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Abstract: Over the last decade, the demand for safer batteries with excellent performance and lower
costs has been intensively increasing. The abundantly available precursors and environmental
friendliness are generating more and more interest in sodium ion batteries (SIBs), especially because
of the lower material costs compared to Li-ion batteries. Therefore, significant efforts are being
dedicated to investigating new cathode materials for SIBs. Since the thermal characterization of
cathode materials is one of the key factors for designing safe batteries, the thermophysical properties
of a commercial layered P2 type structure Nags53MnO; cathode material in powder form were
measured in the temperature range between —20 and 1200 °C by differential scanning calorimetry
(DSC), laser flash analysis (LFA), and thermogravimetry (TG). The thermogravimetry (TG) was
combined with mass spectrometry (MS) to study the thermal decomposition of the cathode material
with respect to the evolved gas analysis (EGA) and was performed from room temperature up to
1200 °C. The specific heat (Cp) and the thermal diffusivity («) were measured up to 400 °C because
beyond this temperature, the cathode material starts to decompose. The thermal conductivity ()
as a function of temperature was calculated from the thermal diffusivity, the specific heat capacity,
and the density. Such thermophysical data are highly relevant and important for thermal simulation
studies, thermal management, and the mitigation of thermal runaway.

Keywords: thermophysical data; sodium ion battery; degradation; thermal decomposition

1. Introduction

In recent decades, sodium ion batteries (SIBs) have attracted interest as energy stor-
age for large-scale grids at ambient temperature, because of the cost effectiveness and
the abundance of sodium minerals in the earth’s crust. Among the different electrode
materials, the layered sodium transition metal oxides materials have drawn significant
attention as promising cathode materials for SIBs [1-3]. Compared to other energy storage
devices, the cathode component plays an essential role in determining the electrochemical
characteristics, safety, and of course costs of SIBs. The P2 and O3-type layered structure
cathode materials are classified as one of the potential grade for SIBs due to their consid-
erable specific capacities, their broad range of working voltage, and their easy synthesis
processes [4]. In contrast to O3-type materials, P2-type cathodes have prismatic path slides
advantages, which expedite fast sodium-ion diffusion by indicating high-rate capabili-
ties [5]. Nevertheless, they usually suffer from phase transition from P2 to O2 owing to
the slipping of metal oxide to the octahedral phase when Na-ions are extracted. This
phenomenon leads to remarkable changes in the crystal volume, which cause a reduction
of the reversible capacity [6].

Thermal stability of the cathode materials is the major concern in terms of upscaling
and energy storage applications. Considering the high activity of sodium metal, sodium
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ion batteries are suspected to be less safe [7] than Li-ion batteries because of the earlier
melting point of the pure metal. Several studies [8-13] have been executed to measure
the thermophysical properties of the lithium-based cathode materials as a function of the
temperatures that usually are used in lithium-ion batteries production. Lim et al. [14],
Jin et al. [15], and Zhang et al. [16] have investigated the thermal stability of a sodium-
based cathode material (NASICON) along with electrochemical performance, but detailed
thermal characterizations are still missing. Zhao et al. [17] investigated the thermal proper-
ties of an «a-NaFeO; cathode for SIBs in combination with a liquid electrolyte and showed
the reaction kinetics with different amounts of liquid electrolyte. Kobayashi et al. [18]
recently determined the temperature-dependent lattice constant, thermal expansion, and
z-coordinates of P2- and O3-type NayMO, cathode material. Bak et al. [19] studied the
thermal stability of charged Na;_\MO, cathode materials, which allows simultaneous obser-
vation of the structural changes and gas species, especially O, gas, that are evolved during
the thermal decomposition of charged cathode materials. Detailed thermal characterization
of the layered structure sodium cathode material is still of interest.

The importance of the thermal properties of materials in case of heat removal has
become a crucial issue for continuing progress in the electronic industry owing to increased
levels of dissipated power. Therefore, the investigation of thermal properties of Na-based
cathode materials is important for the development and practical application of SIBs.
Hence, in this work, the thermal stability of a commercial P2 type structure Nag 53MnO;
cathode material was investigated over a large temperature range, and thermal properties
such as specific heat capacity and thermal conductivity were determined by various thermo-
analytical techniques. The thermophysical data, which were generated by this research,
will be highly relevant and important in terms of thermal simulation and thermal runaway
experiments. Based on these input, reaction mechanisms during thermal runaway can be
predicted in a more accurate and detailed manner.

2. Results and Discussion
2.1. Elemental Analysis, Morphology, and Particle Size Distribution

The commercial sodium manganese oxide cathode powder was analyzed by inductive
coupled plasma optical emission spectroscopy (ICP-OES) and the elemental concentration
of each element is presented in Table 1 below. The given carbon and oxygen contents were
measured by hot gas extraction methods.

Table 1. Elemental concentration in sodium manganese oxide cathode material.

Cathode Material
Element (Sodium Manganese Oxide)
Mean Value (wt %) SD
C 0.08 0.00
O 33.5 0.2
Na 12.2 0.1
Mn 52.2 0.2

Based on these elemental analyses, the chemical composition of the material was
found to be Nag 53MnQO; in terms of elemental atomic concentration. Laser scattering gave
a medium value for the D5 particle size of 3.25 um, as shown in Figure 1a. The scanning
electron microscopy revealed that the morphology of this oxide cathode material exhibits
an irregular cubical shape (Figure 1b).
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Figure 1. Naj 53MnO, powder material: particle size distribution (a), SEM image (b).

2.2. X-Ray Diffraction (XRD)

The data refinement and profile matching of the powder diffraction data of the as-
prepared Nag 53 MnO, were performed as presented in Figure 2. The main peaks can be
clearly assigned to the layered P2 type phase (PDF# 27-0751). Some impurities have also
been found in the XRD spectrum as noticed in the elemental analysis as well because
the sodium element contents differ from the expected composition as given by the man-
ufacturer, which is Nag7MnQO,. The relatively small peaks at 20 ~ 17°, 26°, and 43° are
attributed to a small amount of Na,COs3 (PDF#37-0451) impurity phase, and the peaks at
26 ~ 18°,25°, and 32° are assigned to an orthorhombic Na,MnO, (PDF# 38-0965) phase.
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Figure 2. XRD pattern of Nag 53MnO, cathode powder material.

2.3. Thermal Stability and Evolved Gas Analysis

Thermogravimetry coupled with mass spectrometry (TGA-MS) results show (Figure 3)
different mass loss peaks with increasing temperature; these mass losses were identified
with respect to the evolved species.
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Figure 3. Thermogravimetric analysis coupled with mass spectroscopy of the Nag 53MnO, cathode
powder material.

The first mass loss represents the presence of water/moisture in the powder material,
and a sharp HyO peak was observed at 100 °C. The second mass loss at an onset tem-
perature of 400 °C shows the thermal decomposition of the compound evolving O, and
followed by further evolving of O, at higher temperatures. This means that manganese
oxide decomposes into Nag53Mny0O3 and Nag 53Mn304 species, creating the possibility
to form another stable Mn,Oy phase at a certain temperature, as shown by the stability
window between 580 and 680 °C and further reduced at elevated temperature as reported
in the literature [20]. Yabuuchi et al. [21] reported the thermal stability of P3-type NaxCrO,
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cathode material, and they observed oxygen loss above 500 °C with the formation of CrpO3
and NayCrO, as stable phases, making it a potentially safe positive electrode material
for SIBs [21]. A similar trend was found in NayCoO, (NCO) cathode materials with a
temperature range of room temperature to 400 °C. At higher temperatures, NCO cath-
ode materials thermally decomposed into Co304, CoO, and Co with Co reduction [22].
Zhao et al. studied the thermal stability of x-NaFeO, and found the thermal decomposi-
tion of Nag 55FeO;, powder at a temperature higher than 300 °C [17]. Hence, our cathode
material under current studies is thermally stable until 400 °C. Therefore, further thermal
data were measured within this thermal stability range. It is essential to find substitutable
electrode materials with thermally stable bulk structure because the intrinsic thermal
property of layered oxides still raises the safety concern [23]. Manganese-based P2 layer
structure thermal stability data are unfortunately missing in the research community;
therefore, no direct reference was found, but it was compared with the other competitive
sodium-based cathode materials as cited above and found to be one of the suitable cathode
materials in terms of thermal stability. In addition to the thermal stability, the cost of SIBs
can be further reduced by the use of Co/Ni free cathode materials [24].

2.4. Specific Heat Capacity (Cp)

The results of the specific heat capacity measurements for the Nag 53MnO, powder
are shown in Figure 4.
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-20 40 100 160 220 280 340 400

Temperature/°C

Figure 4. Specific heat capacity of Nag53MnO, cathode powder material.

The specific heat capacity C, of Nag53MnO, powder was about 0.62-0.92 J/g-K,
and the curve showed a monotonic trend over the measured temperature range. The
specific heat capacity at 25 °C is around 0.69 ] /g-K, which is comparable with the layered
lithium cobalt oxide (LCO) cathode material, which is reported to be 0.73 J/g-K [8] and
0.70J/g-K [25] at 25 °C. In this temperature range, the reported lithium-based layered
oxide cathode C, values are in good agreement with our measured C, data.

2.5. Dimensional Change (Dilatometry)

Figure 5 shows the dimensional change and the results of the density measurement
of the Nap53MnO; cathode material from the dilatometer. To investigate the effect of
the pushrod force (20 centinewton) on the measurement result, another green specimen
was sintered under the same conditions without the pushrod. The dimensional change
without the pushrod force is —1.35% and with the pushrod force is —1.55% (Figure 5), so
the difference is not so significant. This means that the specimens flew only slightly while
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being under the pressure of the pushrod. The density increases until 150 °C, which is the
result of water evaporation. After water evaporation, the density was more or less constant,
and from 300 °C, the specimen started to expand by evolving with little O,; subsequently,
a slight decrease in density can be seen. The accurate density calculation as a function of
temperature is very important in thermal conductivity calculation.
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Figure 5. Dimensional change and density measurement of Nag 53MnO, cathode material.

2.6. Thermal Diffusivity and Conductivity

The thermal conductivity A values shown in Figure 6 were derived from thermal
diffusivity measurements using Equation (4) as described in Section 3 “Materials and
Methods”. Densities and specific heat capacity values at the corresponding temperatures
were obtained from the measurements described above.
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Figure 6. Measured thermal diffusivity and calculated thermal conductivity of Nag 53MnO, specimen
during a heating run.

The thermal conductivity reaches a maximum of 0.2 Wm~!K~! at 90 °C and then
decreases to 0.13 Wm~'K~! until 400 °C. On other hand, the thermal diffusivity reaches
a maximum of 8.79 x 10~* cm?/s at 90 °C and declines to 4.75 x 10~* cm?/s at 400 °C.
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According to references [8,25], the thermal diffusivity of the layered LCO material is
2.16 x 1073 cm?/s and 2.10 x 1073 cm? /s, respectively. These values are 10 times higher
than our measured values, although the chemistry and the density of these samples were
different. The thermal conductivity value of layered LCO and lithium nickel manganese
oxide (LNMC) materials are 0.38 and 0.44 W/mK, respectively, which are also relatively
higher. That could be due to the difference in material density, because in this study, the
pressed cathode material pellet is approximately 53% dense. Although the heat capacity
and thermal diffusivity were found to vary with temperature, the calculated thermal
conductivity of Nags53MnO; shows no significant thermal variation beyond 200 °C, as
the density varies nominally. From 200 to 300 °C, the thermal conductivity decreased by
about 10% and was further reduced by 4% at 400 °C. Hence, the total reduction in thermal
conductivity from 200 to 400 °C is almost 14%. Thermal conductivity is another important
property in the design of nanodevices [26,27], and a high thermal conductivity is favorable
to avoid overheating issues in thermal management systems.

The summary of the measured thermophysical properties of the investigated cathode
material (Nag 53MnQOy) is given in Table 2.

Table 2. Thermophysical properties of the studied Nag 53MnO, material.

Temperature Specific Heat Capacity (Cp) Thermal Diffusivity Thermal Conductivity

°C (J/(g.K)) a X 1074 ecm? 51 W/mK

25 0.68934 8.85 0.177079
50 0.73144 8.89 0.188572
100 0.78022 8.79 0.206430
200 0.82630 6.03 0.150026
300 0.84821 5.30 0.135520
400 0.92262 4.75 0.130734

3. Materials and Methods

In this work, sodium manganese oxide (Nag7MnO;) cathode powder from NEI Cor-
poration was investigated. In order to analyze the elements in this material, ICP-OES
(OPTIMA 4300 DV Perkin Elmer) and carbon-sulfur (LECO-CS) and oxygen-nitrogen
(LECO-ON) analyzers were employed. Inductive coupled plasma optical emission spec-
troscopy (ICP-OES) is a very sensitive elemental analysis method; even trace elements in
solutions in the concentration ranges mg/L to nug/L can be detected. The carbon content
was analyzed with the CS600 (LECO) device. The sample with the mass of 100-200 mg
was weighed in a ceramic crucible, and about 1 g of accelerator material (W or Fe) was
added. The material was combusted in oxygen at about 2000 °C and was oxidized and
converted into CO,. The CO; gas was measured quantitatively with infrared adsorption.
In similar manner, the oxygen content was measured with the ON600 (LECO) device. The
weighted specimen (100-200 mg) was placed in a high-purity graphite crucible and was
fused under a flowing helium gas at 2200 °C (sufficient to release oxygen). The oxygen
in the sample material combined with carbon from the crucible, forming CO; gas. The
gaseous products were detected by an infrared detector, and the oxygen contents were
measured quantitatively.

Scanning electron microscope (SEM, Jeol 6100) and the laser scattering (Horiba Partica
LA-950) method were used to characterize the powder morphology and determine the
particle size distribution.

X-ray diffraction (XRD) pattern of the material was collected on an SEIFERT X-ray
diffractometer equipped with Cu Ko radiation with a wavelength of 1.54056 A in the 26
range of 5-90° with a step size increment of 0.01°, and the data were collected at 300 s/step.
The raw data of the X-ray measurement were corrected or processed by deduction of
the background signal (a linear interpolation function was chosen to fit the background
with a polynomial) followed by the elimination of the K«2 contribution (“mathematical
monochromatization”). Then, XRD peaks were smoothened with ANALYZE-software. The
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peaks identification was done by using the same software with reference to the related
powder diffraction files.

Thermogravimetry (TG) as an analytical technique that measures the weight loss or
weight gain of a material as a function of temperature, and it was used and combined with
mass spectrometry (MS) to study the decomposition of the Nag 53MnQO, cathode material.
This approach allowed the simultaneous evaluation of bond breaking and gaseous product
formation during decomposition. A Netzsch TG 449 F1 Jupiter Thermo-nanobalance
coupled with mass spectrometer Netzsch QMS 403C was used. The TG system was
equipped with a rhodium furnace, allowing measurements between room temperature and
1650 °C. The quartz glass transfer lines (75 um diameter) leading to the MS were heated
to 200 °C to ensure that the entire sample entered the MS in gaseous form, i.e., to avoid
condensation losses. An alumina sample holder was employed for the measurements, and
all experimental runs were performed in a protective argon atmosphere (grade 5.0) with a
gas flow of 50 mL/min. Measurements were carried out from room temperature to 1200 °C
with a heating rate of 10 K/min. The MS multiple ion detection (MID) scans method
was utilized, which monitors pre-defined m/e ratios resulting from the decomposition
of the cathode material. A mass spectrometer operating in the electron impact mode at
100 eV was used in order to have sufficiently intense signals and to obtain fragmentation
information. To correct the influences of the measurement system, the reference spectra of
MS and empty runs or correction runs were carried out under the same conditions as used
for the samples [28].

A NETZSCH DSC 204 was applied to measure the specific heat of the cathode material.
For the DSC method, the Nag53MnO; powder was pressed into a cylinder shape with
a diameter of about 10 mm. Samples should be plane parallel; for that reason, powder
material was pressed in a crucible for better thermal conductivity before executing the
test run. The sample was measured from —20 to 400 °C at a heating rate of 10 K/min
in argon (grade 5.0) atmosphere with a gas flow of 50 mL/min. ¢, measurements up to
400 °C at a heating rate of 10 K/min with an error <3% were possible. The measuring
process is done in three steps (DIN 51007) starting with the determination of the behavior
of the empty calorimeter (base line: BL), the measurement of a sapphire reference (sapphire
measurement: Sa), and the measurement of the sample (sample measurement: P). From
statistical reasons all types of measurements were carried out 3 times. Based on the
measured DSC signals, the specific heat of the sample was calculated by Equation (1) [29].

CP(P) (T) = DSCP)(T) — DSCBL(T) .m(S'l) 5(T) @
DSC(4)(T) — DSCBL(T) mP) P
where m5? is the mass of the reference material Sapphire and m'") is the mass of the
sample material.
To obtain the density changes during processing, a pushrod dilatometer NETZSCH
DIL 402-SU was used to measure dimensional effects, e.g., shrinkage, during the heating
process. A dilatometer measures the length changes of the sample when the sample follows
a temperature program. The change in length of the sample was detected by an inductive
displacement transducer connected to the specimen by a pushrod with exertion of a small
force (e.g., 20 cN adjustable). In order to calculate the density over the whole temperature
range, the actual volume was calculated from Equation (2).

3
Vlzvo-(1+%) 2)
0
where V; is change in volume, V) is original volume, AL is change in length, and L is
original length, assuming that the dimensional change is the same in all directions. A pellet
with a diameter of 6 mm was pressed uniaxially to study the density up to 400 °C. The
measurement was carried out in inert atmosphere helium gas (grade 5.0) with a gas flow of
about 50 mL/min up to 400 °C with a heating rate of 2.5 K/min. The density of the pressed
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pellet was also measured geometrically prior to the experiment. The average green density
of the green compacts was calculated geometrically, and it was 2.30 g/cm?.

The thermal conductivity was calculated from the thermal diffusivity, which was
measured by using a Laser flash analysis (LFA) NETZSCH LFA 427 from the specific heat
capacity as measured by the DSC and from the density taken from the dilatometer.

During the LFA, the laser shoots a pulse at the sample’s front surface, and the infrared
detector measures the temperature rise of the sample’s back surface. The software uses
DIN 821-2 routines to match a theoretical curve to the experimental temperature rise
curve [30,31]. The thermal diffusivity value is the diffusivity value associated with the
selected theoretical curve [32]. The measuring process is done in one step and is based on
the detection of the time-dependent temperature curve at the rear side of the specimen
(averted from the laser heated top side of the specimen) after a laser pulse, as shown in
Figure 7 [30]. The data relevant to determine the thermal diffusivity are the maximum
temperature increase at the rear side Tj;5y and the time until half of this temperature
increase is reached, ¢1 /5.

10

g laser pulse
a8
7
5}
% 5 theoretical adiabatic curve
5 g _
= A = experimental curve
3 i
e I ¢ modelled curve
2 g o ;
— = :
1 <] —
<]
1]
s 10m 500 £ . 50 1000 1500 2000 2500 3000 3500
112 Time fms

Figure 7. Time-dependent temperature curve at the rear side of the specimen after a laser pulse.

The solution of the thermal conductivity Equation (3) for one-dimensional problems
and adiabatic boundaries leads to an expression of the thermal diffusivity a as a function of
the thickness of a plane parallel sample & and the half time of the temperature increase ¢; /5.
It is assumed that the specimen is in thermal equilibrium (adiabatic at any time during the
measurement). Secondly, thin and plane parallel specimens as well as infinitely short laser
pulses are assumed. Under these ideal conditions, Equation (3) is valid [30].

In(1/4) K*(T)

()

®)
Then, thermal conductivity A values are derived from the diffusivity measurements

using Equation (4).
MT) = p(T)-¢p(T)-a(T) )

where A(T) is the thermal conductivity, c,(T) is the specific heat, a(T) is the thermal diffu-
sivity, and p(T) is the density. The thermal diffusivity was measured here from 20 to 400 °C
with a heating rate of 10 K/min under vacuum (10~ mbar) in increments of 100 °C and
holding the system for a few minutes to stabilize. A specimen of dimensions 10 mm in
diameter and 0.680 mm in height was used. The specimen was sprayed with graphite in
order to absorb laser energy. A heat pulse (provided by an Nd-YAG laser) was applied to
one face of the specimen, and the transient temperature rise was measured on the oppo-
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site face using an infrared detector. From statistical reasons, at a given temperature, 4-6
measurements were done.

4. Conclusions and Outlook

The promising cathode material Nag53MnO; was characterized using inductive-
coupled plasma-optical emission spectroscopy (ICP-OES), XRD, SEM, and laser scattering
for particle size distribution. The thermophysical properties of the commercial cathode
material Nag 53MnO, have been determined, and thermophysical data were measured such
as specific heat, density as a function of temperature, and thermal diffusivity followed
by thermal conductivity. The cathode material is thermally stable up to 400 °C; beyond
this temperature, the material decomposed and released O,, which could be a hazardous
threat in terms of thermal runaway in SIBs. By comparison with available thermophysical
data of lithium layered structure battery materials, this material shows good suitability
for SIBs. Such data are highly relevant and important for thermal simulation studies of
thermal management and thermal runaway in all types of batteries, because it allows
the determination of the released heat of the materials both under normal use and abuse
conditions. Layered cathode materials show excellent electrochemical properties in favor
of fast sodium ion diffusion and easy synthesis processes. Secondly, the cost of SIBs can be
reduced by use of cheap transition metals instead of Co and Ni, which are expensive. As
the focus of most electric vehicle (EV)-related industries is to reduce the manufacturing
costs, the investigated cathode material could be one of the promising materials in case of
future SIBs if it also provides a good thermal stability, which has been proven in this work.

Of course, in SIBs application, the thermal stability of the cathode material in different
de-sodiation states shall be of high interest in follow-up research. Especially in case of
abuse tests where thermal runaway strongly depends on the state of the charge (SOC),
which is associated with the sodium content in the pristine cathode material. At the charged
state, the Nag53.xMnO; (x > 0) cathode material crystal structure is in the deficiency of
sodium contents and the manganese metal is in the oxidation state (Mn**), which is
comparatively thermally instable and releases O, at an earlier onset temperature. That
shall be confirmed by our experimental studies, which are currently still ongoing. The
results will be published as soon as they become available. Moreover, after several charge—
discharge cycles, irreversible sodium ion migration on extraction (fully discharged) from
the anode side might negatively affect the thermal stability as well as the stability of
the crystal structural due to the transformation from P2 to the O2 phase. That will lead
toward a reduction of the intrinsic cathode material-specific capacity. In addition, the
thermophysical properties of the electrode materials where the state of health (SOH) of
the batteries is below 80% would also be of interest, especially if the cells later apply in
second-life applications.
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