increase in the enthalpy
of decomposition in the presence of an electrolyte than LiFePO4.

As for the anode material, the situation is rather the opposite. Wang et al. studied
charged graphite in dry form and in the presence of an electrolyte and obtained the values
of the thermal effect of decomposition of 1341 and 2253 J·g−1, respectively (normalized to
the mass of the electrode material; the mass ratio electrode:electrolyte = 1:1) [43]. In our
experiment, under the same conditions, we obtained 449 and 2334 J·g−1 with the same
normalization (Figure 6b). Thus, the thermal effect of the reaction of charged graphite with
an electrolyte is higher than that of hard carbon (610 and 1205 J·g−1, respectively).

5. Conclusions

To summarize the results, we would highlight the following observations.
Sodium-ion electrolytes, depending on their composition, begin to decompose when

heated to 250~300 ◦C, which is 20–30 ◦C higher than the published temperatures for
lithium electrolytes.

Vanadium-based polyanionic cathodes in contact with 1M NaPF6 in the EC:DEC elec-
trolyte demonstrate reduced decomposition temperatures and a more intense heat release
in comparison with the dry state. The onset temperature depends on the desodiation
potential; this effect may be a consequence of both a more reactive cathode–electrolyte
interface and the previously described chemical interaction of vanadium cations with
electrolyte components. However, in terms of decomposition enthalpy, β-NaVP2O7 demon-
strates a better behavior compared to Na3V2(PO4)3 and Na3(VO)2(PO4)2F despite its high
charging potential.

The least stable part of the sodium-ion electrochemical cell is the anode material. In the
presence of electrolytes, it demonstrates almost a 40% increase in decomposition enthalpy
and a shift of the main peak maxima from 273 to 238 ◦C. However, both the increase in the
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heat of the decomposition of hard carbon in the presence of electrolytes and its absolute
value are less than similar parameters for graphite in a lithium-ion system, in accordance
with the literature data and the results of our own experiments.

Overall, the significant increase in the thermal effect of the decomposition of “charged
material–electrolyte” mixtures compared to “dry” electrodes confirms the widespread
belief that the liquid electrolyte is the main source of safety problems in metal-ion batteries.
To eliminate these shortcomings, it is necessary to develop solid-state secondary current
sources using polymeric and/or ceramic electrolyte materials.
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