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ARTICLE INFO ABSTRACT

Dataset link: http://doi.org/10.17632/j44rvwc Commercial sodium-ion battery (SIB) cells with layered oxide cathodes have recently been introduced to the
pff.1 market. An evaluation of their performance and comparison to existing lithium-ion battery (LIB) technologies
at different temperatures and C-rates will provide valuable insights into quantifying their capabilities and
identifying potential end-use applications. In this article, we present the electrical characterization of SIB cells
with NMF/HC (nickel-manganese-iron/hard carbon) chemistry at different ambient temperatures and C-rates,
followed by a critical comparison with existing LIB technologies with the aid of the Enhanced Ragone plot and
key metrics, such as discharge capacity, maximum temperature increase, relative discharge time, and discharge
efficiency. Thermodynamic characterization results reveal voltage hysteresis in the low state-of-charge region.
The electrical and thermal behaviors of galvanostatic discharges across different C-rates and temperatures
are also analyzed and linked to the trends in internal resistance. When compared to LIBs, the investigated
SIBs show similar power delivery to LFP cells and possess interesting thermal properties: the ability to limit
self-heating, and reduce the dependency of electrical behavior on ambient temperature. The tested SIBs may
show potential as a promising candidate for operation at temperatures below 10 °C, or in environments with a
broad range of operating temperatures without the need for extensive thermal management. Finally, the data
supporting the findings of this study are publicly available.
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Introduction

The progressive electrification of transportation, coupled with the
increasing degree of penetration of renewable energy sources has
driven the growing demand for energy storage solutions, catalyzing
the development and widespread adoption of lithium-ion battery (LIB)
technologies [1]. However, the rapid growth of LIB deployment is
projected to result in an increased strain on the supply chain of critical
raw materials such as lithium and cobalt due to geographical and
geopolitical constraints [2], raising concerns about the availability of
sufficient resources to meet the growing demand for energy storage.
For this reason, sodium-ion batteries (SIBs), due to their reliance on
abundant materials, potential lower costs and reduced safety risks, are
emerging as a suitable alternative [3,4]. SIBs are regarded as a drop-in
technology, involving analogous production processes and machinery
and benefiting from the know-how acquired through LIB develop-
ment [5-7]. The first commercial SIB cells are now being introduced
to the market and may represent a valid energy storage alternative
for stationary applications [8] and light-duty vehicles [9], for which
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energy density plays a less decisive role than the overall cost or safety
of the storage system. Their techno-economic competitiveness against
LIBs has recently been evaluated in [10] by analyzing cost projections
for scenarios considering factors such as technology development,
supply chain, and market penetration. Despite cost-competitiveness
being highly dependent on fluctuations in the supply chains of critical
materials (i.e., lithium, graphite, and nickel) and advancements in SIB
energy density, it was shown that, while SIBs may not immediately
be price advantageous over LIBs (specifically lithium-iron-phosphate
(LFP)) they can play a critical role as a suitable alternative to LIBs
in situations of supply chain instability. The goal of this paper is
to compare electrical and thermal performance metrics of commonly
adopted LIBs against recently commercialized SIB cells with NMF/HC
(nickel-manganese-iron/hard carbon) chemistry.

The differences in electrochemical properties between lithium and
sodium imply that active materials for LIBs may not be repurposed for
SIBs; therefore, the development of tailored electrode materials that
are suitable hosts to sodium ions is necessary. It has been shown that
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sodium ions do not intercalate into graphite to a sufficient degree [11—
14]; furthermore, its larger atomic radius in comparison to lithium ions
results in slower reaction kinetics and greater volume expansion of
electrode materials [15,16]. Amorphous hard carbon (HC) has emerged
as the most suitable choice due to its high theoretical capacity (300
mAh/g) [17] and its low voltage plateau (<0.1 V) vs. Na/Na*t [18].
Although sodium storage mechanisms in HC are under debate [18,19],
intercalation between graphitic layers as well as pore filling have
been suggested as storage mechanisms to explain the low-voltage HC
plateau [20,21], whereas the sloping profile may be ascribed to the
adsorption of sodium ions at defect sites [14]. As for the cathode,
three main material categories are usually adopted: Prussian Blue Ana-
logues (PBAs), polyanionic compounds, and transition metal layered
oxides [22]. PBAs have low cost, high rate capability, thermal safety
and remarkable cycling stability [23,24], and have been incorporated
into commercial SIB cells [25], with the disadvantage of a low energy
density (23 Wh/kg). PBAs can also be realized in a Na-rich form,
known in this case as Prussian White Analogues (PWAs) [15] with
higher energy density when employed in conjunction with non-aqueous
electrolytes [26,27]. As a result, a SIB cell prototype has been presented
by Altris claiming an energy density of 160 Wh/kg [28], which is
pending commercialization. Nevertheless, the stable operating window
of PWAs is restricted to a small temperature range [29] due to severe
side reactions at high temperatures, as well as sluggish kinetics at low
temperatures resulting in diminished performance.

Polyanionic compounds are another candidate for SIB cathodes.
In particular, sodium-vanadium-fluorophosphate (NVPF) constitutes an
interesting option because of a higher working potential vs. Na/Na+
(3.9 V) and higher specific capacity (128 mAh/g) [30], as well as
fast ionic diffusion [31], which enables high rate capability. However,
the presence of vanadium, which is expensive and toxic, along with a
limited cycle life [32] and energy density (68 Wh/kg) [33], are signifi-
cant drawbacks to their widespread adoption. As a result, considerable
attention has been directed towards transition-metal layered oxides
as positive electrode materials [34]. These cathodes exhibit a sloping
voltage profile within a higher voltage window along with a greater
theoretical capacity (>150 mAh/g) [35,36], resulting in higher energy
density compared to PBA and polyanionic compounds. In particular,
cells with a nickel-manganese-iron (NMF) cathode have recently been
commercialized [37,38].

Commercial cells with an NMF cathode and a HC anode (NMF/HC)
have recently been characterized by Laufen et al. [37]. They performed
electrochemical characterization tests in order to determine electrode
and electrolyte compositions, as well as geometrical properties and
active material structure. Additionally, impedance, C-rate, float cur-
rent and continuous cycling measurements were performed on full
cells at 25 °C. Their results indicate that cell impedance increases
monotonically with decreasing state-of-charge (SOC), showing a larger
impedance variation at low SOCs in comparison to high SOCs. Further-
more, they showed that this commercial cell exhibits remarkable rate
capability and a high degree of discharge capacity retention for current
rates up to 5C, whereas larger charging currents were shown to trigger
cell failure due to current interrupt device activation attributed to gas
generation via side reactions. The study concluded that the techniques
and models used for analyzing and characterizing LIBs are transferable
to SIBs. Furthermore, another commercial cell with the same chemistry
by a different manufacturer was studied by Bischof et al. [38], where an
analysis of rate performance, temperature increase and cell impedance
was performed at 25 °C as a function of the current rate and the
total electrode thickness. A brief comparison was made with respect
to established LIB chemistries based on the previous metrics. In both
cases, the tested cells showed remarkable rate capabilities, although
significant self-heating was documented. Finally, we identify two gaps
in the literature regarding the characterization of commercial SIB cells
with NMF cathode and HC anode:
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1. Performance analysis has been conducted at 25 °C alone, but
significant self-heating has also been reported for this chem-
istry [37,38], quantified as the maximum temperature increase
as a function of the C-rate [39]. Therefore, characterization re-
sults obtained at different controlled temperatures are necessary
to properly evaluate cell behavior.

2. A comparison with different LIB chemistries at different temper-
atures has yet to be carried out, which could provide key insights
for assessing potential use cases.

The Ragone plot [40] is a well-established method to compare
different storage technologies according to the specific power and
specific energy that can be extracted from a device from its fully
charged state. However, these properties may depend significantly on
temperature and discharge rate. For this reason, the standard Ragone
plot is sometimes extended to create an Enhanced Ragone plot [41]
to include these characteristics and provide a full picture of the per-
formance of the storage technologies under study. Other authors have
suggested extending the Ragone plot by also incorporating information
about lifetime (ENPOLITE: energy-power-lifetime-temperature) [42],
although aging information is encoded in just one parameter despite
the influence of multiple factors.

In this article, we present the electrical characterization of thermo-
dynamic, dynamic and rate properties of a commercial SIB cell at 5 °C,
25 °C and 35 °C, to garner practical insight into the electrical and
thermal behavior of this technology. Furthermore, the performance of
the tested SIB cells is compared with three different well-established
LIB chemistries by means of the Enhanced Ragone plot. Given that the
investigated SIBs show qualitatively similar behavior to LFP, a more
in-depth comparison between both is conducted via the computation
of additional performance metrics in order to inform about potential
applications and use-case scenarios. It is noted that, from here on,
the term ‘SIB’ is employed to refer to the NMF/HC chemistry and
therefore, the results and conclusions presented herein may not be
directly applicable to other SIB chemistries.

This paper is organized as follows: the experimental setup and
tests are outlined in “Experimental work”. Next, the characterization
results are presented and analyzed, and the relevant metrics for the
comparison to LIB chemistries are defined and computed in “Results
and discussion”. Finally, the main takeaways are summarized and the
challenges from a modeling and application perspective are stated. It
is emphasized that the data that support the findings of this study are
openly available, as outlined in “Conclusion”. All the data presented in
this work were specifically collected for this publication and are freely
available to users in http://doi.org/10.17632/j44rvwepff.1.

Experimental work

The experimental campaign was conducted on cylindrical-format
SIB cells manufactured by Shenzhen Mushang Electronics (NA18650-
1250) with a nominal voltage of 3.0 V and a rated capacity of 1250
mAh (minimum 1200 mAh) at their nominal C/2 discharge rate within
the upper voltage (V,,,.4.) and lower voltage (V;.nqrg) limits of 3.8 V
and 1.5 V, respectively. This SIB allows continuous discharge currents
up to 8C (10 A) in the temperature range of 10 °C to 50 °C, as
well as continuous charge currents up to 5C (6.25 A) in the range of
20 °C to 45 °C (see Table 1). The standard constant-current constant-
voltage (CC-CV) charging protocol employs a charging current 1,4,
of C/2 with a C/50 current cutoff for the CV stage at V... The
cells were experimentally tested on a multichannel Arbin LBT21024
tester at the Stanford Energy Control Laboratory, at Stanford Uni-
versity, CA (USA) [41]. All the experiments were performed under
a temperature-controlled environment with the aid of an IncuMax
IC-500R environmental chamber by Amerex Instruments. The temper-
atures inside the environmental chamber and on the cell surface were
measured with Type T thermocouple sensors, manufactured by Omega,
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Table 1
Specifications of the tested SIB cell.
Chemistry NMF/HC
Weight M, ... [g] 37
Nominal voltage V,,,, [V] 3.0 fi i 1o
Nominal capacity Q,,, [Ah] 1.25 “‘"'%@Qiﬁllln,"'"
Upper cutoff voltage V., [V] 3.8 st
Standard charge current 1, [Al 0.625
Lower cutoff voltage Vi cnarge [V] 1.5
Max. cont. discharge current I;;,.p,.,. [Al 10 (8Q) Sample cell

Cell 1
35+ Cell 2| A
~ 3 |
Z
o
en
s
S25¢1 8
>
2 - -
2 : s L L |
1 102 104 106  1.08 1.1
1.5 1 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1 1.2

Discharge Capacity (Ah)

Fig. 1. C/20 discharge profiles of the 10 SIB cells in the batch and their spread. The selected cells (Cell 1 and 2) are plotted in color, while the rest are plotted in grayscale.

Inset details voltage fluctuations in the low SOC region (80% < SOC < 88%), ascribed to hard carbon.

reader is referred to the web version of this article.)

and transmitted through the Arbin auxiliary channel to the thermal
measurement system. Additional details about the experimental setup
may be found in previous work [41].

A batch of n = 10 SIB cells was initially subjected to thermodynamic
testing conditions, comprising one full charge and discharge cycle at
C/20 (0.0625 A) in order to assess manufacturing-induced cell-to-cell
variability, resulting in a capacity of 1243.2 + 8.2 mAh (+0.66%).
Despite acceptable cell-to-cell variation in capacity, significant hetero-
geneity was observed in the voltage profiles below 40% SOC, ascribed
to the sloping voltage region due to hard carbon, as shown in Fig. 1.
For this reason, two cells (referred to as Cell 1 and Cell 2 from here
on) with similar voltage responses (<25 mV spread below 40% SOC)
were selected for characterization to ensure that the results presented
are consistent and representative.

The experimental tests were designed to characterize the electrical
and thermal behavior of the investigated SIB cells across temperatures
and C-rates of operation, as well as assess their performance in compar-
ison to well-established LIB chemistries in a broad range of operating
conditions. The experimental campaign is composed of three sequential
tests described below, all of which were carried out at controlled
ambient of 5 °C, 25 °C and 35 °C.

1. Thermodynamic characterization. This test consists of one
charge and discharge cycle at a constant rate of C/50 (25 mA),
with the purpose of obtaining the quasi Open Circuit Voltage
(g-OCV) vs. SOC relationship, as well as incremental capacity
(IC) features [43]. In order to ensure a consistent initialization,
cells were charged to 100% SOC by means of the standard CC-CV
protocol defined above, followed by a 1-h rest.

(For interpretation of the references to color in this figure legend, the

2. Dynamic characterization. Hybrid Power Pulse Characteriza-
tion (HPPC) tests were performed to elucidate the dynamic
behavior of the investigated cells [39]. The designed protocol
consists of 10 discharge pulses at 1C, each followed by a one-h
relaxation period and two 10-s charge and discharge pulses at 2C
at evenly spaced SOCs, with the goal of measuring the internal
resistance at SOCs 10% through 90% in 10% SOC increments.

. Galvanostatic characterization. Galvanostatic discharge tests
at increasing C-rates were conducted so as to gauge the energy
and power delivery capabilities of the investigated cells. This test
is composed of five stages that are repeated for each discharge
C-rate in the set: 1C, 2C, 3C, 5C, and 8C.

(a) 1-h rest for thermal stabilization.

(b) CC charge at C/2 up t0 V4 g,

(c) CV hold with a C/50 current cutoff.

(d) 1-h rest for thermal and voltage stabilization.
(e) CC discharge at a prescribed C-rate.

A similar characterization campaign was performed previously in
[39,41] for cells with three different LIB chemistries: LFP/Gr
ANR26650m1-B model by A123 Systems, NMC/Gr INR21700-M50
model by LG Chem and NCA/Gr NCR-18650B model by Panasonic,
whose specifications are detailed in Table 2. The results from the design
of experiments specified in Table 3 are employed for a comprehensive
performance comparison in the following sections. A summary of the
experimental setup and tests performed in this work is shown in Fig. 2.
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Table 2
Specifications of the SIB cells and LIB cells with three different chemistries employed in this work.
SIB LIB LIB LIB

Chemistry NME/HC LFP/Gr NMC/Gr NCA/Gr
Weight M,,,, .. [g] 37 76 68 47.5
Nominal voltage V,,,, [V] 3.0 3.3 3.63 3.6
Nominal capacity Q,,, [Ah] 1.25 2.5 4.85 3.35
Upper cutoff voltage V4., [V] 3.8 3.6 4.2 4.2
Standard charge current I, [Al 0.625 2.5 1.455 1.625
Lower cutoff voltage Vi narge [V] 1.5 2 2.5 2.5
Max. cont. discharge current 1, pqg [Al 10 (8C) 50 (20C) 7.275 (1.5C) 6.7 (20)

Experimental tests (5°C, 25°C, 35°C)

Thermodynamic testing = Dynamic testing (HPPC)

1. Rest

trest = 1h

2. CC-CV charge

| Ci=emo

3. Rest

1. Rest

1 trest = 1h 1

2. CC-CV charge

| [r=cs0 ]

3. Rest

1 trest = 1h

4. CC discharge at C/50

| V= Vasonarge] | —. S0
5. Rest
| Cta=ih ] | s
6. CC charge at C/50 END
|
END

o)

HPPC Loop Galvanostatic testing
1 1. Rest
1C discharge pulse l trese = 1R
1 —10% ASOC 2. CC-CV charge
Rest | I=C/50
2C discharge pulse 1 trost = 1h
1 tpuise = 10s 4. CC discharge at I
Rest
©s 1 V= Vdischarge
| 5. Rest
2C charge pulse l
EsE —
| Eeits D
Rest

| trest = 40s

Fig. 2. Summary flowchart of the experimental setup and tests performed in this work. For galvanostatic testing, the procedure is repeated for each C-rate in Table 3.

Table 3
Summary of the design of experiments for temperature and C-rate performance
assessment for the SIB and LIB cells compared in this work.

Applied C-rate Temperature
SIB 1C 2C 3C 5C 8C - - -
LFP 1C 2C 3C 5C - 10C 15C  20C 5°C 25°C 35 °C

NMC 1C 2C 3C 5C - - - -
NCA 1C 2C 3C 5C - - - -

Results and discussion
Characterization results

In this section, the characterization results corresponding to the
experimental schemes described in the previous section are presented
and analyzed. Fig. 3 shows (a) q-OCV and (b) incremental capacity
profiles obtained from thermodynamic testing at C/50 for Cell 1. As
stated in the Experimental section, two cells (Cell 1 and Cell 2) with
analogous q-OCV profiles have been selected so as to ensure that the
results are representative. However, only the results of Cell 1 are
shown in Fig. 3 for the sake of clarity. This cell was electrochemically
characterized by Laufen et al. [37] and was determined to be composed
of an NMF cathode and a HC anode. The NMF cathode is characterized
by two distinct regions: a sloping profile for low degrees of sodiation
(cell SOC > 50%, i.e., discharge capacity < 0.625 Ah) and a flatter
region at higher degrees of sodiation (cell SOC < 50%, i.e., discharge
capacity > 0.625 Ah). Similarly, hard carbon exhibits a sloping region
at low degrees of sodiation (cell SOC < 50%) and a plateau for higher
degrees of sodiation (cell SOC > 50%). Interestingly, the resulting OCV

exhibits a quasilinear profile with SOC, as a consequence of the fact that
the sloping region of the cathode approximately matches the flat region
in the anode in full-cell configuration and vice versa. This would make
SOC estimation from voltage measurements easier when compared to
chemistries with much flatter OCV-SOC profiles such as LFP.

A noticeable variation in discharge capacity and voltage level is
observed for all three temperatures considered in the low SOC range
(i.e., discharge capacity > 1.1 Ah). Given that the voltage profiles
in this region follow the sequence of increasing temperatures, and a
significantly larger voltage drop is observed at 5 °C as opposed to
25 °C and 35 °C, this behavior is ascribed to large overpotentials due
to hard carbon at low SOCs [44]. At a thermodynamic rate such as
C/50, the effect of the internal resistance is expected to be negligible,
which is corroborated by the overlap of the voltage profile for most
of the SOC range. However, at very low SOCs, an increasing internal
resistance due to decreasing temperature, causes the cutoff voltage to
be reached sooner, which points towards the presence of a substantially
large and nonlinear impedance in this SOC window. For this reason, the
determination of the entropic coefficient from low-rate galvanostatic
data may result in an overestimation at low SOCs given that the
measured voltage is not necessarily at equilibrium, which warrants the
use of potentiostatic [45] or calorimetric [46] methods.

In addition, an increasing hysteretic voltage gap is observed with
decreasing SOC, from approximately 15 mV at 100% SOC to 40 mV at
50% SOC (discharge capacity of 0.625 Ah) up to more than 120 mV
at 20% SOC (discharge capacity of 1 Ah). However, at very low SOCs,
the voltage gap between the charge and discharge branches may not
be fully attributed to thermodynamic hysteresis because a fraction of
it is likely due to overpotentials in hard carbon [37]. Unlike some
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Fig. 3. (a) q-OCV charge and discharge profiles for Cell 1 at 5 °C, 25 °C and 35 °C. Insets depict details of voltage profiles at 50% SOC and 80% SOC (b) Incremental capacity

profiles for Cell 1 at 5 °C, 25 °C and 35 °C.

lithium-ion electrode materials such as LFP, where hysteresis can be
attributed to phase separation and is present in the flat region [47,48],
or graphite, where it is ascribed to consecutive lithium intercalation
stages, hysteresis is more prominent in the sloping region of hard
carbon rather than in the plateau region in the case of the investigated
SIB. Although sodium storage mechanisms in hard carbon are yet
not fully understood [18,19], intercalation between graphitic sheets
as well as pore filling are possible storage mechanisms to describe
the plateau [20,21], whereas the sloping profile may be ascribed to
the adsorption of sodium ions at active sites. For this reason, further
research is required into the hysteretic behavior in hard carbon.

Incremental capacity (IC) profiles were calculated by first applying a
decimation filter to experimental voltage with a window of AV =2 mV,
computing the incremental capacity AQ/AV and finally applying a
smoothing filter to the result, according to established guidelines [43].
IC results reveal two peaks, which may be associated with phase
transformation in the positive electrode due to a flat negative electrode
potential in said voltage window. The sloping voltage profile at SOCs
> 50%, as well as the feature at 3.5 V ascribed to NMF, are reminiscent
of a similar behavior in NMC cathodes for LIBs. The gradient in voltage
at low SOCs is due to the progressive sodium deintercalation in hard
carbon, which results in a constant incremental capacity from 1.8 V to
2.5 V. The large overpotentials mentioned above present in hard carbon
at lower temperatures are understood to be the cause of a different IC
peak amplitude at 5 °C.

Regarding dynamic characteristics, internal resistance values as a
function of SOC, temperature and time interval Ar are shown in Fig. 4,
where At =0.1s,1s, 35,10 s. R;,,(SOC,T, Ar) values are calculated
as the average of the pulse resistance calculated from charge and
discharge current pulses, according to Eq. (1):

R, .(SOC,T AI)‘ = M (1a)
int L) charge 1(10 + Al) - I(Io) charge

R, (SOC,T, Ar) _ Yo+ 4n -V (1b)
int 1, discharge I1(ty + Ar) — 1(tg) discharge

R,,(SOC.T, A1) +R,,(SOC,T, A1)
charge
2

discharge

R, (SOC.,T, A1) =
(10)

where ¢, denotes the instant where the current pulse starts. A monoton-
ically decreasing trend of internal resistance is observed with increasing
SOC. More specifically, it remains approximately constant in the range
from 50% to 90% SOC, while growing in a sustained manner below
50% SOC for all temperatures. This asymmetric behavior is quali-
tatively different from the usual U-shape that is common in many
lithium-ion chemistries [49-51].

An interesting insight regarding electrical behavior may be drawn
from the impedance values after increasing time intervals. At 25 °C
and 35 °C above 50% SOC, the internal resistance remains constant
with respect to SOC and increases slightly as the sampling time interval
used for its calculation increases. This is indicative of the fact that
the electrical behavior in this region is mainly resistive (i.e., ohmic
and charge transfer processes) with a slight contribution of constant
diffusive overpotentials. This corresponds to the cathode sloping region
and the hard carbon plateau. However, below 50% SOC, an increase in
the time interval results in a progressively larger impedance, growing
non-linearly with decreasing SOC. For instance, the internal resistance
at 90% SOC grows from 41.8 mQ after 0.1s to 49.3 mQ after 10 s, which
is an 18% increase. Conversely, the internal resistance increases from
74.3 mQ after 0.1s to 119.4 mQ after 10 s, which constitutes a 61%
increase. Additionally, the SOC limit before the onset of impedance
growth increases with larger time intervals. This indicates a consid-
erably slower transient electrical behavior in the hard carbon sloping
region, in which much larger charge transfer and diffusion overpoten-
tials are observed. An analogous qualitative behavior is noted at 5 °C,
although with approximately twice the magnitude in comparison to
25 °C and 35 °C: from approximately 40 mQ at 25 °C and 35 °C above
50% SOC, to over 80 mQ at 5 °C in the same SOC range, which is
further exacerbated below 50% SOC. As a result, we anticipate that
the modeling of dynamic behavior in the lower half of the full SOC
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Fig. 4. Internal resistance results as a function of SOC and temperature calculated after (a) 0.1 s, (b) 1 s, (¢) 3 s and (d) 10 s, obtained from HPPC testing.

range will pose a greater challenge, exacerbated by the aforementioned
hysteretic voltage gap.

Voltage and temperature profiles at 5 °C, 25 °C and 35 °C are
shown in Fig. 5 for 1C, 2C, 3C, 5C and 8C discharges, along with the g-
OCV profile for reference. Regarding electrical behavior, an interesting
feature is especially noticeable at 25 °C and 35 °C, namely the fact
that voltage profiles run parallel to each other for SOCs > 40% (dis-
charge capacity < 0.75 Ah) even at C-rates as high as 8C. This is in
contrast with the increasingly sloping and smooth voltage profile that is
characteristic of some LIB chemistries, such as NMC and NCA [52,53],
and may be due to more favorable electrolyte transport properties, as
suggested in [37]. Conversely, at SOCs below 20% (discharge capacity
> 1 Ah), it is noted that discharge profiles deviate further from the ther-
modynamic voltage, which is in line with the internal resistance results
presented above. Interestingly, this abrupt increase in overpotentials in
this SOC range causes the discharge capacity to be less dependent on
C-rate. As for thermal behavior, it has to be pointed out that the tem-
perature increase with respect to ambient temperature AT =T —T,,,
is quantitatively analogous at 25 °C and 35 °C ambient temperatures.
This may be partly ascribed to the similar values identified previously
for internal resistance, which result in a comparable magnitude of Joule
heating. In consequence, it is noted that a 10 °C increase from 25 °C to
35 °C does not result in a significant increase in performance, measured
in discharge capacity and temperature increase.

In order to illustrate this behavior more clearly, we calculate the
value of the equivalent impedance, defined as the deviation from the g-
OCV normalized by the current rate of the discharge, and expressed as
follows:

V(C/50, T,y SOC) = VI, T,p0 SOC) @
1
where the values of the constant discharge current I are set according
to Table 3. Lastly, although a qualitatively similar behavior is observed
at 5 °C, two key differences are noted. First, the larger internal resis-
tance identified above results in a larger voltage drop and deviation
from the corresponding thermodynamic profile. However, the internal
resistance identified at this temperature is indeed much larger than that

Z g1, Ty, SOC) =

at 25 °C and 35 °C. For this reason, self-heating drastically decreases
impedance parameters in this case, neutralizing the large overpotentials
caused by low temperatures. As a result, voltage profiles are initially
far apart due to the large internal resistance, but progressively coalesce
throughout the discharge, yielding almost a constant discharge capacity
regardless of the C-rate. A consequence of this decreasing internal resis-
tance effect is that the thermal response is self-controlled to a certain
extent: a larger temperature increase is observed at the beginning of
the discharges, especially at 5C and 8C, but the temperature increase
slows down mid-discharge. As a result, the maximum temperature
increase achieved at the end of the discharge is not substantially higher
compared to 25 °C and 35 °C.

At 25 °C and 35 °C, it is confirmed that the overpotentials are
resistive in nature above SOCs > 40%, whereas a sharp increase is
observed at low SOCs. It is noted that the impedance in this region
substantially decreases with current rate, which points towards a non-
linear overpotential possibly associated with charge transfer. At 5 °C,
the effect of self-heating becomes apparent as the equivalent impedance
decreases significantly with increasing current rate.

Enhanced Ragone plot

In this section, the performance of the tested SIB cell is compared to
well-established LIB chemistries (NMC, NCA and LFP) according to the
Enhanced Ragone plot, as well as other relevant metrics. It is reiterated
that the term ‘SIB’ here refers specifically to the NMF/HC chemistry.

The energy E and power P delivered for a specific discharge current

I and ambient temperature T, are computed as follows:
P, Typ) = —E(I’tj"'“b) ®)
where 7, is the final discharge time when the Vj; .44, is reached.
Specific values are computed by dividing each metric by the nominal
cell weight. It is noted that the results for both cells have been averaged
in order to provide a representative value. The Enhanced Ragone plot
for NMC, NCA, LFP and the investigated SIB at 5 °C, 25 °C and 35 °C
at various discharge rates is shown in Fig. 6.

7
E(,T,,,;) = / V,T,,,)Idt
0
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Fig. 5. Cell performance for discharges at 1C, 2C, 3C, 5C and 8C at 5 °C, 25 °C and 35 °C. Voltage, temperature and equivalent impedance profiles averaged over both tested

cells are shown.

It is observed that NMC and NCA possess more than double the
energy density (over 250 Wh/kg at 25 °C) in relation to LFP and the
tested SIB (108 Wh/kg and 97 Wh/kg at 25 °C, respectively) at low C-
rates; however, their power capabilities are severely limited due to the
fact that high-rate operation is not favored by these chemistries. This
is especially prominent in NCA cells, which show a drastic reduction
in energy delivered above 3C. Conversely, LFP is able to provide high
specific power (over 1 kW/kg) without substantial energy losses, even
at rates as high as 20C. For all LIB chemistries, a noticeable drop in
performance is noted for 5 °C in comparison to 25 °C and 35 °C.
Regarding the investigated SIB, almost identical power capabilities are
observed with respect to LFP in the range from 1C to 5C, with a slightly
lower specific energy. The maximum power density is just above 700
W/kg, achieved at 8C discharges at 25 °C and 35 °C. Interestingly,
the spread in specific energy of the branches corresponding to dif-
ferent temperatures is smaller in the tested SIB in comparison to the
considered LIB chemistries.

In light of performance results, it is apparent that the investigated
SIB exhibits properties most similar to LFP. In order to provide a more
comprehensive comparison and assessment of their capabilities, the
following relevant metrics are defined:

« Discharge Capacity (Q,) at a discharge current I and ambient
temperature T,,,,.

Iy
Qd(l,Tamb)=/ 1dt “4)
0

o Maximum temperature increase (47,,,,). The constant-current
discharge process causes an increase in cell surface temperature
due to self-heating. The maximum temperature increase at a dis-
charge current I and ambient temperature T, is defined as the

maximum value of the difference between cell surface tempera-
ture 7 and ambient temperature T, throughout the discharge.
This metric provides valuable insight into cell thermal robust-
ness, defined as the ability of a cell to limit its own self-heating,
and therefore entail a reduced risk of thermal runaway.

AT, o = max(T, T,,)) — Thp 5)

Relative discharge time (r;). The relative discharge time at a
discharge current / and ambient temperature T, is the ratio be-
tween the experimental duration of the corresponding discharge
process and the nominal discharge time 7, ,,, as a function of
the applied C-rate (e.g., 1 h for 1C, 30 min for 2C, etc.). This
metric quantifies retention of nominal discharge capacity with
increasing C-rate, as the corresponding overpotentials may cause
the cell to reach the lower cutoff voltage sooner than ideally.
(1T = L Tem) 6)
t f.nom

Discharge efficiency (5,). The discharge efficiency at a discharge
current / and ambient temperature 7,,, is defined according
to [41] as the ratio between the energy delivered in said scenario
and the maximum possible energy to be delivered at that tem-
perature, measured at a thermodynamic current rate q-OCV. As
the discharge rate increases, overpotentials cause the demanded
current to be provided at a progressively lower voltage, thus
decreasing the overall energy delivered throughout the process.

EU, T,
ML Ty = L oiambl
E(g-o0CV.T,,;)

)

Again, all metrics are first computed and then averaged for both
cells to provide a representative value. Results are shown in Fig. 7.



P. Rodriguez-Iturriaga et al.

Future Batteries 6 (2025) 100056

T
103(_ (@I O T a— g
.
an
% 2
= 10°F
N
5 Ffenrmennns LFEP 35°C A g-0CvV
g |- -LFP25°C ¢ 1C
2 [ |=——LFP 5°C v 2C
o | [ NMC 35 °C O 3C
b= == =NMC 25°C O 5C
2 ——NMC 5°C % 8C
(%101 1 [Rp— NCA 35 °C <] 10C
F|=- =NCA 25°C % 15C
[|——NCA 5°C P> 20C
A Na-ion 35 °C
[|== = Na-ion 25 °C
Na-ion 5 °C
100 ' T |
10 10

Specific Energy (Wh/kg)

Fig. 6. Enhanced Ragone plot depicting the performance of NMC, NCA, LFP and SIB for the indicated C-rates and temperatures, according to the design of experiment in Table
3. @-OCV indicates the specific power and energy measured in thermodynamic conditions.

25 40
——
a
.
~ 2 g)
<= N
< 520
o
o -
15 4
10
1 0
0 5 10 15 20
C-rate
g 1005
-—
8
09 EIRE
0.8 _
=
= 0.7 ~, 60
foeed
0.6 :
—8—LFP 35 °C —#—Na-ion 35 °C 40
0.5 | |—=—LFP 25 °C —8—Na-ion 25 °C \
—=—LFP5°C —#—Na-ion5°C
0.4 : : : : 20 : : - :
0 5 10 15 20 0 5 10 15 20

C-rate C-rate

Fig. 7. Comparison between the investigated SIB and LFP with respect to (a) discharge capacity Q,, (b) maximum temperature increase AT, (c) relative discharge time r, and
(d) discharge efficiency n,.



P. Rodriguez-Iturriaga et al.

Regarding discharge capacity, it is observed that LFP cells are able
to deliver a value close to the nominal capacity at 25 °C and 35 °C up
to very high C-rates, only showing a slight drop at 20C. In contrast,
at 5 °C ambient temperature a drop in performance is noticeable,
especially above 10C. As for the tested SIB, a different behavior is
observed: discharge capacity drops significantly from C/50 to 1C, but
only shows a minor decrease from 1C to 8C, which is attributed to
the large overpotentials observed in the low SOC region. A clearer
comparison is facilitated by the relative discharge time. In the case of
LFP cell, this metric remains close to 1 and only falls to 95% at 20C
at 25 °C and 35 °C, whereas at 5 °C it is above 90% up to 10C but
drops below 70% and 50% at 15C and 20C, respectively. In the case
of the investigated SIB, the relative discharge time shows a slightly
more pronounced decrease with C-rate at 25 °C and 35 °C in the
region of 90%; however, at 5 °C the effect of self-heating on internal
resistance causes the discharge capacity to remain largely constant in
the range from 1C to 8C around 86%. Therefore, it is noted that LFP
cell performance is more sensitive to lower temperatures than the tested
SIB, which shows a more consistent behavior.

The maximum temperature increase reveals interesting trends:
while this metric is quasi-linear for the investigated SIB, two regions
with different slopes are observed for LFP with the inflection point
being at 5C. At said rate, the temperature increases are 7.6 °C, 11 °C
and 16 °C for LFP, and 8.9 °C, 8.9 °C and 11.9 °C for the tested SIB,
respectively. This leads to postulate that the investigated SIB is more
thermally robust than LFP as the temperature responses are less spread
out as a function of temperature. As a matter of fact, the tested SIB
exhibits less self-heating than LFP at 5 °C ambient temperature.

This behavior is confirmed by the analysis of the discharge effi-
ciency. At 25 °C and 35 °C, both chemistries exhibit similar perfor-
mance up to 3C, with discharge efficiencies above 89%. It is not until
5C where LFP shows marginally superior performance (88% vs. 85%).
However, at 5 °C it has to be pointed out that the investigated SIB
outperforms LFP for every shared C-rate. This is a relevant result, as it
may reveal low temperature environments, where LIBs are known to
struggle, as a potential scenario for the adoption of SIBs. This may also
lead to a reduction in hardware and energy consumption associated
with thermal management in comparison to LIBs, which may increase
their cost competitiveness in specific applications.

Conclusion

Sodium-ion battery technology has emerged as a viable storage
technology in recent years, and the first commercial cells are starting
to become readily available. For this reason, characterizing and under-
standing their behavior and performance becomes essential to identify
suitable applications. In this article, we first carry out comprehensive
characterization tests on a commercial SIB cell (NMF/HC) at different
ambient temperatures, and then perform a critical comparison to dif-
ferent LIB chemistries with the aid of the Enhanced Ragone plot and
the computation of relevant metrics.

Regarding cell behavior, thermodynamic tests reveal cell-to-cell
variability in electrode stoichiometry, which appear to have a larger
influence on quasi-OCV profiles than discharge capacity, in addition to
voltage hysteresis in the low SOC region. Internal resistance shows an
asymmetric dependence on SOC, remaining constant for SOCs above
50% and increasing substantially at low SOCs. Galvanostatic testing at
increasing C-rates reveal that cell overpotential is resistive in nature for
SOCs above 50%, but highly nonlinear at low SOCs. This causes voltage
profiles to run parallel to each other at high to medium SOCs, while a
steep voltage drop at low SOCs causes the discharge capacity not to
be as dependent on discharge rate. Lastly, the effect of self-heating on
electrical performance is considerable at low temperatures; however,
this does not lead to a significantly higher temperature increase. For the
reasons above, from a modeling and estimation perspective, the main
challenges lie in explaining and replicating cell behavior in the low
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SOC region, along with coupling electrical and thermal performance
for operation at low temperatures.

In relation to LIBs, the investigated SIB shows analogous specific
power with respect to LFP, with a marginally smaller energy density.
Although it exhibits a lower retention of available capacity in relation
to nominal capacity, two interesting properties may make it a suitable
alternative to LFP for specific applications: thermal robustness and
thermal stability. First, the tested SIB cells show a more consistent
thermal response in a wide range of ambient temperatures, while LFP
displays a larger spread. Similarly, its electrical behavior is not as
dependent on ambient temperature as LIBs, which is illustrated by a
higher discharge energy efficiency at 5 °C with respect to LFP. As
a result, SIB-based storage technologies may constitute a promising
candidate for low temperature environments, or applications where a
large temperature operating window is expected, while not requiring as
complex a thermal management system. Nevertheless, a realistic cycle
life assessment remains necessary for a complete evaluation of their
performance and selection of applications in comparison to LIBs.
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