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Recently, the first sodium-ion cells have been commercialized and have become available for consumers. Given,
moreover, the exciting announcements by several producers of such battery cells, it is of great interest to analyze
these first commercial cells in order to understand which materials are used and how these cells are designed.
Herein, two types of commercially available sodium-ion battery cells (cylindrical 1.5 Ah 18650 and 3.5 Ah
26700 cells) are investigated regarding (i) their electrode chemistry, (ii) their thermal properties upon discharge
as a function of the applied C rate, (iii) the available specific energy, and (iv) their cell impedance. The data are
correlated with the electrode thickness and electrode area obtained from an ex situ (ante-mortem) analysis of the
18650 cells, and discussed in comparison with the performance metrics reported for commercial lithium-ion

cells. This comparison reveals that the herein studied 18650 sodium-ion cells (hard carbon| |NaxNif,FeZMn1_y_

,02) provide a comparable or even higher specific energy (~128 Wh kg™!) than that of graphite

lithium-ion cells.

| LiFePO,

1. Introduction

The continuous improvement of lithium-ion batteries (LIBs) has
enabled the widespread diffusion of portable electronic devices and
(hybrid) electric vehicles (EVs) over the past three decades [1-3]. This
tremendous success and the anticipated further increase in LIB sales [3],
however, may cause shortages of the critical elements and compounds
used in LIBs such as cobalt, copper, lithium, and graphite [4,5]. In view
of these potential future limitations, sodium-ion batteries (SIBs), which
can be built without using any of these elements and compounds, may
represent a more sustainable alternative, in particular for stationary
energy storage applications and light vehicles, for which the eventual
energy density plays a less decisive role than the total cost and lifetime
of the battery cells [6,7]. In fact, copper, used in LIBs as the anode
current collector, can be replaced by aluminum, as aluminum does not
alloy with sodium at low potentials in contrast to lithium [8]. Graphite
as the currently most used LIB anode material has to be replaced by hard
carbon, since sodium cations only intercalate to a very minor extent into

graphite [9-12]. Furthermore, it is possible to realize high-performance
layered sodium transition metal oxides for the positive electrode that do
not contain cobalt and only limited nickel concentrations [8,10,13,14].
All these advantages on the material side have triggered the develop-
ment and very recent commercialization of SIBs along with several an-
nouncements of current LIB manufacturers to enter the production and
commercialization of SIBs in the near future, targeting specific energy
values of 120-160 Wh kg’1 at the cell level [15]. While these values are
backed up by very reasonable estimations [7], first studies on
commercialized and 18650 prototype SIBs reported excellent cycle life
and rate capability as well as promising further improvement strategies
for cells using either a layered transition metal oxide-based [16,17], a
fluorophosphate-based [18-21] or a Prussian Blue analogue-based [22]
cathode. However, these cells showed only rather limited specific en-
ergies of 43-97 Wh kg’1 [17,18,20-22]. In fact, one of these studies
even revealed that there was still copper used as the current collector for
the negative electrode in such commercial SIB cells [17]. These initial
findings highlight the need for more data from commercial SIB cells to

* Corresponding author. Helmholtz Institute Ulm (HIU), Helmholtzstrasse 11, Ulm, 89081, Germany.
** Corresponding author. Zentrum fiir Sonnenenergie- und Wasserstoff-Forschung Baden-Wiirttemberg (ZSW), Helmholtzstrasse 8, Ulm 89081, Germany.
E-mail addresses: dominic.bresser@kit.edu (D. Bresser), thomas.waldmann@zsw-bw.de (T. Waldmann).

https://doi.org/10.1016/j.powera.2024.100148

Received 16 February 2024; Received in revised form 24 April 2024; Accepted 11 May 2024

Available online 17 May 2024

2666-2485/© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:dominic.bresser@kit.edu
mailto:thomas.waldmann@zsw-bw.de
www.sciencedirect.com/science/journal/26662485
https://www.sciencedirect.com/journal/journal-of-power-sources-advances
https://doi.org/10.1016/j.powera.2024.100148
https://doi.org/10.1016/j.powera.2024.100148
https://doi.org/10.1016/j.powera.2024.100148
http://crossmark.crossref.org/dialog/?doi=10.1016/j.powera.2024.100148&domain=pdf
http://creativecommons.org/licenses/by/4.0/

K. Bischof et al.

understand their design philosophy and the interlink between battery
design and battery performance.

Here, we report first insights into another very recently commer-
cialized SIB cell comprising a hard carbon anode on an aluminum cur-
rent collector and a cobalt-free layered sodium transition metal oxide
cathode. Two different cell formats, i.e., 18650 (1.5 Ah) and 26700 (3.5
Ah) cells both operating at a nominal voltage of 3.0 V, are investigated
concerning their specific energy, rate capability, thermal properties, and
cell impedance. Additionally, an ex situ (ante-mortem) analysis of the
electrode thicknesses and active material mass loadings is performed for
the 18650 cells. These preliminary results are discussed in comparison
with a variety of commercial LIBs in order to set the basis for a
comprehensive analysis of commercial battery cells and cell formats.

2. Experimental

Two commercial 18650 cells with a nominal capacity of 1.5 Ah and
one 26700 cell with a nominal capacity of 3.5 Ah from Selian Energy’s
battery brand HAKADI (China) were investigated. For both cell types, a
voltage range between 1.5 V and 4.1 V and a cell impedance of < 20 mQ
was specified, with maximum C rates of 1C and 3C during charge and
discharge, respectively. All electrochemical tests were conducted using
BaSyTec CTS and XCTS systems at room temperature (25 °C). Discharge
rate capability tests within the specified voltage range were performed
on one of the 18650 cells and the 26700 cell. These cells had a mass of
37.4 g (18650) and 84.2 g (26700). Constant current-constant voltage
(CC-CV) charging at a C rate of C/2 and a CV cut-off current of C/20 was
used for all charging steps. The C rates for the CC discharge steps were
C/10, C/5, C/3, C/2, 1C, 2C, and 3C. Between the charge and discharge
steps, there was a rest period of 1 h. To investigate the heating behavior
during discharge as a function of the C rate applied, the temperature on
the cell surface was measured during the tests by NTC-type temperature
sensors. These sensors were taped at mid-height of the cells following
previous investigations on cylindrical LIB cells, which indicated that the
maximum temperature during discharge is reached at this position [23].
The cell impedances were determined in the fully charged state at 1 kHz
using a Hioki 3554 battery tester. The specific energies were calculated
from the capacity values obtained upon discharge to 1.5 V at a C rate of
C/2 at 25 °C.

Another 18650 cell was disassembled under inert conditions in an
Ar-filled glovebox ([02] < 0.1 ppm, [H20] < 0.1 ppm, MBraun) after CC
discharge to the cut-off voltage of 1.5 V. The electrode and separator
dimensions along with the electrode mass loadings were measured (see
Table 1) and, subsequently, the electrodes were washed three times for
1 min each in dimethyl carbonate (DMC) and dried under vacuum for
further analyses. The thickness of the double-side coated electrodes,
current collectors (aluminum foil for both the cathode and anode), and
the separator was determined using a micrometer gauge at ambient
conditions. The morphological features of the electrodes retrieved from
the 18650 cell were investigated via scanning electron microscopy
(SEM) using a Zeiss LEO 1550 microscope operated with an accelerating
voltage of 5 kV and energy-dispersive X-ray spectroscopy (EDX)

Table 1

Basic properties of the anode, cathode and separator of the 18650 cells. The
thickness measurements indicate mean values of five measurements. d,g is the
sum of the thicknesses of the anode, cathode (both double-side coated including
the current collector foil), and the two separators.

Anode Cathode
Coating loading (single-sided) 9 mg cm™2 19 mg cm ™2
Coating thickness (single-sided) ~89 ym ~63 pm
Current collecting foil (Al) thickness 12 ym 12 pm
Coated electrode area 775 cm? 716 cm?
Tab number 2 1
Separator thickness 13 pm
dases 355 pm
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employing an X-ACT Cambridge Instrument linked to the electron mi-
croscope. Inductively coupled plasma optical emission spectroscopy
(ICP-OES) was performed for the cathode coating after scratching the
coating layer from the electrode via a Spectro Arcos system (Spectro
Analytical Instruments).

3. Results and discussion

Fig. 1 shows the SEM-EDX data acquired for the surface of the
cathode and anode retrieved from the 18650 SIB cell. The SEM micro-
graphs recorded for the cathode reveal secondary active material par-
ticles with a diameter ranging from 2 to 10 pm (Fig. 1a), which are
composed of primary particles with a size of a few hundred nanometers
and interconnected through a binder/conductive-carbon network
(Fig. 1b). The EDX analysis (Fig. 1c) displays the presence of Na, Ni, Mn,
Fe, and O (Fig. 1d-h), indicating that the general composition of the
active material is NayNiyFe,Mn1._y,02 (NFM), as suggested by both EDX
and ICP-OES (Table 2). Interestingly, EDX and ICP-OES show in Table 2
a sodium content of 0.80 and 0.88, respectively. This slight discrepancy
is likely resulting from the different nature of these two methods — with
EDX being a more surface-sensitive technique and ICP-OES being a bulk
analysis technique — in combination with the common experimental
error of both techniques. The SEM micrographs acquired for the anode
exhibit micrometric active material particles, which are surrounded by
nanometric binder/conductive-carbon domains (Fig. 1i-j). The EDX
mapping recorded for an SEM micrograph at a lower magnification
(Fig. 1k) reveals the expected presence of C and some traces of O and Na,
most likely resulting from the initial electrolyte decomposition during
the formation cycles conducted by the manufacturer (Fig. 11 and m).

Fig. 2a shows the discharge voltage curves of the two commercial SIB
cells vs. the normalized capacity at C rates ranging from C/10 to 3C. The
shape of the discharge voltage profiles of both the 18650 and 26700 cells
matches very well the characteristic signature of SIBs comprising NFM
cathodes and hard carbon anodes [24], confirming the conclusions from
the EDX data depicted in Fig. 1 and that both kinds of cells are
comprising most likely the same cell chemistry. In addition, it is
observed that both cells exhibit a very good rate capability, as demon-
strated by the limited capacity decay when increasing the C rate from
C/10 (100% normalized capacity) to 3C (~95% of normalized capac-
ity). This is in good agreement with the performance results reported by
Zhou et al. [16] for a 26650-type SIB cell with a copper-containing
layered oxide cathode and a hard carbon anode, which still provided
90% of the discharge capacity at C/5 during discharge at a high C rate of
10C. Notably, the 26700 cell of the present study shows a more pro-
nounced increase in polarization at high C rates compared to the 18650
cell, which might be originating simply from the different cell design
and/or a different electrode coating thickness and/or a different mass
loading.

Fig. 2b depicts the temperature recorded at the surface (mid height of
the cylindrical cells) of the 18650 and the 26700 SIB cells. Higher
discharge rates cause a steeper and stronger temperature rise. Conse-
quently, higher maximum temperatures (Tp,x) are reached at the end of
discharge. This trend is consistent with LIB cells [23,25-27]. The
maximum temperatures Tpax are plotted as a function of the discharge
rate in Fig. 2c. For both the 18650 and the 26700 SIB cells, Tpax cor-
relates linearly with the C rate (R2 > 0.998), which is, again, consistent
with previous studies on LIB cells [23,25,26,28,29]. The slopes from the
linear fits in Fig. 2c are very helpful to describe the heating behavior as a
result of the current flow. In fact, for LIB cells, it is known that the
Tmax/(C rate) ratio is influenced by the cell volume to surface ratio,
which has an important impact on the heat dissipation properties of the
cell [28]. For LIB cells with different cell geometries, it was found that
higher surface to volume ratios lead to higher Tp,,x/(C rate) values [28].
Therefore, the steeper slope of the linear fit of the data recorded for the
26700 cell and the concomitant higher Tp,,x/(C rate) value compared to
the 18650 cell, reflecting a stronger increase of the cell temperature at
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C 10 um

Fig. 1. SEM-EDX analysis performed on the cathode and anode retrieved from the 18650 SIB cell: a-c) SEM micrographs of the cathode and d-h) the corresponding
EDX elemental maps for d) Na, e) Ni, f) Mn, g) Fe, and h) O; i-k) SEM micrographs of the anode and 1-m) the corresponding EDX elemental maps for 1) C, m) Na, and O

in the inset of m).

Table 2

EDX and ICP-OES elemental analysis carried out on the cathode retrieved from
the 18650 SIB commercial cell (see the Experimental section for details con-
cerning the sample preparation). The results are reported in atomic and mass
percentages for the EDX and ICP-OES data, respectively, as well as the stoi-
chiometric coefficient for both methods.

Element EDX (At. EDX ICP-OES (mass %, ICP-OES
(cathode) %) (stoich.) +10 %) (stoich.)
Na 12.1 0.80 16.9 0.88
Ni 4.8 0.32 16.6 0.34
Mn 5.1 0.34 14.9 0.33
Fe 5.2 0.34 15.2 0.33

elevated discharge rates for the 26700 cell, most likely result from the
higher surface to volume ratio of the 26700 cell. Another important
factor influencing Tmax/(C rate) is dases, which is the sum of the thick-
nesses of the anode and cathode (both double-side coated and including

the current collector foil) as well as the two separators in the jellyroll of
cylindrical cells [23]. We note that a tabless design can decrease Tpax/(C
rate) drastically [29]. However, this can be neglected in the present
paper, since none of the cells discussed has such a design. Hence, the
Tmax/(C rate) values for the SIB cells are set into comparison with 11
types of commercial or pilot-line built LIB cells from Ref. [28] in Fig. 3a.
The 18650 SIB cell (dases = 355 pm) shows a similar heating behavior
compared to an 18650 LIB cell (dascs = 341 pm). Besides the slightly
higher Tp,x/(C rate) value for this LIB cell in comparison to the SIB cell,
the values of both cell types are comparable. The slightly higher value
for the LIB cell might originate from minor cell design differences, e.g. a
different number of tabs. In the case of the 26700 cell, its increased
volume to surface ratio compared to the 18650 cell likely contributes to
its increased Tpax/(C rate) ratio, as discussed above.

Fig. 3b shows Tpax/(C rate) as a function of dass for five types of
18650 LIB cells and the 18650 SIB cell. Higher d,ss values tend to result
in a higher dependence of Tpax on the discharge C rate at a constant
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Fig. 2. a) Comparison of the voltage profiles during discharge of the 18650 SIB
cell (solid lines) and the 26700 SIB cell (dashed lines). b) Direct comparison of
the temperature rise on the surface of these cells during discharge at different C
rates. ¢) Maximum temperatures from (b) (squares: 18650; circles: 26700) as a
function of the C rate during discharge. The dashed lines are linear fits. The
general color coding in a-c) is: black: C/10, red: C/5, orange: C/3, blue: C/2,
grey: 1C, yellow: 2C, and green: 3C. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of
this article.)

Journal of Power Sources Advances 27 (2024) 100148

a) 18
16 M7 pm— g
— i o ©
o 1 N
Rl g N
o 1B
= 10+ 341
@ 10 Hm 50 Ah pouch
O 8- 355 um-_ 52 25 Ah PHEV1
t/ R ‘ \
x 61 263 pm - +
€ 16 Ah pouch-__ 4 )
= 47 BB -
5 2 Ah pouch- - éi ==—=300 um
219um” [l Bl 282¢m
0 L] T L] Ll T ! L L

0 1 2 3 4 5 6 7 8
volume/surface [mm]
18
b) 16 4 'V Li-ion cells|
O 144
o
— 124 -
Q 7 R“=0.809
+ 10+
© P
- =
o 8 s e
= 4 o /‘7
249~ v
0

200 250 300 350 400 450
daSCS [um]

Fig. 3. a) Plot of the Tyax/(C rate) ratio, as obtained from Fig. 2c, vs. the
volume to surface ratio for the 18650 and 26700 SIB cells investigated in this
study (blue circles) in comparison with data from LIB cells as reported in the
literature: Commercial pouch cells (filled red squares) with 16 Ah [23] and
50 Ah [27], pilot-line built pouch cells (empty red squares) with 2 Ah [28],
commercial 18650 cells (filled black triangles) [23], pilot-line built 18560 [30]
and 21700 [28,30] cells (empty black triangles), and pilot-line built PHEV1
cells with 25 Ah [28] (empty pink rhombus). The given values in pm corre-
spond to the thicknesses d,ss (sum of the thicknesses of anode, cathode and two
separators). b) Comparison of the Tp,ax/(C rate) ratio as a function of d,gs for
the 18650 LIB cells from (a) (black triangles) with the 18650 SIB cell investi-
gated in this study (blue circle). The dashed line is a linear fit of the data re-
ported for the LIB cells with a slope of 0.056 + 0.016 °C um ™! (R? = 0.809). It is
worth noting that the plots contain error bars which are, however, very small.
(For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)

surface to volume ratio, and the heating behavior of the 18650 SIB cell
fits well into this trend. Overall, the Tp,,y/(C rate) values determined for
the two different SIB cells studied herein are in a similar range as the
values that have been reported earlier for commercial and pilot-scale LIB
cells.

Fig. 4a displays a comparison of the specific energy at cell level as a
function of the single-sided anode coating thickness. This plot enables a
comparison of high-power and high-energy cells of different type. For
LIB cells with graphite anodes, the data correlate linearly (R? = 0.997)
[31]. We note that this correlation includes data from eight types of
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Fig. 4. a) Correlation of the specific energy with the single-sided anode coating
thickness for commercial cylindrical LIB cells containing either pure graphite
(empty squares) or Si/graphite composites (black triangles, Si content given in
%) as the anode active material and comparison with the data of the 18650 SIB
cell (blue circle) investigated herein. The specific energy was calculated from
the discharge capacity obtained at C/2 for all cell types. b) Cell impedance at 1
kHz as a function of the coated cathode area for the 18650 SIB cell and com-
parison with the data reported for commercial and pilot-scale LIB cells [28,32].
(For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)

commercial LIB cells from different manufacturers with different cell
chemistries, electrode porosities, and different cell dimensions (18650,
20700, and 21700) [32]. These differences lead to some scattering
around the linear fit, but the overall trend appears generally applicable,
as also indicated by the high fitting coefficient [31,32]. This correlation
between the specific energy and anode coating thickness is related to the
fact that higher anode coating thicknesses lead to an improved ratio of
active to inactive materials and therefore an increased specific energy at
cell level [31,32]. For LIB cells with Si/graphite anodes, the data points
are located above the dashed line for the linear trend owing to the higher
specific capacity of such composites compared to neat graphite anodes
and the resulting increase in specific energy [31,33].

Differently, the data point for the 18650 SIB cell lies well below the
dashed line, reflecting that the SIB cell provides a lower specific energy
than a LIB cell with a graphite anode having the same coating thickness,
presumably owing to, amongst others, the lower density and specific
capacity of commonly used hard carbons (ca. 300 mAh g’1 [34,35])

Journal of Power Sources Advances 27 (2024) 100148

compared to graphite (ca. 360 mAh g~! [33]) as well as a lower packing
density of the hard carbon electrodes compared to graphite electrodes
[36,37]. In fact, a lower electrode density, i.e., a higher electrode
porosity, leads to a greater amount of electrolyte needed to fully fill all
the pores, which adds to a lower specific energy. The effect of the
cathode chemistry is well reflected by the increasing trend from LiFePO4
(LFP) and LiMn;04 (LMO) to LiNij.x.yMn,CoyO, (NMC) and, finally,
LiNij.y yCoyAlyO2 (NCA), i.e., from LIB cells that are more designed for
high power applications with thinner anodes towards LIB cells for high
energy applications with thicker anodes. Remarkably, the 18650 SIB cell
(128 Wh kg™!) and the 26700 SIB cell (124 Wh kg™?!) provide specific
energies at C/2 that are at least comparable to the tested 18650 LIB cells
with an LFP cathode (88-105 Wh kg™!) optimized for high power ap-
plications, rendering such comparison suitable with regard to the
remarkable rate capability demonstrated for 18650 SIB prototype cells
and commercial 26650 SIB cells [16,18,21], even though the SIB cells of
the present study have not been declared by the manufacturer to be
specifically optimized for either high power or high energy applications.
In fact, one major difference is the significantly greater anode coating
thickness (~89 pm) of the 18650 SIB cell compared to the LFP-based LIB
cells (31-35 pm) as already discussed above. We might also note that the
SIB cells studied herein provide a higher specific energy than a recent
report on a hard carbon [ |N33V2(PO4)2F3 18650 SIB prototype cell with
about 70 Wh kg’1 [18].

To complete this comparison of the commercial and pilot-scale LIB
and commercial SIB cells, we determined the impedance of the two SIB
cells. A main influence on the cell impedance of LIB cells is the coated
cathode area [32]. The cell impedance depends inversely on the cathode
area, comparable to the overall resistance of resistors connected in
parallel [32]. This trend for LIB cells with a variety of different cathodes
[32] is depicted in Fig. 4b for impedance measurements at 1 kHz,
enabling a comparison of different cell types. Small LIB pouch cells
consequently show the highest impedances, followed by 18650, 20700,
and 21700 cylindrical cells, while large pouch and prismatic cells show
the lowest impedances. Other minor influences are the tab design [29]
and the cell chemistry, leading to (minor) deviations from the general
trend. In fact, also the impedance of the 18650-type SIB cell (18.6 m<Q)
and the 26700 SIB cell (15.4 mQ) at 1 kHz fit well into this general trend,
highlighting that these trends are applicable also to SIBs and, thus,
enabling a rather straightforward comparison of these different cell
chemistries (just like for different LIB cell chemistries).

4. Conclusions

The first results of the evaluation of two types of commercially
available SIBs (18650 and 26700) are presented and compared to a
variety of commercial and pilot-scale LIBs. As confirmed by EDX and
ICP-OES analysis and the shape of the discharge profile, the SIB cells
comprise a hard carbon anode and a NayNiyFe,Mn; y,0o (NFM) cath-
ode. The maximum temperature reached on the cell surface correlates
linearly with the C rate applied upon discharge for both cell formats, and
the values for the Tpax/(C rate) ratio are in a similar range as those
reported earlier for different LIB cells, indicating a comparable heating
behavior for both battery technologies. The SIBs provide a specific en-
ergy of more than 120 Wh kg ™!, which is higher than the specific energy
of the tested LFP-based LIBs that have been designed for high power
applications owing to the substantially thicker anode coating in the case
of the SIBs. Besides, also the cell impedances of the SIB cells measured at
1 kHz are in a comparable range as the values that have been reported
earlier for cylindrical LIB cells.

We may anticipate that these results will provide a starting point for
a comprehensive evaluation of the performance metrics of SIBs and
contribute to a meaningful comparison with commercial LIBs in order to
help selecting the appropriate battery chemistry for a given application.
In fact, the SIB cells studied herein provide competitive performance
metrics, opening up a greater choice for consumers in the future.
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