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• In-depth investigation of commercial 
18650 sodium-ion battery cells.

• Assessment of the cell design parameters 
and electrode arrangement.

• Physicochemical characterization of the 
hard carbon anode and layered oxide 
cathode.

• Testing of the anode and cathode in 
half-cells.

• Electrochemical evaluation of the 18650 
full-cells under challenging conditions.
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A B S T R A C T

Commercially available 18650-type cylindrical sodium-ion battery (SIB) cells with a nominal capacity of 1.5 Ah 
are comprehensively investigated, yielding in-depth insights into the cell design, the chemical composition of the 
electrodes and the electrolyte composition. In addition, the performance of single electrodes as well as the 
complete cell as such – under both standard and harsher conditions – are investigated. The results reveal superior 
charge storage kinetics at the NaxNiyFezMn1-y-zO2-based cathode and rather sluggish kinetics at the hard carbon 
negative electrode, while the analysis of the already formed interphase indicates the presence of functional 
additives in the organic carbonate-based electrolyte. As such, this study reports a multi-disciplinary approach to 
assess the most relevant characteristics of commercial(-type) cells from the macro-scale to the micro-scale.
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1. Introduction

In recent years, sodium-ion batteries (SIBs) attracted relevant inter
est due to the growing efforts to find sustainable energy storage systems 
as alternative to presently used lithium-ion batteries (LIBs) in electric 
vehicles, portable electronics and stationary power grids [1,2]. Despite 
the high specific energy close to 300 Wh kg− 1 achieved by LIBs [3,4], 
they still rely on critical raw materials such as lithium, cobalt and 
copper, which poses concerns due to their limited abundance, high 
production costs, and, in particular for cobalt, toxicity [5,6]. Hence, the 
replacement of lithium with sodium in such rechargeable batteries 
represents a rational choice in view of the reduction of cost triggered by 
the much higher abundance of sodium in the Earth crust compared to 
lithium [7,8]. Sodium-containing electrodes exploit the same rocking 
chair ion exchange mechanism, but rely on eco-friendlier and more 
cost-effective electrode compositions [4,9,10]. In addition, at the anode 
side a rather cheap aluminum current collector can be used instead of 
copper as in LIBs, since sodium does not form any Na-Al alloy at low 
potentials. Graphite, used in LIBs for the anode, can be substituted with 
hard carbon materials, which can also be efficiently synthetized from 
bio-waste resources, such as peanut shells [11,12], hazelnut shells [13], 
cellulose [14,15], bamboo [16], coffee powder [17], and many others 
[18]. At the cathode side, various structures and chemistries have been 
established in advanced SIBs. In the first place, layered oxide materials 
with either the P2- or O3-type structure and the general formula 
NaxMO2 (where M is a transition metal or a combination of them) 
represent one of the most promising solutions due to their very good 
performance and the analogy to Li-based materials sharing the same – or 
at least very similar – structure and charge storage mechanism (e.g., 
LiCoO2 or the more advanced LiNi1-y-zMnyCozO2, i.e., NMC) [19]. Pol
yanionic compounds with various crystalline structures containing the 
PO4 group are also drawing increasing interest due to their rather high 
operating voltage, delivered capacity and structural stability. Examples 
are vanadium-based NASICON-type Na3V2(PO4)3, the NaVPO4X (X = O, 
F) family [20], or the olivine-structured NaMnPO4, NaFePO4 and 
NaFe1-xMnxPO4 [21]. In addition, Prussian blue analogues with the 
general formula NaxM[M’(CN)6]y⋅zH2O demonstrated promising per
formance [22]. In this scenario, the extensive research on SIBs led to the 
development of commercial-type prototypes at the lab scale, including 
18650-type cylindrical cells combining a hard carbon anode and either 
polyanionic Na3V2(PO4)F3 [23,24] or the Prussian Blue analog 
Na2Fe2(CN)6 [25] as cathode active material, and 26650-type cylindri
cal cells using a Cu-based layered sodium transition metal oxide cathode 
[26]. These extensive efforts allowed for the recent commercialization of 
the first cylindrical SIB cells relying on hard carbon anodes and 
exploiting either Na3V2(PO4)2F3 [27] or a layered sodium transition 
metal oxide [28–31] as the cathode. In a recent report, we provided a 
first systematic investigation of commercially available 18650 and 
26700 SIB cells with nominal capacities of 1.5 Ah and 3.5 Ah, respec
tively, and compared the data with LIBs owning advanced configura
tions from pouch-type to cylindrical [32]. This study demonstrated that 
commercial SIB cells today already can well compete with LiFe
PO4-based LIBs in terms of specific energy, cell impedance, and thermal 
properties [32], underlining the intrinsic potential of this emerging 
technology. On the other hand, further improvements are required to 
make such battery cells a serious competitor of LIBs in a wide array of 
applications. Therefore, in the present work, we provide a systematic 
study on the 1.5 Ah 18650 SIB commercial cells to assess all details, from 
the macro-scale to the micro-scale. The 18650 SIB cells are firstly 
investigated in terms of design and physical arrangement of the elec
trodes in the jelly roll, followed by a thorough examination of the 
electrode composition and their electrochemistry. Finally, the electro
chemical performance of the 18650 SIB cells is evaluated under chal
lenging conditions to get a good understanding of their potential 
performance. The resulting thorough understanding of these recently 
commercialized SIB cells is of key importance for having a reference for 

further research, including not least the development of new materials. 
In fact, only when knowing in detail the current state of the art of this 
rather novel technology (with regard to its commercialization), mean
ingful research can be conducted that may help to get beyond the state of 
the art. This is even more important in this particular case, as there are a 
lot of numbers concerning specific energy etc. that have been announced 
by companies, but could not be independently confirmed, yet. To the 
best of our knowledge, our study is at least one of the first to do so, and 
certainly the one investigating commercial cells with the highest specific 
energy independently reported so far.

2. Experimental

2.1. Basic characterization of the cells

A commercial 18650-type SIB cell with a nominal capacity of 1.5 Ah 
was investigated. In addition to the cells from our previous study (batch 
1) [32], a second batch of 200 cells was purchased (batch 2). Upon 
arrival, these cells were first tested regarding their mass, voltage, and 
internal resistance prior to further use. An average mass of (36.72 ±
0.17) g was determined. The voltage and the corresponding internal 
resistance at 1 kHz, measured with a Hioki BATTERY HiTESTER 3554, 
were 2.568 ± 0.002 V and 19.6 ± 0.3 mΩ, respectively. The standard 
deviations of all measured values are in the range of 1–2% and therefore 
comparably low to commercial 18650 LIB cells [33,34], making the 
herein studied SIB cells suitable for further investigations.

In order to identify the quality of the SIB cells and to uncover 
manufacturing-related defects in a non-destructive manner, X-ray 
computed tomography (CT) scans were performed using a GE Phoenix v| 
tome|x m system with a microfocus X-ray tube (voltage: 122 kV, current: 
290 μA). The samples were rotated by 360◦ during the measurement, 
with a projection acquired at a defined degree-fraction, resulting in 
1000 individual images. Subsequently, the CT data were processed using 
the Datos reconstruction software to obtain 3D representations of the 
sample. For the detailed analysis, 2D regions of interest (ROIs) were 
extracted and processed using the Volume Graphics myVGL 2.2 soft
ware. A grayscale analysis was carried out, where materials with high 
density and atomic number (high radiation absorption), such as the cell 
casing and the current collector tabs, exhibit lower grayscale values.

To gain information on the cell design and the cell chemistry, pristine 
cells were subjected to an ex situ analysis, i.e., opened and disassembled 
in the fully discharged state (1.5 V) in an Ar-filled glovebox (MBraun, 
H2O and O2 levels below 0.1 ppm). The electrode dimensions such as the 
length and width of the current collector foils as well as the coated areas 
were measured under Ar atmosphere. A batch of wet electrodes was 
directly sealed in vials to perform headspace gas chromatography-mass 
spectrometry (GC-MS) on the electrolyte used in the SIB cell, using a 
Clarus 680 gas chromatograph coupled with a Clarus 600T quadrupole 
mass spectrometer from PerkinElmer.

Differential scanning calorimetry (DSC) was conducted on the 
separator of the SIB cell with a DSC 204 F1 instrument from Netzsch. The 
sample crucible and the reference crucible filled with Al2O3 were 
simultaneously heated twice from 30 ◦C to 220 ◦C at a rate of 5 ◦C min− 1, 
and the measured temperature difference between the sample and the 
reference was converted into a heat flow, which corresponds to endo
thermic or exothermic reactions of the sample.

2.2. Physicochemical characterization of the electrodes

After dimensional evaluation, the electrodes obtained from the 
18650 SIB cells were washed three times with dimethyl carbonate 
(DMC, ≥99 %, anhydrous, Sigma-Aldrich) for 1 min each and subse
quently dried under vacuum. The ex situ scanning electron microscopy 
(SEM) analyses of the electrodes were performed using a ZEISS Cross
beam XB340 instrument equipped with an energy dispersive X-ray 
(EDX) spectrometer (Ultim Extreme™, Oxford instruments). The cross- 
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sectional electrode samples were prepared using a Capella focused ion 
beam (FIB) with a gallium ion source, utilizing a course milling current 
of 65 nA, followed by a fine milling current of 7 nA. The cross-section 
images were captured following FIB milling by using the SmartSEM 
software for tilt correction to compensate for any image distortion 
arising from the 54◦ tilt from the optical axis. The same electron mi
croscope was employed with an accelerating voltage of 5 kV to capture 
additional images of the electrode surface.

The electrode thicknesses, which are averages of ten measurements 
at different positions along the jelly roll, were determined with a 
micrometer gauge. Mercury intrusion porosimetry (MIP) measurements 
were performed on the electrodes using a PASCAL 140–440 Series 
porosimeter from Porotec. The surface tension and the contact angle of 
mercury were set to 0.48 N m− 1 and 140◦, respectively, and the pressure 
was increased stepwise with a speed of 6–19 MPa min− 1, until a 
maximum pressure of 375 MPa was reached.

X-ray diffraction (XRD) patterns were recorded using a Bruker D8 
Advance (Cu-Kα1,2 radiation; SSD160-2detector; 2.5◦ soller slits; 9.5 mm 
fixed divergence slit) in the 2θ range from 10◦ to 120◦ for the cathode 
and between 10◦ and 90◦ for the anode, with a 2θ step size of 0.01◦. The 
experimental conditions for the cathode were set to achieve XRD pattern 
intensities exceeding 12,000 counts. The XRD pattern recorded for the 
cathode active material was refined by the Rietveld method in the R-3m 
space group using the JANA 2020 software [35]. The initial LeBail 
refinement settings were as follows: background: manual in combina
tion with the Chebyshev polynomial with 5 variables; vertical shift: 
Sycos; unit cell dimensions: a and c; profile: Pseudo-Voigt peak-shape 
function with GW, LY, LX. The structure refinement parameters were as 
follows: atomic position z of oxygen (coordinates for Na, Fe, Mn, and Ni 
positions were fixed); thermal displacement parameters: isotropic 
approximation for all ions; occupancy of Na (occupancies for Fe, Mn, 
and Ni were entered as 1/3 and fixed). A schematic representation of the 
crystal structure of the cathode active material was obtained using the 
Diamond 4.6.8. software.

Transmission electron microscopy (TEM) was conducted on the 
coating powders using a Talos F200i microscope (Thermo Fisher Sci
entific) operating at an accelerating voltage of 200 kV. Selected area 
electron diffraction (SAED) patterns were collected using a 10 μm 
selected area aperture. EDX mapping analysis was performed in scan
ning transmission electron microscopy (STEM) mode using Dual Bruker 
XFlash 6–100 DES detectors.

X-ray photoelectron spectroscopy (XPS) measurements were carried 
out both on electrodes and coating powder of the cathode with a Specs 
XPS system. To avoid surface contamination, the samples were trans
ferred after preparation in inert gas atmosphere to the sample load lock 
of the XPS system. The measurements were acquired using mono
chromatized Al Kα radiation (300 W, 15 kV) and pass energies of 90 and 
30 eV for survey and detail measurements, respectively. All binding 
energies were calibrated with the C 1s peak of adventitious carbon at 
284.8 eV. The CasaXPS software was employed for the peak fit of the 
XPS results using Shirley-type backgrounds together with Gaussian- 
Lorentzian (GL30) peak shapes. Single-coated anodes and cathodes 
were obtained by removing one of the slurry coatings using deionized 
water under ambient atmosphere. The single-coated tapes were subse
quently cut into 12 mm-diameter discs and dried under vacuum at 
110 ◦C for 3 h before transferring them into an Ar-filled glovebox 
(MBraun, H2O and O2 level below 0.1 ppm). Bare aluminum current 
collectors were obtained from the anode and cathode by removing the 
electrode coatings using deionized water. Prior to any further analysis, 
the Al current collectors were dried under vacuum to remove possible 
traces of water. The thicknesses of the current collectors were calculated 
based on the mass per unit area and the density of Al being 2.7 g cm− 3. 
SEM micrographs of the Al current collectors were acquired using a Zeiss 
LEO 1550 microscope operating at an accelerating voltage of 5 kV.

2.3. Electrochemical evaluation of the electrodes and cells

Single-side coated electrodes were used in Na half-cells in either 
coin-type (CR2032, S4R company) or Swagelok-type cells. The half-cells 
were assembled by stacking a 12 mm Na metal disc (Acros Organics) as 
negative electrode, a glass fiber GF/D Whatman® separator with 
diameter of either 10 or 16 mm for Swagelok and coin-type cells, 
respectively, and a 12 mm single-side coated electrode. The Swagelok 
cells were assembled in a three-electrode configuration by using a third 
Na metal electrode as quasi-reference. The electrolyte used in Na half- 
cells was prepared by mixing ethylene carbonate (EC, ≥99 %, acid 
<10 ppm, H2O < 10 ppm, Sigma-Aldrich) and propylene carbonate (PC, 
≥99 %, acid <10 ppm, H2O < 10 ppm, Sigma-Aldrich) as solvents in a 
1:1 wt ratio, sodium hexafluorophosphate (NaPF6, battery grade, Fluo
rochem) as conducting salt with a concentration of 1 mol L− 1 (1M), and 
fluoroethylene carbonate (FEC, battery grade, Sigma-Aldrich) with a 
concentration of 2 wt% with respect to the solvents-salt mixture. Cyclic 
voltammetry (CV) was performed on three-electrode cells between 0.02 
and 2.0 V vs. Na+/Na for the anode and between 2.0 and 4.1 V vs. Na+/ 
Na for the cathode at a sweep rate of 0.1 mV s− 1. Electrochemical 
impedance spectroscopy (EIS) was carried out upon CV at the open 
circuit voltage (OCV) of the cell, as well as after the 1st and 5th cycle 
within the 500 kHz–100 mHz frequency range using a voltage amplitude 
of 10 mV. Two-electrode Na half-cells (coin-cells) were subjected to 
galvanostatic charge/discharge cycling at a specific current of 1 mA 
gcoating
− 1 between 0.02 and 2.0 V for the anode and between 2.0 and 4.1 V 

for the cathode. All the Nyquist plots of the EIS data were analyzed 
through the non-linear least-squares (NLLS) fitting method with the aid 
of the Boukamp software [36,37]. Only fits with a χ2 value of the order 
of 10− 4 or lower were accepted. CV and EIS measurements were 
recorded via a multi-channel VMP3 potentiostat-galvanostat (Biologic 
Science Instruments), while galvanostatic tests were conducted using a 
MACCOR Series 4000 battery test system. The operating temperature for 
all the electrochemical measurements was 20 ◦C.

The electrochemical performance of the 18650 cells was evaluated in 
asymmetrical rate capability tests in the voltage range between 1.5 V 
and 4.1 V. First, a discharge rate capability test, then a charge rate 
capability test was performed. The discharge rate capability tests were 
performed prior to the charge rate capability tests in order to exclude 
effects of possible Na deposition for the former. During the first 24 cycles 
(i.e., the discharge rate capability part of the tests) the C rate in the 
constant current– constant voltage charging steps was fixed to C/2 with 
a cut-off current of C/20 (1C = 1.5 A) in the constant voltage phase, and 
the cells were discharged three times at each C rate of C/10, C/5, C/3, C/ 
2, 1C, 2C, 3C, and then again at C/10 in constant current mode. After the 
discharge rate capability test, the discharge C rate was fixed to C/2 in the 
following 29 cycles for the charge rate capability part of the tests. The 
cells were charged in constant current mode three times per tested C rate 
(C/10, C/5, C/3, C/2, 1C, 3/2C, 2C, and C/10). One cycle with a C/10 
charge step was implemented before each increase in C rate. In between 
all charge and discharge steps, the cells were allowed to rest for 1 h. All 
electrochemical measurements performed on the 18650 cells were 
conducted with five cells at room temperature using a BaSyTec CTS 
battery test system.

3. Results and discussion

Fig. 1 reports the CT investigation of the pristine 18650 SIB cell and 
the dimensional evaluations of the electrode jelly rolls. Fig. 1a–e shows 
the results of the CT analysis, where materials with high density, i.e., the 
electrodes, current collector tabs, and the cell housing, exhibit high 
radiation absorption and are therefore displayed in darker grey in the 
scans. The frontal 2D cross-sections near the positive (Fig. 1a) and the 
negative (Fig. 1b) terminals of the cell reveal a cathode current collector 
tab which is connected to the positive terminal, while the anode current 
collector tabs are fixed to the negative terminal. Regarding the electrode 
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Fig. 1. (a–e) X-ray CT analysis of a pristine 18650 SIB cell: (a, b) frontal 2D cross-section CT near (a) the positive and (b) the negative terminal; (c) axial 2D cross- 
section CT at mid-height of the cylinder with (d) a grayscale value profile along the dashed line in the CT image and (e) the digitalization of the spiral. (f) Schematic 
representation of the cell design of the 18650 SIB cell. The values given for the dimensions of the electrodes correspond to the mean value of three cells from batch 2 
(see the Experimental section for details).
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alignment, it can be seen in Fig. 1a and b that the electrode layers are 
uniformly arranged in the outer and middle parts of the jelly roll. Only in 
the inner part near the core of the jelly roll, the electrode layers appear 
to be shifted towards the negative terminal. This effect most probably 
results from the winding process since the shift is similar on both sides of 
the jelly roll (compare Fig. 1a and b). However, this asymmetry is not as 
pronounced as recently reported for another type of an early commercial 
18650 SIB cell, which was also affected by blended ends of the electrode 
layers [28].

Fig. 1c depicts an axial 2D cross-section of the CT data at mid-height 
of the cell cylinder, presenting the wound jelly roll without any de
formations. The axial cross-section reveals two anode current collector 
tabs, which are located at the outer-most and the inner-most range of the 
jelly roll. In contrast, the cathode current collector tab is positioned in 
the middle part region of the jelly roll. All of these three arrestor tabs 
have no burrs and there are no other indications of manufacturing- 
related defects. A similar tab design was also reported for LIB cells 
[38–40], in fact.

Fig. 1d shows the line scan along the dashed line in the axial CT 
cross-section (Fig. 1c). The peaks of significantly low grayscale values in 
Fig. 1d (dark grey in Fig. 1c) can be assigned to the cell housing and the 
anode current collector tab near the core. The peak with the highest 
grayscale value in the periodic part of Fig. 1d (light grey in Fig. 1c) 
correlates with the location of the cathode current collector tab, while 
the curve profiles from pixel 600 to 650 with slightly higher grayscale 
values than in the neighboring regions is due to the bare aluminum 
current collector foils, likely arising from minor irregularities in the 
electrode winding, as also suggested by the corresponding CT region in 
Fig. 1c. The periodicity of the grayscale values along the cross-section 
allows for the determination of the approximate number of windings 
in the jelly roll by counting the peak maxima in the line profile [34]. A 
total of 38 peaks was identified, corresponding to approximately 19 
windings for the 18650 SIB cell. In order to measure the exact number of 
windings, the spiral digitization method described in our previous work 
was used [41]. For this method, the windings of the jelly roll are digi
tized by superimposing them with a line that takes into account the exact 
start and end angle of the jelly roll. The resulting spiral-like line for the 
commercial SIB cell is depicted in Fig. 1e. The number of windings 
calculated by this method is 18.6, which is in the same order of 
magnitude as for cylindrical 18650 LIB cells [34,41–43], while 21700 
LIB cells present a higher number of windings using the same electrodes 
[34,41]. After the non-destructive characterization of the 18650 SIB 
cells, pristine cells were opened in a glovebox and the jelly rolls were 
unrolled under Ar atmosphere. Fig. 1f schematically depicts the design 
of the double-side coated electrodes along with the dimensional char
acteristics measured for three cells of batch 2. For both, the anode and 
the cathode, an Al foil is used as the current collector. This is in contrast 
with another type of commercial SIB cell previously reported, where a 
Cu current collector was utilized for the anode as in LIB cells [28]. While 
the coated areas are the same size for the core- and case-facing side of 
the cathode, the anode coating area of the core-facing side is larger than 
that of the case-facing side, where approximately 68 mm of blank col
lector foil were found at the outer-most end of the electrode. Further
more, the cathode current collector tab and the tab located at the 
outer-most range of the anode were identified as being attached to the 
respective electrode on the case-facing side. In contrast, the anode 
current collector tab at the inner-most range of the electrode is on the 
core-facing side of the anode. In general, the anode is longer and wider 
than the cathode with a total length and width of ~651 mm and ~59 
mm compared to ~573 mm and ~57 mm, respectively. It is worth 
noting that these lengths differ significantly from the dimensions 
determined for the electrodes retrieved from the cells of batch 1 [32]. 
Indeed, total lengths of ~709 mm and ~633 mm were measured for the 
anode and cathode, respectively, in batch 1 [32]. However, there are no 
differences in terms of electrode widths between the two batches.

Regarding the electrode thicknesses, on the one hand, the same Al 

collector foil thickness of ~12 μm as recently reported for the electrodes 
from batch 1 [32] was determined for both the anode and the cathode 
foils for batch 2. On the other hand, a single-sided anode coating 
thickness of in average ~101 μm was measured for the cells of batch 2, 
which is more than 10 μm thicker than our previous investigation for 
batch 1 [32]. Overall, the anodes of both batches of SIB cells investi
gated in this study are thicker than those of a different type of com
mercial 18650 SIB cell, for which a coating thickness of 76–78 μm was 
determined [28]. For the single-sided cathode coating, an average 
thickness of ~67 μm was measured for the cells of batch 2, which is also 
slightly thicker than our previous results for batch 1 [32]. In this context, 
it is important to note that, generally, for the coating thicknesses of both 
electrodes, inhomogeneities were found along the electrodes and for the 
core- and case-facing side with high cell-to-cell variations, implying that 
there is still room for improvement for the overall production and 
quality control.

In order to identify the solvent components of the electrolyte of the 
commercial 18650 SIB cell, headspace GC-MS measurements were 
conducted on anodes, which were sealed immediately after the cell 
opening. The resulting chromatogram shown in Fig. S1 indicates the 
presence of DMC, ethyl methyl carbonate (EMC), EC, and PC. Mixtures 
of these carbonates are typically used as solvents in non-aqueous elec
trolytes for SIB cells [44,45]. On the one hand, EC, DMC, and EMC are 
also common components of state-of-the-art electrolytes for LIB cells 
[46,47]. On the other hand, PC is usually not used as a solvent for LIB 
cells due to its tendency to co-intercalate between the graphene layers of 
the graphite anode, leading to exfoliation [48]. No electrolyte additives 
were detected via GC-MS. However, it cannot be excluded that such 
components might already have reacted during formation on the elec
trode surface or that they were not sufficiently volatile for the available 
headspace method.

The DSC analysis, reported in Fig. S2 and performed on the separa
tors retrieved from 18650 SIB cells of batch 1 and 2, shows for both 
batches an endothermic peak due to melting of the separator material. 
However, the temperature at which the melting process takes place 
differs for the cells of the two batches (batch 1: 165 ◦C, batch 2: 133 ◦C), 
likely indicating the use of different separator materials for cells of batch 
1 and batch 2. The temperature of the peak of batch 1 agrees well with 
the melting range of polypropylene (PP), whereas it matches to poly
ethylene (PE) for batch 2 [49]. Both PE and PP are also typically used in 
LIB cells, in fact, sometimes together in multilayer separators [49–51]. 
The fact that the separator material was changed for batch 2, as well as 
the already discussed significant differences in the cell design between 
the cells of the investigated batches, suggests that there is an ongoing 
further optimization of the cell design and composition.

Fig. 2 displays the results of the morphological and structural anal
ysis of the electrodes retrieved from the 18650 SIB cells of batch 2 in 
terms of cross-sectional SEM-EDX (Fig. 2a–q) and XRD (Fig. 2r and s). 
The cross-sectional micrographs of the anode at various magnifications 
(Fig. 2a–c) reveal an electrode coating composed of randomly shaped 
“edgy” particles that are uniformly distributed throughout the entire 
coating with sizes ranging from 1 μm to over 5 μm, surrounded by a 
blend accounting for the polymer binder and conducting carbon used for 
electrode manufacturing. The corresponding EDX elemental map of 
carbon (Fig. 2d) confirms the carbonaceous nature of the primary par
ticles, indicating that the active material is a hard carbon, and displays 
lower density regions in correspondence of the surrounding blend, being 
in line with the presence of a conducting carbon in the coating. Likewise, 
the presence of sodium in the polymer binder is evidenced by the cor
responding EDX map (Fig. 2e), suggesting the use of a water-soluble 
binding agent such as sodium carboxymethyl cellulose (CMC) [52]. 
The presence of oxygen is detected for both the hard carbon particles 
and the binder/conducting carbon mixture (Fig. 2f), as expected by the 
carbon terminal groups and O-bridges in the polymer binder, while the 
elemental maps for F (Fig. 2g) and P (Fig. 2h) suggest the decomposition 
of the conducting salt such as NaPF6 at the electrode surface and the 
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formation of a solid electrolyte interphase (SEI) in line with possible 
formation cycles performed on the SIB cell after assembly and prior to 
the eventual shipping to the customer [28].

The SEM micrographs acquired for the cathode (Fig. 2i–k) reveal the 
presence of active material particles with a spherical shape and mixed 
size of either ca. 2 μm or about 10 μm, surrounded by the binder/con
ducting carbon mixture. The related EDX elemental maps (Fig. 2l–q) 
show a homogenous distribution of Na (Fig. 2l), Ni (Fig. 2m), Mn 
(Fig. 2n), Fe (Fig. 2o) and O (Fig. 2p) within the particles, accounting for 

the active material with the general formula NaxNiyFezMn1-y-zO2 [32], as 
well as of F (Fig. 2q), in line with an interphase formation and/or the 
presence of fluorine in the binder along with a further distribution due to 
the ion beam cutting, while C (inset in Fig. 2q) is mainly detected in the 
binder/conducting carbon regions. The stoichiometric coefficients for 
Ni, Mn, and Fe were determined by EDX and the results are presented in 
Table 1, revealing an essentially equal content for the transition metals 
between 0.32 and 0.35, in agreement with previous surface SEM-EDX 
analyses [32].

Fig. 2. (a–q) SEM-EDX analyses of the (a–h) anode and (i–q) cathode retrieved from the 18650 SIB cells. In detail: (a-c, i-k) SEM cross-sectional images and (d-h, l- 
q) corresponding EDX elemental maps (the EDX analyses for the cathode are reported in Table 1); (r, s) X-ray diffractograms of the (r) anode and (s) cathode 
(reference data of NaNi0.3Fe0.4Mn0.3O2 (ICSD #19752) are reported in panel (s) for comparison).
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Additional morphological insights into the 18650 SIB cell electrodes 
were obtained by surface SEM imaging, presented in Fig. S3. The mi
crographs confirm the uniform distribution of randomly shaped, "edgy" 
hard carbon particles for the anode (Figs. S3a–c) and spherical particles 
for the cathode, ranging from 2 μm to 10 μm (Figs. S3d–f), both being 
surrounded by a binder/carbon mixture. MIP measurements performed 
on the electrodes retrieved from the SIB cell reveal that the porosity of 
the anode from the pristine cell is ~35 %, whereas the cathode has a 
porosity of ~31 %. These porosity values are in the same range as the 
ones determined for a hard carbon-based anode and NaxNiyFezMn1-y- 

zO2-based cathode of another type of commercially available 18650 SIB 
cells investigated recently [28]. Generally, the anode porosity of the 
herein investigated SIB cell is higher than the porosity determined for 
graphite (~29 %) [53] and Si/graphite (~29 %) [33] anodes retrieved 
from commercial high-power LIB cells, indicating one potential 
approach to further enhance the energy density of SIBs. Additional SEM 
measurements carried out on the bare aluminum current collectors after 
removal of the coating layer mirror the characteristic morphology of the 
active materials of the two electrodes (Fig. S4). The aluminum sample 
obtained from the anode (Figs. S4a–c) exhibits a rough and scratched 
surface, while the cathode current collector (Figs. S4d–f) displays a 
homogenous distribution of 10 μm-sized prominences, indicating that 
the electrodes have been well calendared to decrease the porosity, while 
still being higher than for commercial LIBs.

The structural features investigated via XRD show for the anode the 
expected amorphous pattern typical of hard carbons (Fig. 2r), identified 
by two broad signals centered at around 23◦ and 44◦ corresponding to 
the (002) and (100) lattice spacings, respectively [54,55]. Differently, 
the cathode displays a well-defined crystalline pattern in line with the 
layered structure of NaxNiyFezMn1-y-zO2 (Fig. 2s), as confirmed by the 
reference data reported for comparison. The results of the Rietveld 
refinement performed on the cathode XRD pattern are depicted in 
Fig. S5. They show that the cathode active material structure is consis
tent with an O3-type layered manganese oxide, with no relevant indi
cation of any crystallized admixture phase. The evaluation of the a and c 
unit cell parameters reveals values of 2.96660(4) Å and 16.0911(6) Å, 
respectively, leading to a corresponding volume of 122.640(5) Å3 (inset 
in Fig. S5a). In addition, Table S1 reports the detailed crystallographic 
data, including atomic positions, occupancies (ai), coordinates (x, y, z), 
and thermal displacement parameters (Uiso), allowing for the estimation 
of Na0.93(1) per formula unit in the active material via the analysis of the 
sodium occupation at the (0,0,0) position. This relevant sodium content 
well correlates with the stochiometric value of 0.88 for Na previously 
determined using inductively coupled plasma optical emission spec
troscopy (ICP-OES) [32]. Moreover, the established a and c unit cell 
dimensions, together with the interplanar/interslab distances for the 
(003) and (104) planes of d003 = 5.36 Å and d104 = 2.16 Å, respectively 
(Fig. S5b), are in good agreement with previous investigations on 
O3-NaFe1/3Ni1/3Mn1/3O2 [56]. In this regard, the stochiometric value 
for Na is slightly lower than 1, as observed herein, potentially due to the 
formation cycles performed on the 18650 SIB cell before opening, 
justifying the higher c and d003 interslab distance values expected from 
the pristine O3-NaFe1/3Ni1/3Mn1/3O2, as well as the decreased a 
parameter [56].

Further details on the morphology and composition of the active 
materials used in the 18650 SIB cells are provided in Fig. 3 by the TEM/ 
STEM-EDX study performed on the electrode powders obtained from the 
coatings of the hard carbon anode and the layered oxide cathode. The 
TEM micrographs obtained for the anode powder (Fig. 3a and b) confirm 
the rather random morphology of the hard carbon particles with prev
alently micrometric size. The corresponding EDX elemental maps ob
tained in STEM mode (Fig. 3c–f) highlight the coverage of the carbon 
particles by Na, O, and F, which is in line with sodium-containing 
polymer binder, oxygen terminal groups and F-based conducting salt 
as previously observed with SEM-EDX. Concerning the cathode powder, 
TEM reveals primary particles with a size of around 500 nm (Fig. 3g) and 
allows for the direct observation of the layered structure, evidencing an 
interlayer distance of about 5.59 Å (Fig. 3h), which is in line with the 
interplanar d003 distance value detected through XRD refinement. A 
more precise evaluation of this parameter is additionally provided by 
the SAED pattern in Fig. S6, which indicates a value of 5.39 Å for the 
(003) planes and 2.16 Å for the (104) ones, being in very good agree
ment with the XRD refinement data. The EDX elemental maps (Fig. 3i–n) 
further corroborate the composition of the cathode active material by 
identifying Na, Ni, Mn, Fe and O, alongside traces of C accounting for the 
binder and conductive carbon, while the corresponding analyses in 
Table 1 confirm the equal content for the transition metals.

Further investigation was conducted by means of XPS measurements 
(Fig. 4), which were carried out on both anode (Fig. 4a–g) and cathode 
(Fig. 4h–n) after extraction from the 18650 SIB cell. Interestingly, the 
survey spectra show for both the hard carbon (Fig. 4a) and NaxNiy

FezMn1-y-zO2 (Fig. 4h) electrodes the same set of signals, revealing the 
expected presence of Na, F, O, and C, and additionally signals of P, Cl, 
and N [57], indicating the formation of passivation layers with similar 
composition on the two electrodes. In more detail, the high-resolution 
spectra obtained for the anode (Fig. 4b–g) reveal contributions in the 
C 1s region (Fig. 4b) from C-C/C-H, C-O and C=O (likely O-C=O) bonds 
at 284.7 eV, 286.5 eV and 288.7 eV [58–61], respectively, which is 
confirmed by the O 1s signals for C=O at 531.6 eV and C-O at 533.5 eV 
(Fig. 4c) [62,63]. This is in line with decomposition products deriving 
from carbonate-based solvents used in the electrolyte solution and with 
the presence of a cellulose-based binder. Information on the nature of 
the conducting salt is provided by the F 1s (Fig. 4d) and P 2s (Fig. 4g) 
high-resolution spectra, that show the typical signature of depos
ited/decomposed NaPF6 at 687.6 eV and 194.2 eV, respectively, while 
traces of NaF deriving from salt by-products are detected at 684.4 eV 
(Fig. 4d) [60,64]. In addition to the expected presence of the relevant Na 
1s signal in the hard carbon electrode at 1072.7 eV (Fig. 4e), ascribable 
to the deposited/decomposed conducting salt and possibly to Na from 
the carboxymethyl cellulose binder [61], the XPS analysis reveals 
non-negligible contributions from C-N-based species in the N 1s region 
at 400.2 eV (Fig. 4f) and NaCl (Cl 2p3/2 peak at 198.2 eV, Fig. 4g) [65,
66]. The presence of N and Cl suggest the use of electrolyte additives to 
promote the formation of beneficial passivation layers, where NaCl may 
derive from the decomposition of NaClO4, which has relevant 
SEI-forming abilities in addition to the conducting properties [67]. In 
fact, the use of various N-based passivating species in SIBs has been 
previously reported [65,68].

The high-resolution spectra obtained for the cathode (Fig. 4i–n) 
show a similar response, where the C 1s region (Fig. 4i) displays addi
tional signals for graphitic sp2 carbon at 284.0 eV [68], likely deriving 
from the conducting carbon additive, and a C-F bond at 290.5 eV, 
indicating the use of a F-based binder such as PVdF [58]. The presence of 
C-O and C=O bonds is apparent in the C 1s (Fig. 4i) and O 1s (Fig. 4j) 
spectra, while the relative intensities differ from the anode, likely due to 
contributions from the electrode coating composition [62,63]. In gen
eral, the F 1s (Fig. 4k), Na 1s (Fig. 4l) and N 1s (Fig. 4m) detail spectra 
present a result similar to that observed for the anode, while the F 1s 
spectrum additionally includes a contribution from the C-F bond of the 
binder with the main peak at 687.5 eV [64,69]. Interestingly, the 

Table 1 
EDX analyses acquired on the cross-sectional SEM images shown in Fig. 2i–k and 
on TEM micrographs displayed in Fig. 3g related to the cathode retrieved from 
the 18650 SIB cell. The results are reported both in atomic concentration and as 
corresponding stoichiometric coefficients.

Element EDX on SEM 
(At.%)

Stoich. coeff. 
(SEM)

EDX on TEM 
(At.%)

Stoich. coeff. 
(TEM)

Ni 7.2 0.33 9.40 0.32
Fe 7.5 0.35 9.86 0.34
Mn 6.9 0.32 10.07 0.34
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Fig. 3. TEM/STEM-EDX analyses of powders obtained from the (a–f) anode and (g–n) cathode retrieved from the 18650 SIB cell. In detail: (a, b, g, h) TEM images 
and (c-f, i-n) the corresponding EDX elemental maps (the results of the EDX analysis for the cathode are reported in Table 1).
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Fig. 4. XPS analysis of the (a–g) anode and (h–n) cathode extracted from the 18650 SIB cells. In detail: (a, h) survey spectra and (b-g, i-n) high-resolution detail 
spectra. Additional XPS data collected on the cathode powder are reported in Fig. S7.
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spectrum of the Cl 2p/P 2s region (Fig. 4n) confirms the presence of 
NaPF6 at 194.0 eV, and reveals at the same time a much lower intensity 
for the Cl 2p signals, suggesting a minor deposition/decomposition of 
the Cl-based additive at the outer layers of the cathode interphase. 
Noticeably, the absence of signals ascribable to Ni, Mn, and Fe, and to 
the metal-oxygen interaction in the NaxNiyFezMn1-y-zO2 lattice [62,69,
70] indicates a relatively thick interphase being formed at the positive 
electrode. Thus, additional XPS analysis was performed on the cathode 
coating powder after fine manual grinding to expose the transition metal 
signals and provide further insights into the electrode composition, as 
displayed in Fig. S7. As expected, the survey spectrum (Fig. S7a) exhibits 
also the response from Fe, Mn, and Ni. The corresponding 
high-resolution 2p spectra of the transition metals (Figure S7b, c and d, 
respectively) allow for the estimation of the oxidation state, being +3 for 
Fe, as indicated by the main Fe 2p3/2 and 2p1/2 signals at 711.9 eV and 

724.4 eV [71,72], respectively, and +4 for Mn, as indicated by the Mn 
2p3/2 and 2p1/2 signals at 642.4 eV and 654.1 eV, respectively [71,73]. 
In addition, the Cl 2p region of the cathode coating powder (Fig. S7e) 
shows a notable growth of the NaCl peaks [66], suggesting a more 
relevant contribution of the Cl-based additive at the inner side of the 
passivation layer. It is worth mentioning that the Cl 2p signals related to 
NaCl may originate also (in part) from the decomposition of NaClO4 
despite the absence of the perchlorate signals [74], as reported in the 
literature [66].

The electrochemical activity of the hard carbon and NaxNiyFezMn1-y- 

zO2 electrodes retrieved from the 18650 SIB cell was evaluated in so
dium half-cells via CV, EIS, and galvanostatic cycling (Fig. 5). The CV 
data recorded for the Na‖hard-carbon half-cells (Fig. 5a) shows a 
defined process close to 0 V vs. Na+/Na during the cathodic sweep, 
related to the insertion of the Na+ ions into the hard carbon, followed by 

Fig. 5. Electrochemical investigation in sodium half-cells exploiting (a, c, e) the anode and (b, d, f) cathode retrieved from the 18650 SIB cell. In detail: (a, b) CV 
recorded at 0.1 mV s− 1 in three-electrode Swagelok cells using Na metal as additional reference electrode in the (a) 0.02–2.0 V vs. Na+/Na range for the anode and 
(b) 2.0–4.1 V vs. Na+/Na for the cathode; (c, d) Nyquist plots obtained via EIS at OCV and after 1 and 5 CV runs in the 500 kHz–100 mHz frequency range with a 
voltage signal amplitude of 10 mV (the inset in panel (c) shows a magnification); (e, f) galvanostatic cycling tests performed at 1 mA gcoating

− 1 in Na half-cells using a 
coin-cell configuration between either (e) 0.02 V and 2.0 V for the anode, or (f) 2.0 V and 4.1 V for the cathode. The NLLS analyses of the Nyquist plots are reported 
in Table 2.
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the deinsertion along a very broad and little pronounced peak between 
0.3 and 1.0 V vs. Na+/Na upon the anodic sweep [11,67,75]. Differently, 
the CV data recorded for the Na‖NaxNiyFezMn1-y-zO2 half-cells (Fig. 5b) 
display well defined oxidation processes at about 3.0 V and 3.6 V vs. 
Na+/Na in the first cycle, followed by the corresponding reduction peaks 
at around 3.56 V and 2.8 V vs. Na+/Na. The redox couple at around 3.0 
V vs. Na+/Na has been ascribed to the oxidation and reduction of Ni2+ to 
Ni4+ and vice versa, while the process between 3.5 V and 3.6 V has been 
associated to the Fe3+/Fe4+ redox couple [76–78]. In the subsequent 
cyclic sweeps, the CV data show a slight increase in potential for the 
nickel redox couple, and exhibit a remarkable reversibility and over
lapping of the iron-related reduction/oxidation process.

Further investigation of the two different electrodes was conducted 
by means of EIS performed at OCV as well as after one and five cyclic 
sweeps (Fig. 5c and d). The resulting Nyquist plots were analyzed via the 
NLLS fitting method to identify the underlying resistances (R) and 
constant phase elements (Q). The resistance contributions include the 
electrolyte resistance (Re), i.e., the high frequency intercept of the plot, 
the interphase resistance (Ri), i.e., the sum of the amplitudes of the high- 
middle frequency semicircles (Rn, n = 1, 2) arranged in parallel with the 
Qn constant phase elements in (RnQn), and the resistance associated to 
finite-length Warburg-type Na+ diffusion arranged in parallel in the 
(RwQw) segment, i.e., the amplitude of the low-frequency semicircle [36,
37]. The NLLS outcomes are reported in Table 2. For fitting the results 
obtained for the Na‖hard-carbon half-cell, a Re(R1Q1)(R2Q2) equivalent 
circuit was chosen with an initial Ri above 2300 Ω at OCV that increases 
to ~3000 Ω after one cycle and decreases to ~1420 Ω after five cyclic 
sweeps. Nonetheless, the interphase still presents a relevant resistive 
character eventually, indicating that the charge transfer and storage at 
the negative electrode might be the limiting factor for the rate capability 
and overall performance of the full-cells. In fact, the 
Na‖NaxNiyFezMn1-y-zO2 half-cells display a very low overall impedance, 
with an initial Ri value of only ~8 Ω, which further decreases to less than 
5 Ω upon cycling (Table 2). The NLLS results well agree with the kinetics 
of the NaxNiyFezMn1-y-zO2 electrode apparent from the CV data (Fig. 5b), 
and show in addition a slight change in the number of (RnQn) segments 
of the equivalent circuit from Re(R1Q1)(R2Q2)(RwQw) at OCV to 
Re(R1Q1)(RwQw) after one cycle as a result of the interphase and elec
trode rearrangement upon cycling, which leads to slight changes in the 
electrochemical process kinetics as observed also in the modification of 
the shape of the CV profiles from the first to the subsequent ones as 
mentioned earlier. It is worth noting that the width of the low-frequency 
semicircle attributed to the cathode in Fig. 5d (identified by the (RwQw) 
element in the equivalent circuits reported in Table 2) significantly in
creases after the first CV cycle, which may be due to the (repeated) 
sodiation of the active material or to structural rearrangements of the 

electrode bulk in the discharged state that hinders the diffusion of Na+

ions, as previously observed in the literature [79].
Subsequently, the electrodes were briefly evaluated via galvanostatic 

cycling in half-cell configuration for one dis-/charge cycle at a specific 
current of 1 mA gcoating

− 1 (Fig. 5e and f). The voltage profile related to the 
hard carbon half-cell (Fig. 5e) displays during discharge a sloping region 
developing from 0.90 V to 0.75 V, ascribed to the insertion of Na+ ions in 
the carbon structure, followed by the plateau region extending down to 
0.02 V, which has been assigned to the insertion of Na+ ions into the 
hard carbon micropores [80,81], leading to a total capacity of about 2.1 
mAh during discharge, and a subsequent charge capacity of around 2.0 
mAh.

The voltage profile obtained for the NaxNiyFezMn1-y-zO2 half-cell 
(Fig. 5f) shows an initial sloped plateau starting from about 2.9 V, fol
lowed by a sloping region centered at around 3.3 V and a final plateau at 
above 4.0 V, yielding a total charge capacity of 2.9 mAh. The subsequent 
discharge delivers a capacity as high as 3.1 mAh. This very brief eval
uation of the two different electrodes via galvanostatic cycling further 
confirms that the hard carbon anode appears to be the bottleneck for 
achieving high-rate capability and performance, while the NaxNiy

FezMn1-y-zO2 cathode appears well engineered already.
Fig. 6 shows the results of the rate capability tests carried out on five 

commercial 18650 SIB full-cells. The discharge rate capability was 
tested during the first 24 cycles by discharging the cells three times at 
each individual C rate (i.e., C/10, C/5, C/3, C/2, 1C, 2C, 3C, and then 
again C/10 where 1C = 1.5 A). Fig. 6a compares the voltage profiles of 
the discharge curves of the first discharge cycle at C/10 and the last 
discharge at 3C. Overall, there is a good reproducibility of the data 
between the five tested cells. The discharge voltage curves recorded at 
3C are shifted toward lower voltages compared to the discharge curves 
at C/10 due to higher polarization effects resulting from the higher 
current flow, which leads to higher overpotentials with increasing C rate 
[82]. An average discharge capacity of 1.56 ± 0.01 Ah is delivered by 
the pristine cells during the first cycle at C/10. In contrast, the average 
delivered capacity during the last discharge cycle at 3C is limited to 
about 1.45 ± 0.02 Ah. This trend is consistent with the normalized 
end-of-discharge capacities shown in Fig. 6b. Up to a C rate of C/3, there 
is only little difference observable between the capacity retention of the 
five different cells used for these measurements, and the discharge ca
pacity is stable within the three cycles performed at each of the lower C 
rates. However, for C rates > C/2, there is a greater scattering between 
the normalized capacity values. Moreover, the capacity retention de
creases with every additional discharge cycle. For example, at the 
highest C rate of 3C, an average capacity retention of ~93.4 % is reached 
for the first cycle, while it further decreases to ~92.7 % in the third 
cycle. The dropping capacity retention indicates the occurrence of sig
nificant capacity losses in this test with multiple cycles per C rate 
compared to our previous observation for rate capability tests with only 
one cycle per each C rate [32]. The significant drop in capacity observed 
for dis-/charge rates between 1C and 3C strongly suggests a wide room 
for improvement, especially in view of the maximum continuous 
discharge rate of 3C indicated in the producer data sheet. Although not 
explicitly stated by the manufacturer, this observation underlines that 
the investigated cell type seems to be optimized for high energy rather 
than high power applications. This is in line with our previous report, 
where we found that the specific energy of these SIBs is higher than that 
of previously studied LiFePO4-based LIB cells optimized for high power 
applications [32]. Moreover, the reduced capacity retention of only 
97–98 % for the C/10 control cycles at the end of the discharge rate 
capability test likely indicates irreversible side reactions involving 
electrolyte or electrode deterioration that hinder the full delivery of 
capacity.

Charge rate capability tests were performed after the discharge ones 
in the subsequent 29 cycles (cycle number 25–53), implementing con
trol cycles at C/10 before each increase in C rate to observe possible 
irreversible capacity losses. In order to evaluate the fast-charging 

Table 2 
NLLS analyses performed via the Boukamp software [33,34] on the Nyquist plots 
reported in Fig. 5 recorded by EIS upon CV in Na half-cells exploiting either the 
anode or cathode extracted from the 18650 SIB cell as the working electrode.

Electrode Cell 
condition

Circuit R1 [Ω] R2 

[Ω]
Ri (

∑
Rn) 

[Ω]

χ2

Anode OCV Re(R1Q1) 
(R2Q2)

7.6 ± 0.5 2331 
± 124

2338 ± 87 1 ×
10− 4

After 1 
cycle

Re(R1Q1) 
(R2Q2)

9.7 ± 0.6 2093 
± 122

3003 ± 86 4 ×
10− 4

After 5 
cycles

Re(R1Q1) 
(R2Q2)

7.7 ± 0.6 1413 
± 78

1421 ± 55 8 ×
10− 4

Cathode OCV Re(R1Q1) 
(R2Q2) 
(RwQw)

2.7 ± 0.2 5.2 
± 0.5

7.9 ± 0.4 6 ×
10− 5

After 1 
cycle

Re(R1Q1) 
(RwQw)

4.7 ± 0.2 / 4.7 ± 0.2 1 ×
10− 4

After 5 
cycles

Re(R1Q1) 
(RwQw)

4.5 ± 0.2 / 4.5 ± 0.2 2 ×
10− 4
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capability of the 18650 SIB cells, even higher C rates than the maximum 
allowed C rate of 1C mentioned in the data sheet from the manufacturer 
were tested. The corresponding charge voltage curves for the first cycle 
at C/10, as well as for the last cycles at 1C and 2C, are characterized once 
more by a good data reproducibility for five cells, as depicted in Fig. 6c. 
Similar to the discharge curves (Fig. 6a), higher overpotentials are 
observed for the charge profiles for an increasing C rate.

The capacity retention trends obtained from the charge rate capa
bility tests are shown in Fig. 6d. In this case, the end-of-charge capacities 
are normalized to the charge capacity obtained from the first cycle 
performed at the lowest C rate of C/10. In general, the scattering of the 
charge capacity retention is higher than that of the discharge counter
parts. In particular, at C rates exceeding the mentioned maximum C rate 
of 1C allowed by the manufacturer’s data sheet, the electrochemical 
performance of the five tested cells notably differs. Remarkably, a sig
nificant capacity decrease is observed between the first and the second 
charge cycle at C/10, which might result from a loss of cyclable Na+-ions 
due to Na deposition taking place on the hard carbon surface during 
charge. In the subsequent C/10 control cycles before the maximum 
charge rate is exceeded, the average charge capacity retention is only 
slightly further reduced, suggesting that only minor capacity losses are 
occurring. However, when the 18650 SIB cells are charged at C rates 
higher than 1C, the capacity retention suddenly increases again for 3 of 
the 5 tested cells, indicating that again more Na+ ions can be inserted 
into the anode structure. Nevertheless, at the same time the capacity 
retention drops significantly in the intermediate and final C/10 charging 
steps, indicating a rapid aging of the cells during fast-charging, possibly 
due to Na deposition and subsequent reactions of Na metal with elec
trolyte, similar to the Li deposition in Li-ion cells [83,84].

4. Conclusions

Commercial 18650 SIB cells have been thoroughly analyzed in terms 
of both design/dimensional parameters, performance of the full-cells, 
and evaluation of the physicochemical and electrochemical properties 
of the anode and cathode separately. The CT analysis performed on 
pristine 18650 SIB cells revealed no manufacturing-related defects and a 
jelly roll with 18.6 windings. Dimensional evaluations of the electrode 
design obtained by cell opening, as well as the DSC analysis carried out 
on the separator material, showed significant differences between the 
cells of the two production batches investigated. GC-MS measurements 
indicated the presence of DMC, EMC, EC, and PC as solvent components 
in the electrolyte of the commercial 18650 SIB cell. The observed cell 
design is very similar to that of LIB cells, supporting the often-mentioned 
claim that SIB cells can be regarded as drop-in technology. Electron 
microscopy including SEM and TEM both coupled with EDX revealed the 
use of a hard carbon material for the anode composed of randomly 
shaped “edgy” particles with a size ranging from 1 μm to 5 μm. The 
cathode analysis confirmed the use of a layered oxide active material 
with particle size ranging from 2 μm to 10 μm, with Ni, Mn, and Fe being 
present in the same concentration, in line with the NaxNiyFezMn1-y-zO2 
formula. XRD experiments confirmed the disordered structure of the 
hard carbon, while the Rietveld refinement of the NaxNiyFezMn1-y-zO2 
pattern allowed for the determination of the O3-type structure and a 
sodium content close to 1 (Na0.93). XPS analyses indicated the possible 
use of Cl- and N-based additives in the electrolyte, while additional XPS 
performed on the cathode coating powder led to the determination of 
the oxidation states of +3 and + 4 for Fe and Mn, respectively. CV 
coupled with EIS was performed on three-electrode Na half-cells to 

Fig. 6. (a, b) Discharge and (c, d) charge rate capability tests performed on five 18650 SIB cells. In detail: (a) comparison of the discharge voltage curves for the first 
discharge step at C/10 and the third discharge step at 3C; (b) discharge rate-dependent capacity retention trend normalized to the discharge capacity of the first 
cycle; (c) comparison of the charge voltage curves for the first charge step at C/10 and the third charge step at 1C and 2C, respectively; (d) charge rate-dependent 
capacity retention trend normalized to the charge capacity of the first cycle.
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assess the respective electrochemical features of the two different elec
trodes. The experiments displayed sluggish kinetics for the hard carbon 
electrode, while the NaxNiyFezMn1-y-zO2 cathode exhibits a very low 
resistance and excellent reversibility. The evaluation of the performance 
of the commercial 18650 SIB full-cells by rate capability tests revealed 
irreversible capacity losses occurring in particular at higher C rates, 
underlying that the herein investigated cell type is more suitable for 
high-energy than high-power applications.
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