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The study examines Sn-based anodes for sodium-ion batteries,
highlighting the crucial role of the effective formation of a
“coral-like” Sn structure in achieving stable cycling. Conducted
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reveals that the development of an interconnected coral-like
morphology - governed by Sn content and the degree of sodiation -
effectively mitigates volumetric expansion in u-Sn anodes.
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Assessing the role of morphological changes as the
origin of improved cycling stability of Sn-based
anodes for sodium-ion batteries}
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Faduma M. Maddar, ©2 Alexey Y. Koposov, & °¢ Gustavo Pinzén, @ ¢ Geoff West @2

and Ivana Hasa @ *@

Tin (Sn) is a promising anode material for sodium-ion batteries (NIBs) due to its high theoretical capacity,
good conductivity and higher density compared to hard carbon, which could significantly increase

energy density. However, the substantial volume changes Sn undergoes during (de-)sodiation typically

result in mechanical degradation and unstable solid-electrolyte interphase (SEl). While recent research
has reported unexpectedly stable cycling of micrometric Sn anodes in ether-based electrolytes, the
mechanisms behind this performance remain underexplored. In this work, we investigate the influence
of both Sn content and particle size on the structural and electrochemical stability of Sn-based

electrodes. Contrary to expectations, increasing the Sn content does not compromise the cycling

stability. Instead, higher Sn loading facilitates the formation of a robust bicontinuous porous architecture,

known as coral-like structure, which enhances electrode resilience by distributing mechanical stress and
accommodating volumetric expansion. This morphology is particularly prevalent in Sn-rich electrodes,
where sufficient Sn enables extended structural connectivity during cycling. Interestingly, smaller Sn

particles (submicron and nanoscale) result in poorer cycling performance, underscoring the importance

of both particle size and network formation in achieving mechanical robustness. Moreover, we

demonstrate that the development and propagation of the coral-like framework are contingent not only
on the initial Sn content but also on the degree of sodiation. While Sn-rich anodes cycled in half-cells

achieve a fully sodiated crystalline phase that supports dense network formation,
configurations the full sodiation is not achieved, leading to the formation of a less dense and continuous
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in full-cell

porous structures that are more susceptible to cracking. These insights highlight the need for full-cell

DOI: 10.1039/d5ta03000e
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1 Introduction

Sodium-ion batteries (NIBs) have attracted increasing attention
as a potential low-cost alternative to lithium-ion batteries
(LIBs), particularly to those using a combination of lithium iron
phosphate (LFP) and graphite. Abundance and availability of
the raw materials employed and the compatibility with existing
LIBs manufacturing lines are encouraging more battery
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optimization to promote complete sodiation and unlock the full potential of Sn-based anodes in
practical NIB applications with higher energy density.

manufacturers to adopt NIBs production, with the promise of
lower long-term costs.

Yao et al' recently examined how factors such as energy
density and supply chain dynamics influence when NIBs might
become more economical than LFP-based LIBs. NIBs were
found to gain competitive advantage during disruptions in the
lithium-ion supply chain such as high lithium prices or graphite
shortages. However, their cost-effectiveness declines if the
sodium-ion supply chain, particularly segments involving
nickel, faces similar strains. The cost advantage traditionally
associated with NIBs is currently challenged by the continuous
price decrease of LFP/graphite LIB cells,” making it increasingly
important to enhance NIBs' energy density while preserving low
manufacturing cost. A viable solution, beside improving cost/
performance properties of the cathode chemistries employed,
relies on the implementation of alternative anode materials.

Alloying-type anode materials, primarily from group IV and vV
elements of the periodic table, are capable of reversibly forming
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alloys with lithium (Li) and sodium (Na) offering high theoret-
ical capacity for alkali-ion batteries. Among the alloying anode
materials silicon (Si), the leading alternative to graphite in LIBs,
has not shown ability to alloy with Na.® Phosphorous (P) offers
the highest theoretical capacity (2596 mA h g~') but its poor
electronic conductivity necessitates the use of conductive
carbon, lowering the overall energy density. Lead (Pb) presents
a good conductivity but exhibits a lower capacity (485 mAh g™ )
as well as a mild toxicity. However, owing to its low cost and
high recycling rates as well as its ubiquity in Pb-acid batteries, it
has been well investigated in recent studies as a possible anode
for NIBs.** Antimony (Sb), germanium (Ge) and bismuth (Bi)
have been explored, however their lower abundance and high
cost makes them less appealing for application in industrially
relevant NIBs.*

Tin (Sn) stands out as a highly promising candidate due to its
high theoretical capacity (847 mA h g '), good electrical
conductivity, relatively high abundance and environmental
friendliness.® Additionally, the significantly higher density of Sn
(~7.31 g cm ™)' compared to hard carbon (HC) (~0.9 g em ™)
offers a potential for a marked increase in energy density (W h
L.

Recent modelling studies by Yao et al.* reported a compar-
ison between sodium nickel manganese layered oxide (NaNM)|
Sn and NaNM|HC cells leading to approximatively 30% reduc-
tion in initial price, while also suggesting the need for
continued cathode development work to maintain long-term
competitiveness. Furthermore, a recent announcement by
UNIGRID Inc. (San Diego, California, USA) in partnership with
Sodion Energy Pte. Ltd (Tamil Nadu, India) highlights the
feasibility of the implementation of Sn in industrially relevant
sodium chromite (NaCrO,, NCO)|Sn cells.® Nanode Battery
Technologies (Alberta, Canada) has also reported major
advancements claiming a cycle life exceeding 5000 cycles along
with fast-charging capabilities (6 min).°

Despite its potential, Sn, like the other alloying systems,
undergoes significant volumetric expansion during sodiation
leading to mechanical degradation, unstable solid-electrolyte
interphase (SEI), and eventual cell failure.’ Nanostructuring
of Sn can buffer volume changes but often reduces energy
density and increases production cost and complexity.* Intro-
ducing carbon-based conductive additives has been proposed
as a strategy to mitigate the deleterious effects of volumetric
expansion, counterbalancing mechanical strain and providing
conductive pathways."*™® Many studies reported on the use of
nanostructured carbon matrices such as carbon nanofibers or
nanotubes, graphene or amorphous carbon, which resulted in
irreversible capacity associated to Na trapping or reduction of
the overall active material mass in the electrode.® Despite the
benefits of this approach the use of a carbon matrix, being
generally electrochemically inactive, decreases the overall
capacity of the electrode affecting the energy density of the cell.
Sn and Pb exhibit some of the larger volumetric expansions
(420% and 390%, respectively) during Na alloying due to the
much lower density of the final alloy compared to the pristine
material.>"* Yet, when cycled in ether-based electrolytes (e.g.
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monoglyme or diglyme) even micrometric Sn and Pb show
unexpected stable electrochemical performance.

Zhang et al.** first reported the superior performance of
micrometric Sn (u-Sn) cycled in diglyme compared to the same
material tested in standard carbonate-based electrolytes. The
electrodes revealed outstanding behaviour, outperforming
many other nanostructured Sn-based materials,"'® with a first
coulombic efficiency (FCE) of 92% and a capacity retention of
88%. The SEM analysis revealed a smooth surface and high
integrity of the Sn electrode after 100 cycles, attributed to the
thin and robust SEI layer able to keep the electrode together
limiting cracking and delamination.

Further studies carried out by Kim et al.'”'® explored the
morphological evolution of p-Sn electrodes cycled in ether-
based electrolyte highlighting the growth of a mechanically
robust and porous “coral-like structure” after many cycles. The
same structural changes were reported for p-Sn powders mixed
with different carbon additives to form a composite electrode
and for a Sn foil electrode (binder-free and additive-free),
underlining that the phenomenon is imputable solely to
metallic Sn independently from the electrode composition.
These findings redirected the focus of the investigation from
nano-sized or nanostructured Sn particles to bulk Sn anodes,
paving the way for the development of new approaches to
improve Sn anodes performance in NIBs. This resilience
towards volumetric expansion is attributed to the formation of
a unique bicontinuous porous framework.*>' referred to as
“coral-like structure” that mitigates volumetric expansion and
prevents electrode breakdown.

However, the mechanism behind the formation of the “coral-
like structure” and its effectiveness in alleviating the effects of
volume expansion still need to be clarified, as well as the role of
the glyme-based electrolyte in facilitating and sustaining the
robust Sn-network.>**

In this work, the structure-performance relationship of Sn-
based anodes is explored to uncover the correlation between
electrode composition, active material particle size and elec-
trochemical response during the Na-Sn (de-)alloying process.
The influence of the electrode composition on the cycling
stability, capacity and rate capability was evaluated using HC as
a matrix to improve the structural stability of Sn anodes while
contributing to the overall capacity. Contrary to expectations,
our findings reveal that increasing the Sn content does not
compromise cycling stability. Indeed, Sn-rich electrodes
composed of p-Sn and HC exhibit comparable cycling stability
to HC-rich electrodes yet deliver a significantly higher capacity.
It is found that higher Sn loading facilitates the formation of
a robust bicontinuous porous “coral-like structure”. The struc-
ture was tracked using ex situ cross sectional scanning electron
microscopy with energy dispersive X-ray analysis (SEM-EDS)
and Phase Contrast X-ray computed tomography (XCT) of
cycled Sn-rich electrodes, revealing its propagation throughout
the electrode thickness after extended cycling and the particle
size reduction of Sn upon de-alloying. Interestingly, smaller Sn
particles (submicron and nanoscale) result in poorer cycling
performance, underscoring the importance of both particle size
and Sn content in the formation of the coral-like structure.

This journal is © The Royal Society of Chemistry 2025
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To assess real-world viability, Sn-based anodes were assem-
bled into full-cells using Prussian White (PW) as the cathode
material. Interestingly, the coral-like structure only partially
formed in full-cell configurations. This behaviour was investi-
gated using a combination of focus ion beam (FIB)-SEM, ex situ
and operando X-ray diffraction (XRD), and electrochemical
analysis to gain deeper insight into the degradation mechanism
of Sn-based anodes. It was found that the distinctive coral-like
morphology can form and extend throughout the electrode
only when a fully sodiated crystalline phase is formed. Only with
an extended coral-like structure an effective mitigation of the
effects of the volumetric expansion can be achieved by allowing
particle size reduction of Sn upon de-alloying with the conse-
quent formation of a dense Sn metallic network.

2 Experimental section
2.1 Materials

Sn powders with different particle size (<150 nm; <10 um, <45
pm, latter corresponding to —325 mesh) were purchased from
Sigma Aldrich and are here referred to as nanometric, sub-
micrometric Sn and micrometric (u-Sn) respectively. The Sn
materials were used as received for electrodes preparation. The
three materials were investigated as mixtures with
KURANODE™ Type 2 Hard Carbon (HC) (dso = 5 pm). Sn and
HC were thoroughly mixed by means of a Thinky mixer (Thinky
ARE-250, Intertronics) in various weight ratios to obtain the Sn/
HC active materials. Specifically, the Sn/HC ratio varied in
weight% as follows 80:20 (SnHC82), 60:40 (SnHC64), 40 : 60
(SnHC46), and 20 : 80 (SnHC28).

2.2 Characterization

Scanning Electron Microscopy (SEM) was used to evaluate the
particle size and morphology of the different Sn powders by
a Zeiss Sigma FE-SEM (Zeiss, Germany). The same instrument
was used to obtain images of the pristine and cycled electrode's
cross-sections. The electrodes were transferred from the Glo-
vebox to a Hitachi broad beam Ion Milling System (IM4000 plus)
equipped with an air-protection unit where the cross-sectional
milling was carried out with an acceleration voltage of 4 kv
for 1 hour and 30 minutes. The milled samples were then
analysed by SEM using an acceleration voltage of 5-10 kV.
Energy Dispersive X-ray (EDS) spectroscopy was used to map the
elements in the electrodes. The samples were transferred
between the different equipment using air-less transfer vessels
to avoid air exposure causing undesired reactions.

A Dualbeam Field Emission Gun Scanning Electron Micro-
scope (FEG-SEM) with a Plasma Focused Ion Beam (PFIB)
system (Thermo Fisher Scientific Helios 5 Hydra CX) was also
used to explore the electrodes’ morphology in more detail by
performing 3D FIB-SEM tomography. A sample area was first
prepared by broad beam ion milling as previously described,
and then transferred, with Al foil at the top, to the PFIB system
using the CleanConnect inert gas transfer system. A 200 um
wide 100 um deep volume was selected for analysis. Trench cuts
were made using a 30 kV 400 nA Ar beam. Thermo Fisher

This journal is © The Royal Society of Chemistry 2025
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Scientific Auto Slice and View software V5 was used to auto-
matically cut and image the volume. Slices with a nominal
thickness 75 nm were cut using a 30 kV 28 nA Ar beam with
automated stage rocking (rocking tilt of 5°). Backscattered
electrons (BSE) SEM images were acquired every 150 nm with 2
kv 400 pA beam conditions. The FIB-SEM tomography data
were aligned using Avizo 2023.1 (Thermo Fisher Scientific, USA)
software.

The samples for phase contrast XCT were prepared by first
transferring a piece of electrode (with Al foil at the top) and
a sharpened carbon rod to a Thermo Fisher Scientific Helios 5
Hydra CX PFIB using the CleanConnect inert gas transfer
system. A 150 pm wide and 150 um deep piece of the electrode
was cut using a 30 kV 500 nA Xe beam and then extracted by
welding to a lift-out needle. Carbon deposition was used when
welding to avoid adding to the sample any heavy element which
strongly absorb X-rays. The extracted sample was then mounted
on a 1 mm diameter carbon rod that had been filed down to
a point and were mounted in huber pins sized to fit in the
sample stage of ID16B beam line at European Synchrotron
Radiation Facility (ESRF, Grenoble, France) and secured with
carbon welding. The sample was then transferred back with air
protection to a glovebox, encapsulated with a Kapton cover and
sealed with epoxy adhesive to protect it from air exposure.

Phase contrast XCT was carried out at the ID16B beamline at
ESRF. The beam operated at 29.6 keV with projections captured
on a PCO camera at 2048 x 2048 pixels - further details on the
instrument arrangement in the hutch can be found in ref. 22.
Holographic XCT was the chosen imaging trajectory where
projections are acquired through 360 degrees at four different
source-object distances. The Paganin method was used for
phase retrieval of the projections, which were then recon-
structed using standard Filtered Back Projection. The samples
were imaged at 100 nm for full field of view, followed by region
of interest imaging at 30 nm in the centre of the sample to
understand finer resolution features. This resulted in imaging
volumes of 204.8 pm® and 61.44 pm? respectively.

Image analysis of the resultant tomographies was performed
in Avizo 2023.1 (Thermo Fisher Scientific, USA). As shown in the
resultant image slices, Sn is clearly distinguishable from the
rest of the electrode. For this reason, an Otsu thresholding
method was used to segment the Sn from the rest of the elec-
trode to observe the spatial distribution in 3D. With the Sn
identified, a particle size analysis was performed calculating
both the volume and equivalent diameter enabling calculation
of the volume distribution of distinct connected particles, and
identification of unreacted Sn in the cycled samples that
remained spherical. The thickness of the electrodes (without
the current collector) was calculated by segmentation of the
electrode surface and considering the average height perpen-
dicular to the current collector.

X-ray diffraction (XRD) measurements of the pristine powders
and electrode samples were carried out using a Malvern PAN-
alytical Aeris diffractometer (40 kv, 15 mA) with non-
monochromatic Cu Ko radiation (Kol = 1.540562 A, IKa2 =
1.544390 A). A Ni Cu-K8 filter, a soller slit (0.04 rad), a divergence
slit (1/4°) and a 13 mm X-ray mask were used on the incident
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beam side. An anti-scatter (9 mm) and soller (0.04 rad) slits were
used on the diffracted beam side. Data was collected in Bragg-
Brentano mode using a zero background Si holder while spin-
ning, between an angular range of 5-60° (26) for the electrodes
and 20-90° for the powders, with a step size of 0.02° and time per
step of ~200 s using a PIXcellD-Medipix3 detector. Electrodes
were transferred from an argon-filled glovebox into the instru-
ment by using a zero background Si holder covered with kapton
film to prevent air exposure during the measurement.

For the ex situ analysis, all the cells were stopped at 1.5 Vand
then disassembled in an argon-filled glovebox. Electrodes were
recovered in the de-sodiated state and were washed with
dimethyl carbonate (DMC) to eliminate electrolyte residuals.

Operando XRD (Bruker D8-A25 powder diffractometer with Mo
radiation, AKol = 0.7093 A, AKe:2 = 0.7136 A, focusing mirror
primary optic) available at the Norwegian National Resource
Centre for X-ray Diffraction and Scattering (RECX) was used to
obtain the diffraction pattern of the Sn-based anodes while per-
forming galvanostatic cycling with an SP150 battery cycler (Bio-
Logic). The instrument is equipped with a Dectris Eiger 2 R 500k
2D area detector, which was used in 1D mode. The operando cell
was assembled as described by Drozhzhin et al.** using specifi-
cally designed cells equipped with two sapphire windows trans-
parent to the X-ray radiation and hard enough to ensure constant
pressure in the cell. The half-cell was assembled using a Na disk
as the counter electrode from which a hole was cut in the middle
corresponding to the sapphire window to reduce its signal
contribution in the XRD pattern. 225 uL of electrolyte were added
on the Glass fibre separators (Whatman, grade GF/A) during cell
assembly. Such high quantity was required to compensate for
a potential electrolyte leakage during cycling with the operando
cell setup and to ensure that electrolyte consumption would not
be a limiting factor during prolonged cycling.

2.3 Electrode processing and electrochemical testing

Electrodes were prepared by mixing the active materials powders
(Sn and HC) in different weight ratios, maintaining the total wt%
of active material in the electrodes at 90% resulting in Sn/HC
amount (%) of 72/18 for SnHC82, 54/36 for SnHC64, 36/54 for
SnHC46, and 18/72 for SnHC28. The active material was first
mixed with carbon black (C45, Imerys), a solution of carbox-
ymethyl cellulose (CMC) (Bondwell BVHS, Ashland) in water was
added to the dry mix and finally styrene-butadiene rubber (SBR)
(BM-451B, Zeon) in the proportion 90.0:5.0:2.5:2.5, respec-
tively, to prepare a slurry. Deionized water was used as the solvent
and all the components were mixed in a Thinky mixer (Thinky
ARE-250, Intertronics). The slurry was then coated onto a 15 pm
thick aluminium foil (Avotec Steel) using a doctor blade on
a coater (Coatmaster 510 XL. Erichsen). The resulting coatings
were dried in a Binder oven under ambient atmosphere at 60 °C
for 48 hours. The micro-Sn/HC composite electrodes described in
section 3.1 were calendered using a roller press calender (Inno-
vative Machine Corp.) to ensure adequate adhesion to the current
collector and facilitate the SEM analysis by preventing delami-
nation during milling of the samples. The Sn/HC electrodes
described in the Section 3.2 are not calendered. Electrodes were

30970 | J Mater. Chem. A, 2025, 13, 30967-30984

View Article Online

Paper

then cut into discs (@15 mm for two electrode coin cells, 12 mm
for three-electrode Swagelok type cells and 18 mm for three-
electrode EL-cells) and dried under vacuum in a glass oven (B-
585, Buchi) at 120 °C for 12 hours.

The Sn-based electrodes had a mass loading ranging from
2.5-5 mg cm™ > with an areal capacity of 1-2.5 mA h em™2.

Cell assembly was carried out in an argon-filled glove box
(MBraun LABstar) with a H,O and O, content lower than
0.5 ppm. In the half-cell configuration, Na metal was cut from
Na pieces (99.8%, Acros Organics) and used as the counter
electrode (and reference electrode in the T-cell format). Two
16 mm diameter glass fibre separators (Whatman, grade GF/A)
were soaked in 120 pL of electrolyte. 1 M sodium hexa-
fluorophosphate (NaPFs) solution in either diglyme (Fluo-
rochem Ltd) or a mixture of ethylene carbonate (EC) : diethylene
carbonate (DEC) in a ratio of 3 : 7 (v/v%) (Fluorochem Ltd) were
used as the electrolyte. Galvanostatic cycling tests were con-
ducted within the 0.01-1.5 V voltage range, with a battery tester
(BCS-805, Biologic), applying a constant current of ~50 mA g~ "
for the first cycle and ~100 mA g~ ' for the following cycles.
These current density values correspond to different C-rates,
depending on the specific theoretical capacities of the Sn/HC
electrodes. Details on the calculation of the theoretical capac-
ities are provided in the ESI.{ Rate capability tests were carried
out cycling the cells for 5 cycles at increasing current densities:
50 mA g ", 100 mA g, 200 mA g ', 500 mA g ', 1000 mA g "
and then again at 100 mA g~ . Cyclic voltammetry (CV) tests
were conducted within the 0.01-1.5 V (vs. Na'/Na) potential
range at a scan rate of 0.1 mV s~ ' using a VMP3 (BioLogic)
potentiostat. Full cells were assembled using Prussian White
(PW, Altris AB) with a nominal chemical composition of
Na, go(5)Fe[Fe(CN)s]-1.84(3)H,O as the positive electrode and
1 M NaPFy in diglyme as the electrolyte (120 pL). Aqueous
processing was used to prepare the PW electrodes following the
procedure described by Maddar et al.>* Such electrodes were cut
into discs (14.8 mm diameter) and dried under dynamic
vacuum using a glass oven at 170 °C for 20 hours. They were
then weighted in a dry room (dew point —40 °C) to obtain the
final dry mass and moved into the glovebox for cell assembly.

The mass loading of the PW cathode was kept constant
(~110-120 g m~2) with the anode loading varying according to
the capacities delivered in half-cells. Full cells were assembled
targeting an N/P ratio of ~1.1. Galvanostatic cycling tests were
conducted within the 1.3-3.8 V voltage range at a constant
current of 50 mA g~ for the first cycle and 100 mA g~ for the
following cycles (considering 1C = 150 mA g~ ', the C-rate would
be C/3 and C/1.5, respectively). All electrochemical tests were
carried out in climatic chambers (Binder oven) at 25 °C. The
electrochemical results reported (cycling data) include devia-
tion among at least 2 cells, while a corresponding representative
voltage profile is reported for each test.

3 Results and discussion
3.1 Investigating cycling stability of p-Sn/HC anodes

A theoretical volumetric expansion of 424% is expected when
comparing the unit cell volume of pristine and fully sodiated Sn

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 (a) Cyclic voltammograms at 0.1 mV s~* for Sn/HC electrodes with different Sn : HC weight ratio. (b) Voltage profile during galvanostatic
cycling at 50 mA g~ (15 cycle) and 100 mA g~ (70% cycle) and corresponding (c) cycling stability in terms of charge (de-sodiation) capacity and
(d) coulombic efficiency. Tests conducted at 25 °C within the 0.01-1.5 V range. Electrolyte: 1 M NaPFg in diglyme.

phases. To mitigate the associated degradation effects, carbon
matrices have been proposed to counterbalance mechanical
strain while providing conductive pathways. Herein, p-Sn
particles were mixed with HC in various weight ratios. Unlike
commonly used carbon matrices like amorphous carbon, which
offer negligible or minimal contribution to the electrochemical
process, HC was chosen to buffer the volume expansion of Sn
while also contributing to the overall capacity of the electrode.

A quantity varying from 80 to 20 wt% of p-Sn powder was
added to HC to obtain Sn/HC electrodes. Precisely, active
materials composed of Sn/HC ratios of 80/20, 60/40, 40/60, and
20/80 were prepared (hereafter referred to as SnHC82, SnHC64,
SnHC46 and SnHC28, respectively) and mixed with the other
electrode's components as described in the Experimental
section. The obtained Sn/HC electrodes were tested electro-
chemically in Na half-cells using 1 M NaPF, in diglyme as the
electrolyte. For comparison electrodes with 100% of HC as
active material were also tested as shown in Fig. 1.

Cyclic voltammetry was performed to investigate the elec-
trochemical reactivity of HC and Sn during the de-sodiation
process. Fig. 1a shows that all the Sn/HC electrodes exhibit
two intense reduction peaks at ~0.13 V and ~0.01 V during the
cathodic sweep, with intensities increasing with higher amount
of Sn in the electrode underlining the alloying reaction between
Sn and Na. The reduction peak at 0.01 V is detected for all Sn
containing electrodes and similarly for the HC-based electrode,
suggesting an overlapping reaction mechanism between Na-Sn
alloying and HC-Na' intercalation at very low potential values.
Three anodic peaks located at 0.25 V, 0.55 V, and 0.68 V vs. Na'/
Na indicate the reversibility of the Na-Sn de-alloying process*
with peak intensities increasing with Sn content.

A rather broad and flat cathodic peak is observed at ~0.8 V
for the HC-rich electrodes, i.e. HC and SnHC28, which can be
correlated with Na* adsorption into the HC structure (sloping

This journal is © The Royal Society of Chemistry 2025

region during galvanostatic cycling). An enlarged view of this
peak is presented in Fig. Sla in the ESLt In addition, all the
electrodes show an anodic peak at ~0.1 V during the de-
sodiation corresponding to Na' de-insertion from HC. The
peak is more intense for electrodes with a high amount of HC,
highlighting HC's contribution to the overall capacity. To
further confirm the electrochemical reactivity of HC also in the
Sn-rich electrodes, CV was performed on a SnC82 electrode
where carbon black is used in a 20 wt% instead of HC. The
results reported in Fig. S1bt show that the anodic peak at 0.1 V
does not appear this time. However, an additional contribution
at 0.15 V is observed which instead can be attributed to the de-
insertion of Na* from the amorphous carbon black matrix. This
indicates that the carbon black still contributes to Na storage
capacity, albeit to a much lower extent than HC.**

It is worth mentioning that an additional small broad anodic
peak appears at ~1.3 V during de-sodiation of Sn-rich elec-
trodes. While this is not visible for the HC-rich electrodes in the
data shown in Fig. 1a, a zoomed region is reported in Fig. Sic
and d. The peak appears to be irreversible (no corresponding
cathodic peak) suggesting an ongoing irreversible oxidative
process. This process is identified also in galvanostatic mode,
especially for the SnHCS82 electrode, as a small plateau
appearing upon de-sodiation at about 1.3 V in the voltage profile
(Fig. 1b). This feature has not previously been described in
literature as the de-sodiation of Sn based anodes is generally
reported up to 1 V. This plateau appears much reduced in the
voltage profile of the same electrode (SnHC82) assembled in
a Na half-cell and cycled with a carbonate-based electrolyte
(reported in Fig. S2at) highlighting a different reactivity of Sn
with carbonate-based electrolytes when compared to glyme-
based systems. In addition, Sn-rich electrodes exhibit initial
lower OCV values (~1.4 V) in diglyme compared to the same
electrodes in EC:DEC (OCV > 2 V at the start of the first

J. Mater. Chem. A, 2025, 13, 30967-30984 | 30971


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ta03000e

Open Access Article. Published on 21 de maig 2025. Downloaded on 28/1/2026 20:51:06.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry A

discharge curve in Fig. S2at) and the pure HC electrode (OCV >
2 V in Fig. 1a), which may indicate a spontaneous chemical
sodiation of Sn rich anodes in contact with diglyme-based
electrolytes. This trend is clearly visible in Fig. 1a where the
voltammogram for the first cycle starts at lower voltage for Sn-
rich electrodes and is reflected also in galvanostatic mode
(OCV value in the first discharge process in Fig. 1b). A low OCV
in glyme-based electrolytes was also reported for other Sn-based
electrodes."*® While the investigation of these differences is
beyond the scope of the work presented, further studies are
currently being undertaken to better understand the influence
of ether-based systems in the sodiation mechanism of Sn
anodes. After three cycles, the first cathodic peak at 0.13 V in Sn-
based electrodes appears less intense and shifted to higher
voltage (dotted line in Fig. 1a). This phenomenon was reported
in previous studies® and attributed to delayed sodiation and
the SEI formation process in the initial cycle. However, the other
redox processes are reproducible, revealing a good reversibility
of the (de-)sodiation processes.

The cycling behaviour of the Sn/HC electrodes was tested
galvanostatically with results reported in Fig. 1b-d. The voltage
profiles of the Sn/HC electrodes compared to HC reveal the Na-
Sn (de-)alloying mechanism, confirming the CV results. A clear
contribution of HC is more visible for the SnHC28 material
which presents a sloped voltage curve at higher voltages in both
charge and discharge, indicating a rather limited contribution
of Sn, which is instead observable with the appearance of
voltage plateaus for higher Sn contents. As expected, the specific
capacity increases by adding more Sn to the active material,
transitioning from a minimum (upon de-sodiation) of
397 mAh g~ for the SnHC28 electrodes (and 294.7 mA h g~* for
the pure HC electrodes) to a maximum of 701.5 mA h g~ " for the
SnHCB82. All electrodes show satisfactory cycling stability as
reported in Fig. 1c, however a closer evaluation of the data
reveals that unexpectedly the overall stability after 70 cycles
does not decrease with a higher amount of Sn in the active
material. On the contrary, the relative capacity retention as well
as the first coulombic efficiency (FCE) value (Fig. 1d) improves
with higher Sn content in the electrode composition. The
delivered capacity, FCE and capacity retention for all the
different types of electrodes are reported in Table 1.

As the volumetric expansion effects are expected to increase
linearly with the amount of Sn in the electrode, and a large
amount of HC should counter the volumetric expansion, the
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results reported here suggests a mismatch between the expected
degradation mechanisms associated with volumetric expansion
and the cycling stability of Sn-rich electrodes. Based on these
findings, electrodes using Sn as the sole active material are ex-
pected to offer both high capacity and good stability, potentially
outperforming the Sn/HC anodes investigated in this study.
Notably, a recent study by Garayt et al.> examined Sn-rich elec-
trodes containing 80 wt% and 90 wt% micrometric Sn,
combined with carbon black, SWCNT, PAA and CMC binder
making up the remaining 20% and 10%, respectively. These
electrodes demonstrated strong stability and delivered capac-
ities exceeding 800 mA h g~ ' when cycled in monoglyme at 30 ©
C. In terms of formulation, their 90% Sn electrode is equivalent
to what would be considered a 100% Sn active material elec-
trode in our system, as our formulations include 90% total
active material. Interestingly, their results showed that
increasing the Sn content from 80% to 90% led to only
a marginal gain in capacity but reduced the capacity retention.
This suggests that using 100% of Sn as the active material could
offer slightly higher capacity at the cost of reduced cycling
stability. However, due to significant differences in electrode
formulation (particularly the use of different binders and
conductive additives) a direct comparison between the two
studies is not possible. Further investigation is therefore
necessary to fully assess the cycling behaviour of Sn-only elec-
trodes, which is currently ongoing in our lab.

To assess the role of HC in the cycling stability, a model
electrode was prepared by using 80% of Sn and 20% of carbon
black (C45) replacing the HC in the active material formulation
(referred as SnC82) and tested under the same conditions. In
this work, carbon black is considered as an active material for
a better comparison with SnHCS82 electrodes. A theoretical
capacity of 180 mA h g~ ' was accounted for as contribution
from carbon black, in line with previously reported data for
carbon black-based electrodes cycled in ether-based electro-
lytes.* These electrodes exhibited a slightly lower capacity (first
de-sodiation capacity of ~660 mA h g~') compared to the
analogous SnHC82 and a shorter cycle life (see Fig. S31). Indeed,
the SnC82 electrodes assembled into Na half-cells presented
a lower capacity and FCE, which can be ascribed to the higher
surface area of the nanometric carbon black particles compared
to the micrometric HC - most likely increasing reactivity with
the electrolyte and leading to faster Na* consumption. Possible
agglomeration of the nanoparticles or poor mixing during

Table1 Summary of key parameters investigated during the cycling tests reported in Fig. 1. The significant values in terms of 1%t and 70" specific
charge (de-sodiation) capacity, first coulombic efficiency (FCE), and capacity retention after 70 cycles have been extracted for the different p-Sn/

HC and pure HC electrodes. The standard deviation between two cells is

reported for 1 de-sodiation, FCE and 70" de-sodiation capacity. The

capacity retention after 70 cycles is calculated from the difference of the average capacity values at cycle 1 and 70

1% de-sodiation

70" de-sodiation Capacity retention

Electrodes capacity/mA h g™* FCE/% capacity/mA h g™* after 70 cycles/%
HC 294.7 £ 0.2 91.9 + 0.1 283.7 £ 0.2 96.2
SnHC28 397 £ 4 91.9 + 0.2 352.5 £ 0.2 88.8
SnHC46 496 + 4 92.3 + 0.5 462 + 10 93.3
SnHC64 589.4 £ 0.1 92.7 £ 0.2 564 £ 5 95.7
SnHC82 701.5 £ 0.1 92.8 + 0.3 676.2 £ 0.8 96.4
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electrode preparation due to the significant variation in particle
size of pu-Sn and carbon black cannot be excluded. This result
suggests that the use of HC instead of other carbon matrices
impacts not only the capacity but also the long-term stability of
Sn-rich composite electrodes, confirming the initial hypothesis
of using HC as an active matrix to improve cycling stability. By
contrast, Zhang et al.** reported excellent cycle life and high
capacity for electrodes fabricated with 20% of carbon black and
80% of p-Sn in the active material when cycled in diglyme.
However, the use of a higher wt% of CMC binder in their
formulation can affect the long cycling stability, and the deliv-
ered capacity can vary if the carbon black is considered part of
the active material, as it is in the present study. Thus, an opti-
misation of the composition and mixing procedure of the
SnC82 electrodes could lead to improved performance.
However, for the scope of this study, a better comparison
between the two electrode types (SnHC82 and SnC82) was ach-
ieved by using the same conditions. All electrodes exhibit CE
values ranging 99.8-101% except for the first and second cycle.
Surprisingly the FCE of HC-rich electrodes is lower than the Sn-
rich ones which are expected to exhibit lower reversibility due to
the issues associated to the volume expansion of Sn upon
sodiation, Na* trapping and electrolyte consumption during SEI
formation.” The SnHC28 electrodes present the lower CE at
every cycle while the pure HC electrodes show a consistent CE
(~100%) during all their cycling life. The anodes with >20% of
Sn in the active material exhibit CE higher than 100 for cycle 3-
6. This can be linked to the initial capacity hump reported for
Sn-based anodes that might be associated to Na' trapping in the
very first cycle. The trapped Na' can be released during the
following cycles due to the favourable structural rearrangement
of p-Sn particles.> A CE slightly above 100% is also observed for
SnHC46 and SnHC64 electrodes from cycle 20 to 40 possibly
indicating further a Na' trapping and releasing processes in the
electrodes, hence continuous rearrangement even after the
initial first cycles. All electrodes show remarkable CE values
considering that these are Na half-cell results, demonstrating
adaptability of these anodes for full-cell application. The
SnHCS82 electrodes show a consistent CE until cycle 55, when
the values start to deviate from the trend. Cycling all the elec-
trode types at the same current density implies that those with
higher amount of Sn will take more time to complete the same
number of cycles when compared to those with less Sn since
they deliver a higher capacity. Indeed, when calculating the
theoretical specific capacities for the Sn/HC materials, the
relative ratios for Sn and HC were taken into account. As an
example, the theoretical capacity for SnHC82 and SnHC28 is
calculated to be 707 and 394 mA h g, respectively, therefore
a current density of 50 mA g~ * will correspond to a C-rate of ~C/
15 for the former and ~C/8 for the latter (the calculation of the
theoretical capacity for all Sn/HC materials is reported in the
ESIT). As such, while the cycling stability is evaluated consid-
ering the number of cycles, which is the same for all the elec-
trodes, the actual duration of electrochemical cycling is longer
for Sn-rich anodes. The extended cycling time can lead to other
forms of degradation including a pronounced electrode/
electrolyte reactivity upon slower cycling but also degradation

This journal is © The Royal Society of Chemistry 2025
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of other components of the cell such as electrolyte drying or
separator breakdown.>**’

Rate capability tests were also performed to evaluate the
influence of Sn addition in HC electrodes, which generally suffer
from poor rate performance. The results reported in Fig. S47
(cycling test) and Fig. S5F (voltage profiles), show that addition of
Sn to the electrode improves the rate performance, particularly at
faster C-rate, due to the higher electronic conductivity of Sn
compared to HC. In addition, the capacity is restored for all the
electrodes after going back to lower C-rate. The electrochemical
evaluation of the Sn/HC electrodes confirms that HC contributes
to the electrodes' capacity proportionally to the percentage in the
active material formulation, while the cycling stability of the
anodes does not seem to improve when more HC is added to the
active material and is reduced when carbon black is used instead
of HC. The best capacity retention after 70 cycles is obtained by
the SnHC82 electrodes, the electrode type with lower amount of
HC in the active material, hence the one expected to be most
unstable if considering a linear volumetric expansion with an
increased amount of Sn. However, electrodes prepared by
substituting HC with carbon black show a cycle life of only about
30 cycles highlighting a more effective stabilization effect of the
HC compared to carbon black.

For comparison, the stable SnHC82 anode was also tested
using a carbonate-based electrolyte to assess the effect of the
electrolyte on the sodiation mechanism. A similar first (de-)
sodiation is observed, suggesting that the (de-)alloying process
of Na with Sn (at least in its first cycle) is rather independent of
the solvent used during the first cycle. Indeed, the voltage
profile reported in Fig. S2,T matches the profile observed when
using glyme-based solvent. However, a low FCE (78.0 + 0.3%
compared to the 92.8 £ 0.3% observed for the same electrode in
diglyme) and short cycle life indicates a high Na* consumption
during the SEI formation and suggests Na trapping in the
electrode bulk leading to a fast cell failure. The poor perfor-
mance of Sn-based anodes in carbonate electrolytes is well re-
ported in the literature and attributed to the high reactivity of
carbonate-based solvent with metallic Sn causing the forma-
tion of a thick and unstable SEI layer.>*****

In summary, the Sn-rich/HC electrodes (SnHC82) deliver the
highest capacity and present the best capacity retention upon
cycling with diglyme electrolyte. According to the predicted
volume expansion of Sn, greater amount of it in the electrode
would lead to increased volumetric expansion upon cycling,
causing more pronounced bulk degradation such as cracking and
eventual delamination. However, a clear mismatch between the
predicted deleterious effects associated to volumetric expansion
of Sn-based anodes and the improved cycling stability is observed
in this study. To elucidate the discrepancy, ex situ analysis of Sn-
rich electrodes was carried out to understand the origins of their
stability and will be discussed in Section 3.3.

3.2 Particle size effect on the Na-Sn alloying process

To assess how particle size affects the Na storage behaviour of
Sn, two other Sn powders (sub-micrometric and nanometric)
were electrochemically investigated after mixing it with HC.
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A comparative structural and morphological characteriza-
tion of the different Sn powders employed in this work is pre-
sented in Fig. S6.t

The XRD patterns reported in Fig. S6at reveal that all Sn
powders exhibit the tetragonal (I4,/amd) B-Sn phase, which is
the most stable Sn crystalline phase at room temperature. The
presence of tin oxide (SnO, P4/nmm) was detected only for the
nanometric-Sn powder as evidenced by the appearance of the
peaks at ~29.6°, 33.0°, 36.8°, 47.6°, 50.4° and 57.1°, probably
due to the higher surface/volume ratio of nanosized parti-
cles.??** The similar full width at half maximum (FWHM) values
revealed by the peak analysis (Table S11) highlight that the
crystallinity of the different Sn powders is comparable. The SEM
images in Fig. S6bf show that all three samples exhibit
spherical-like particles with a broad size distribution. The SEM
micrographs were analysed by using the program Image], with
results reported in Fig. S6c¢.T. The micrometric powder exhibits
particle sizes ranging from ~1 to 45 um with majority in the
range of 15 pm; the sub-micrometric Sn shows particles with
size ranging from ~0.5 to 7 pm, and the nanometric Sn is
mostly composed of 10-400 nm size particles.

To assess their electrochemical performance, Sn/HC elec-
trodes were prepared using the sub-micrometric and nano-
metric Sn. A Sn/HC ratio of 8/2 was chosen based on the good
cycling stability and high capacity observed for p-Sn/HC anodes
in Section 3.1.

The decrease in size of Sn particles is expected to improve
cycling stability owing to the increased resistance to stress-
induced damages caused by the volume expansion during the
alloying process. However, Fig. 2 shows the poorer performance
of submicrometric and nanometric Sn-based anodes when
compared to electrodes made with the larger micrometric Sn
particles. Both the submicrometric and nanometric Sn elec-
trodes show lower FCE, capacity and cycling stability. The
voltage profiles of the electrodes prepared with Sn materials of
different sizes appear substantially different. The voltage profile
during the first sodiation for the p-Sn/HC electrode exhibits
only three voltage plateaus (at ~0.2 (Ipc), 0.08 (IIpc)and 0.03 V
(IIpc)) and four well-defined plateaus upon de-sodiation (at
~0.14 (Icc), 0.27 (Ilgg), 0.52 (Illgc), 0.62 V (IVc)) with the
addition of a small plateau at ~1.3 V discussed in the previous
section. Upon further cycling, during the following sodiation
(10™ cycle) an additional plateau is observed at ~0.3 V (indi-
cated with an asterisk (*) in Fig. 2) contributing to a full
reversibility of the de-sodiation process with four steps as
previously reported by Ellis et al.**

The voltage profile of the sub-micrometric Sn anode shows
all the four plateaus typical of Sn at the first sodiation and
exhibit shortened plateaus upon charge with a slopy curve at the
end which resembles the HC voltage profile. This suggests a loss
of activity of the Sn particles which agrees well with the
following sodiation profile presenting only two plateaus, a small
one at ~0.3 V and a longer one at voltage below 0.08 V. At the
end of the first sodiation the plateau at ~1.3 V appears longer
than the p-Sn/HC case indicating a possible increase in reac-
tivity with the electrolyte when smaller particles with higher
surface area are used. The following cycles show only two
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Fig. 2 Galvanostatic cycling of micro-, submicro- and nano-Sn/HC
electrodes (8 : 2 wt%) cycled at 50 mA g1 (1%t cycle) and at 100 mA gt
(10" cycle). Tests conducted at 25 °C within the 0.01-1.5 V range.
Electrolyte: 1 M NaPFg in diglyme.

plateaus in discharge and charge and consistently low capacity,
indicating Na' trapping and loss of active material. The absence
of the plateau at ~0.3 V during the first sodiation in the p-Sn
voltage profile, which is visible for the sub-micrometric Sn
electrode, can be ascribed to the larger particle size of the
former and was reported in the literature for other micrometric
Sn electrodes.>** A similar phenomenon is also described for
micrometric Sn particles and foil used as anodes for LIBs that
exhibit one discharge plateau at low voltage for the first cycle
and three for the following cycles.** Zhou et al.* justify this
effect considering the improved Li* diffusivity in Li-rich phases
compared to Li-poor phases which favoured the formation of
the former during the first cycle, leading to the presence of
a single plateau. This effect is intensified when the particle size
is larger due to the lower surface exposed, making the particles
experience a higher current density compared to the smaller
ones. For this reason, the other plateaus appear at the following
cycles after the breakdown of the large particles. However, as
will be shown later in this study, operando XRD of p-Sn-based
electrodes indicate the appearance of the Na/Sn phase formed
during the first plateau even when this is not present in the
voltage profile during the discharge (see Fig. 6b in Section 3.3
and Fig. 9a in Section 3.4). This suggests that in the Na/Sn
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system the absence of the first plateau during the first sodiation
of u-Sn particles can be ascribed to polarization effects being
intensified in the larger particles due to the higher concentra-
tion gradient experienced during Na* insertion, that decreases
for the subsequent cycles following the particle size reduction.®*
A different voltage profile is observed for nanometric Sn, which
suggests the reactivity of SnO and Na through a conversion
mechanism, as indicated by the plateau at ~0.4 V upon sodia-
tion and the sloped plateau starting at ~0.8 V upon de-sodia-
tion.” The presence of SnO in the nanometric Sn powder was
indeed detected by XRD (Fig. S6at). While SnO, is expected to
be the thermodynamically stable phase at room temperature,
Sutter et. al.*® reported the formation of an amorphous Sn oxide
layer with stoichiometry Sn: O (1:1) growing on the surface of
Sn nanoparticles (from 2-3 to 100 nm) at room temperature. In
this study, the presence of an amorphous phase cannot be
completely excluded, however the SnO layer covering the
surface appears to have a degree of crystallinity as observed
from the XRD pattern in Fig. S6a.t

In summary, p-Sn/HC show improved performance revealing
an increased Na storage ability when compared to sub-
micrometric and nanometric Sn/HC electrodes. However, the
stable cycling seems to occur only when the electrode is cycled
in diglyme and not in a carbonate-based electrolyte (EC : DEC)
as showed in Fig. S2.1 There is still much debate on the role
played by the glyme-based electrolyte in ensuring the stability of
p-Sn-based anodes but a common agreement seems to reside on
the higher stability of glyme-based solvent toward metallic Sn
reactivity compared to the carbonate-based solvents, which
favours the formation of a thin, polymeric and elastic SEI
layer.”**»** The effect of the particle size on electrode stability
can be rationalized by considering the formation of what is
commonly referred to in the literature as bicontinuous nano-
structure which may be responsible for the cycling stability of
Sn anodes. This structure emerges during the “selective disso-
lution™® (or de-alloying) of one component in certain alloy
system, such as Ag-Au, Li-Sn, Li-Pb, Li-Bi,' and more recently,
Na-Sn system.*” This process results in the formation of
a unique structure composed by the metal component (i.e. Sn,
Bi, Pb, etc.) which closely resembles a coral-like morphology.
Such structures have been observed for various Sn-based
anodes after cycling in Na cells using glyme-based electrolytes
after continuous (de-)alloying processes.””*® The resulting
bicontinuous network consists of elongated particle (ligaments)
of the metal interconnected in a porous, coral-branch-like
framework. Sieradzki et. al.™ studied the Li-Sn alloy system
and identified a number of parameters that influence the
formation of the bicontinuous structure. These include the alloy
composition, the particle size, the current density experienced
by the particles during de-alloying and the SEI stability. In
particular, they identified a critical particle size of 300 nm,
below which the porous structure does not develop for Sn and
observed that small particles (<8 pum) tend to form thinner
ligaments which are unable to coalesce and form a dense, coral-
like bicontinuous network. They attributed the origin of the
phenomenon to the high stability of the SEI in smaller particles,
which inhibits the coarsening of the ligaments during the de-
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lithiation. Thus, it may infer that the formation of the bicon-
tinuous structure is not achieved when using sub-micrometric
and nanometric Sn, contributing to the inferior cycling
stability when compared to p-Sn. In addition, Shen et al*’
demonstrated that the morphology of Sn particles varies
depending on the pre-sodiation/pre-lithiation process and the
solvent used during subsequent de-alloying, highlighting the
significant role of the electrolyte in shaping the final structure.
As will be detailed in the following sections, the development of
the coral-like structure in p-Sn-based electrodes may require
multiple alloying/de-alloying cycles and specific cycling condi-
tions to effectively occur illustrating that multiple factors can
simultaneously influence the bicontinuous structure evolution
of Sn particles during (de-)alloying.

3.3 Post-mortem study of p-Sn-rich anodes

To understand the origin of the cycling stability observed for the
p-Sn rich electrodes (SnHC82 and SnHC64), post-mortem
analysis was conducted to gain deeper insights into the struc-
tural and morphological changes occurring upon cycling. To
examine the morphological evolution upon cycling and the
potential development of a bicontinuous structure, cross-
sectional SEM-EDS analysis was performed at selected de-
sodiated states across different cycles. Fig. 3 reports the cross-
section SEM and EDS analysis conducted on SnHC82 elec-
trodes in the pristine state and after 1, 5, 25, and 70 cycles.

In the pristine electrode, SEM images reveal clearly distin-
guishable regions of Sn (bright areas) and carbon (dark areas)
distributed in the cross-section, also highlighted in green and
red, respectively, in the EDS elemental maps. The high magni-
fication image of the pristine electrode also evidences the
presence of Sn particles up to 10 um in size. It is worth noting
that the morphology of the Sn particles appears altered by the
calendering process carried out on the electrodes, as compared
to the original morphology reported in the SEM image of the
pristine powder as received (see Fig. S6bf). Moreover, SEM
cross-section confirms that the thickness of the electrode is
approximately 15 um.

Following the first de-sodiation (cycle 1), significant
morphological changes are observed. The electrode becomes
thicker and more porous as a result of the structural reorgani-
zation and size reduction of Sn particles. These changes lead to
the formation of large voids between particles and a bulging of
the electrode surface, which no longer appears smooth and flat
as in the pristine state. High magnification SEM image revealed
the development of numerous pores of varying sizes within the
bulk of the particles with edges appearing rough. The structural
reorganization and morphological changes clearly revealed
individual HC particles (flat-like dark particles). Continued
cycling of the electrodes leads to the growth of coral-like
structure,'”*® characterized by a network of elongated sub-
micrometric Sn particles (ligaments). This network appears to
nucleate from the individual micrometric Sn particles and then
gradually expands throughout the electrode thickness upon
cycling. Indeed, the SEM-EDS images of the electrode cycled for
5 cycles show isolated nuclei of the coral-like structure, while
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Cycle 25

Fig.3 lon-beam milled SEM cross-sections with corresponding EDS for pristine SAHC82 electrodes and cycled electrodes (1%, 5%, 25™ and 70"

cycle in the de-sodiated state).

after 25 and 70 cycles, the Sn-network is widely distributed and
extended across the whole electrode thickness. Although the
surface of the anodes tested for longer than one cycle appears
smooth, it displays small protrusions. In addition, Na (visible as
a light purple signal in the EDS images) is detected on a thin
surface layer of the cycled electrodes, which appears to thicken
with continuous cycling. This signal is more apparent in the
images where the beam is not perpendicular to the cross-
section, as a larger portion of the surface is visible. The layer
is also observed around certain particles within the electrode
bulk, suggesting the formation of an SEI layer rich in Na-
containing components. The SEM images also reveal that the
overall electrode's thickness increases compared to the pristine
state (~20 pm). However, the overall volumetric variation (25%
considering an initial thickness of 15 pm) is relatively small and
does not align with the detrimental effects expected after the
full sodiation/de-sodiation process of Sn. This discrepancy
suggests that the reduction of Sn particle and their morpho-
logical restructuration into the coral-like structure contribute to
the improved cycling stability observed for Sn-rich electrodes. It
appears that Sn particles undergo a self-healing process after
the initial de-sodiation, mitigating volumetric expansion effects
and consequent particle cracking. This process is facilitated by
the formation and growth of a porous Sn framework respon-
sible for the structural integrity of the electrode. A similar
morphology was previously reported for Li-Sn systems™ sug-
gesting that a lithiation degree of more than 50% is necessary to
obtain a bicontinuous structure after the complete de-alloying
of Sn particles. Lower Li quantity in the particles only leads to
void formation and surface roughening. A too slow de-alloying
rate can also prevent the evolution of this structure, as previ-
ously reported for a Li/Sn system by Chen et al.* This is most
likely the case also for our Sn/HC system, as the coral-like
structure is not clearly visible after the first cycle, which was
conducted at a lower current density of 50 mA g™, compared to
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100 mA g~ used in the subsequent cycles. Finally, the shape
and dimension of the elongated submicrometric particles
(ligaments) seem to be influenced by different parameters such
as Sn particle size and type of electrolyte used, which can
attenuate the coarsening of the ligaments. Specifically, the
evolution of a bicontinuous network is not reported for nano-
metric Sn particles, while Li alloying/de-alloying of sub-
micrometric Sn particles results in the formation of nanosized
ligaments. The ligament diameter increases for Sn particles of
10-50 pm, reaching values up to 1-2 um,* similar to the ones
observed in our electrode.” In addition, the formation of Kir-
kendall voids, such as the ones appearing in the particle after
the first de-sodiation and in some of the Sn ligaments after long
cycling can be a consequence of unequal diffusion rates of Na*
from different Sn particles during the de-alloying mechanism,
probably influenced by the crystallinity of the particles.*®

The same analysis was carried out on SnHC64 electrodes
(Fig. 4), where the p-Sn particles constitute 60 wt% of the active
material.

These electrodes, despite showing satisfactory long-term
cycling stability, exhibited slightly lower capacity retention
compared to the SnHC82 electrodes (see Table 1). Cross-
sectional SEM-EDS analysis was carried out to identify
morphological differences upon cycling compared to the
SnHC82 electrode, aiming to identify potential degradation
pathways not observed for the Sn-rich anodes.

The SEM images illustrated the evolution from a smooth
pristine electrode to a more porous and thicker structure
following the first de-sodiation. By the end of the 5™ cycle, small
nuclei of corallike structure begin to form, though more
sparsely distributed than in the SnHC82 electrode, likely due to
the lower Sn content. After 25 and 70 cycles, the morphology of
the SnHC64 electrodes show clear differences from the SnHC82
ones extracted at the same cycle. The Sn network formed during
cycling does not extend uniformly across the electrode

This journal is © The Royal Society of Chemistry 2025
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Fig.4 lon-beam milled SEM cross-sections with corresponding EDS for pristine SNHC64 electrodes and cycled electrodes (1%, 5t 25" and 70"

cycle in the de-sodiated state).

thickness; instead, the isolated coral-like clusters remained
along with nanometric Sn particles dispersed throughout the
electrode. The elongated Sn particles forming the coral-like
structure appear thinner and less dense compared to those in
the SnHC82 electrode after 70 cycles.

A light purple signal from Na can be detected on the surface
of the cycled electrodes and around the particles indicating
again the growth of a passivation layer during cycling mostly
composed of Na components.

The different morphology for the two types of Sn-rich anodes
can be attributed to the different concentrations of Sn in the
electrodes. The higher amount of Sn in the SnHC82 anodes
allows the formation of an extended network of interconnected
elongated sub-micrometric Sn particles. In contrast, when the
concentration of Sn in the active material is lower (60%), the
elongated particles formed upon cycling are not close enough to
connect and create an extended coral-like structure. Instead,
their size appears reduced, and greater porosity develops within
the bulk of the electrode, leading to a larger volumetric expan-
sion after 70 cycles. As a result, the SnHC64 electrode is thicker
than the SnHC82 after 70 cycles. The different extension of the
coral-like structure in the SnHC82 and SnHC64 electrodes is
confirmed by XCT analysis of the two de-sodiated electrodes
cycled for 25 cycles. The XCT 3D reconstruction of the pristine
and cycled SnHC82 and SnHC64 electrode, is reported in Fig. 5a
and in Fig. 5b, respectively.

The tomographies have been obtained by segmenting Sn
from the rest of the electrode to observe the spatial distribution
in 3D. A comparison of pristine uncycled SnHC82 and SnHC64
electrodes show a lower amount of Sn within the investigated
volume as expected. In addition, the images reveal a less dense
coral-like Sn network for the SnHC64 compared to the SnHC82
anode in their cycled states. The SnHC64 electrodes also pres-
ents some small, isolated coral-like nuclei and Sn nanoparticles
scattered in the electrode which are not merged in bicontinuous

This journal is © The Royal Society of Chemistry 2025

dense framework as much as in the SnHCS82 electrode. As
previously mentioned, the efficiency of the Sn ligaments
coarsening process significantly impacts their properties and
size, which in turns affects the formation of a robust bicontin-
uous porous structure.

The side view of the two electrodes (Fig. 5¢) reveals a greater
increase in thickness for the SnHC64 electrodes. The average
thickness was calculated measuring approximately 20 points of
the 100 nm resolution scans. For the SnHC64 pristine electrode
this corresponds to 20.99 £ 0.88 um, while the cycled electrode
measures 39.37 + 1.43 um, equivalent to a 46.6% increase in
thickness. In comparison, the SnHC82 electrode exhibit
a smaller thickness increase, with the pristine electrode aver-
aging 16.5 + 1.8 um and the cycled one 24.19 + 2.05 um, cor-
responding to a 31.8% increase. This greater thickness increase
in the SnHC64 electrodes occurs despite the lower amount of Sn
in the active material, which is likely responsible for the volume
expansion. The particle volume distribution for the pristine and
cycled SnHC82 and SnHC64 electrodes, calculated from images
obtained at a 30 nm resolution, is shown in Fig. S7.f The
analysis reveals a significant reduction in Sn particle size from
the uncycled electrodes to those extracted after 25 cycles for
both samples. Specifically, while the particle volume in the
pristine electrodes mostly falls within the 1-10 um® range, with
some large and small particles, the cycled electrodes show
nearly 100% of the particles in the 0-0.1 um?® range.

This analysis shows that the extension of the Sn network
through the electrode proceeds slower for the SnHC64
compared to the SnHC82 electrodes. In the SnHC64 cycled
samples, the coral-like clusters are physically separated during
their initial formation, and the ligaments are smaller, prevent-
ing them from merging. However, the compactness of the
SnHC64 electrode improves during cycling, even without the
growth of a thick Sn network. It is important to note that the
higher amount of HC in the SnHC64 electrode likely contributes
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to better structural stability independently from Sn's behaviour.
Since the ShnHC82 electrode outperformed the other electrodes
despite the higher amount of Sn, hence the larger volume
expansion, it is inferred that the growth of an extended coral-
like structure constituted by sub-micrometric (smaller than
pristine) Sn particles plays a crucial role in the stabilization of
Sn-rich electrodes, thus explaining the mismatch between the
detrimental effects associated with the predicted volumetric
expansion and the observed cycling stability.

To further investigate the reversibility of the structural
changes accompanying the morphological reorganization of Sn
upon de-alloying, ex situ XRD was carried out on the SnHC82
cycled electrodes. The XRD patterns of the pristine and cycled
electrodes (cycle 1, 5, 25, and 70) are reported in Fig. 6a.

The XRD pattern of the pristine SnHC82 electrode exhibits
the B-Sn peaks and an additional small peak arising from the
aluminium current collector at ~38.5° (indicated by the dotted
vertical line in Fig. 6a and used as a reference for peak shifting).

30978 | J Mater. Chem. A, 2025, 13, 30967-30984

The broad flat peak at lower degrees values is attributed to the
kapton tape used to avoid air contact with the samples during
the measurement (see Fig. S8t confirming kapton tape contri-
bution and excluding a HC signal likely due to the low quantity
in the electrode formulation). Upon sodiation, after cycling up
to 0.01 V, the XRD pattern (red curve), matches with the Na;5Sn,
structure corresponding to the fully sodiated Sn phase. Na;5Sn,
is the only sodiated phase forming during cycling which
corresponds to a thermodynamically stable Na/Sn phase.®"*
Following the first de-sodiation, intense B-Sn peaks reappear in
the XRD pattern, confirming a high degree of reversibility of the
(de-)alloying reaction. A detailed examination of the main Sn
peaks reveals peak broadening as the cycling progresses from
pristine to longer cycled electrodes, which can be attributed to
a lower degree of crystallinity in the Sn particles undergoing
continuous de-sodiation or to the reduction in particle size
during the formation of the coral-like structure. Overall, these
results confirm the good reversibility of the process, as

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 (a) Ex situ XRD patterns of SnHC82 electrodes in the pristine
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electrode cycled at 50 mA g~ (1% cycle) and at 100 mA g1 (10" cycle)
in Na half-cell using 1 M NaPFg in diglyme as electrolyte.

indicated by the high CE observed in the electrochemical tests.
The high reversibility is further confirmed by the operando XRD
of the SnHC82 electrodes cycled in 1 M NaPF; in diglyme for 10
cycles which reports the same phase transitions at every cycle
and the Sn peaks at the end of every charge, independently on
the current density employed, i.e. 1 cycle at 50 mA g ' and
following cycles at 100 mA g~ ' (see Fig. 6b).

Other unidentified small peaks are observed in the ex situ
XRD pattern of the de-sodiated sample at 11.8°, 16.4°, 28.7°,
33.2°, 35.6°, which may correspond to unknown Sn/Na phases
formed during sodiation, suggesting Na' trapping within the
anode. However, a comparison of the XRD pattern with known
crystalline phases formed during the de-sodiation of Sn show
no direct correlation with any established phase. After further
cycling, some of these peaks disappear, but others retain small
contributions at different angles. Wang et al.* reported on the
growth of a crystalline organic SEI component on various anode
materials cycled in diglyme including Sn and HC. Their work

This journal is © The Royal Society of Chemistry 2025
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highlighted the appearance of crystalline peaks at 9.1° and
18.2° in the XRD pattern of electrodes cycled with NaCF;SO; in
diglyme, which they attributed to the crystallisation of
a complex composed by diglyme molecules, Na* and the salt
anions (triflate). Although the peaks observed in the presented
XRD pattern do not match exactly those reported by Wang
et al.* some of them fall in the same theta range (11.8° and
16.4° instead of 9.1° and 18.2°) indicating a possible correla-
tion. Indeed, it is worth noting that, in this study NaPF; is used
as salt instead of NaCF;SO;, potentially explaining the slightly
different theta values due to their different structure. However,
further studies and analysis are needed to fully identify these
contributions.

3.4 Investigating cycling stability of Sn/HC anodes in full
cells

Full-cells were assembled in coin-cell format to better assess the
electrochemical behaviour of Sn/HC anodes under practical cell
operating conditions. The investigation focused on the SnHC82
and the SnHC28 anodes, with results compared to the standard
HC containing full cells, all using PW as the cathode material.
The cycling data for the full-cells are reported in Fig. 7.

All three cells delivered a comparable first charge capacity
(~150 mA h geathode ') and a corresponding discharge capacity
of about 127, 124 and 119 mA h g~ ' for the HC, SnHC28 and the
SnHC82 containing cells, respectively. The SnHC82|PW cell
exhibiting the lower FCE, likely due to more significant SEI
formation during the initial cycle (see voltage profile in Fig. 7a).
Notably, none of the anodes had undergone any pre-sodiation
process. By increasing Sn content, the voltage profiles of the
full cells exhibit the typical features characteristics of the Na-Sn
alloying process, with plateaus especially observable during the
discharge process in contrast to the more slopy profile observed
for the HC containing full cell.

Although both Sn-containing electrodes demonstrated
satisfactory stability when tested in Na half-cells, the Sn-rich
electrode show poorer performances in full-cell configuration.
After 100 cycles the Sn-rich anode maintained only 82% of its
initial discharge capacity, lower than the 88% and 84% reten-
tion observed for the HC and SnHC28 anodes, respectively as
reported in Fig. 7b. The CE reported in Fig. 7c declines earlier
for the SnHCS82PW full cell (from around cycle 20) and
remained lower than the other two systems throughout the rest
of the cycling. The fast capacity fading and lower CE trend for
the SNHC82|PW full cell may originate from Na' being trapped
within the SnHC82 anode, leading to a fast depletion of active
Na over prolonged cycling. This could explain why SnHC82
maintains better cyclability in half-cells, where Na metal used as
a counter electrode serves as an infinite source of Na'.

Considering the high reversibility of the Na-Sn de-alloying
process confirmed by the XRD of the SnHCS82 electrodes
cycled in half-cells (Fig. 6), the faster capacity fading in full-cells
may stem from Na' retention on the surface of the electrode as
part of the SEI components, highlighting the importance of
understanding the phenomena occurring at the electrode/
electrolyte interface.
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The gravimetric and volumetric energy density of the three
cells during the first cycle are reported in Fig. 7d. Volumetric
energy densities were calculated using the theoretical densities
of Sn, HC and PW, which are 7.3 g ecm >, 1.6 g cm >, and
2.2 g em ) respectively. The results are reported per weight/
volume of total active materials (anode + cathode) with other
cell components not included in the calculation. Although the
full cells containing Sn/HC electrodes exhibit inferior cycling
stability, the incorporation of 80% or 20% of Sn in the active
material results in enhancements of about 18% (272 W h kg™ )
and 10% (252 W h kg™ ') respectively, in gravimetric energy
density relative to the cells using pure HC electrodes
(230 W h kg™ '). Moreover, owing to the intrinsically higher
density of Sn, the volumetric energy density is significantly
improved by the addition of Sn. An increase of 56% in volu-
metric energy density is achieved using SnHC82 anode (689 W h
L' compared to the 443 W h L' obtained with pure HC
anodes), while a 30% increase is gained when 20% of Sn is
added to the active material (577 W h L™'). However, it is
noteworthy that a fourfold increase in Sn content (wt%)
(comparing SnHC82 to SnHC28) results in only a twofold
increase in volumetric capacity, suggesting only a partial utili-
zation of Sn during cycling.

To elucidate the Na-Sn alloying reaction path in full-cells,
three-electrode cells were assembled using Na as the reference

30980 | J Mater. Chem. A, 2025, 13, 30967-30984

electrode, allowing independent monitoring of the voltage
profile of both anode and cathode during cell operation.

The results, reported in Fig. 8b, reveal that the Sn/HC anodes
do not reach the lower cut-off voltage of 0.01 V in the full-cell
configuration. Instead, the ShnHC82 anode stop at about 0.04 V
and the SnHC28 anode achieved a slightly lower cut off voltage
of 0.03 V, right above the potential needed for the fourth
discharge plateau to appear (as seen for half-cell data in Fig. 1b).
Thus, the full capacity obtained by the Sn containing anodes
cannot be achieved in full-cell configuration. The specific
capacity per gram of anode material in both half- and full-cell
configuration is reported in Fig. 8a. In agreement with the
three-electrode cells data, the SnHCS82 anode in full-cell ach-
ieves a capacity of 450 mA h g~', significantly lower than the
700 mA h g~ observed in half-cell. This latter value corresponds
to the capacity reached at the 3™ plateau in the voltage profile of
the SnHCS82 in half-cell (blue curve in Fig. 1b). To further vali-
date the partial sodiation of Sn anodes in full-cell, ex situ XRD
was carried out on the Sn anode recovered after the first charge
in full-cell. As shown in Fig. 8c, the XRD pattern of the Sn anode
cycled in full-cell differs significantly from that of the same
anode obtained after a complete sodiation in half-cell (red
pattern in Fig. 6a). In fact, the latter matches with the fully
sodiated Na,5Sn, phase obtained at the end of the 4t plateau,
while the anode recovered from the full-cell appears to be

This journal is © The Royal Society of Chemistry 2025
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a mixture of multiple crystalline phases. The dominant phase
corresponds to the metastable hexagonal (R-3m) NasSn, phase,
as previously computationally predicted by Baggetto et al.** for
the phase forming during the third discharge plateau. An
equivalent XRD pattern has also been reported by Ellis et al.,**
who associated it with the phase forming in the third plateau,
which deviates from the thermodynamically stable NaoSn,
phase expected at that Na concentration. Additional peaks are
attributable to residual metallic Sn and minor amounts of
Na;5Sny.

To further confirm the uncompleted sodiation of the Sn-rich
anodes in full-cell configuration, operando XRD measurements
were carried out on the SnHC82 electrodes during cycling in
both full- and half-cell. Such experimental technique allows
continuous monitoring of phase evolutions within the electrode
materials during (de-)sodiation, avoiding relaxation and
potential contamination induced by post-mortem analysis.

Fig. 9a displays the contour plot for the first (de-)sodiation
cycle of the SnHC82 electrode cycled in half-cell (extracted from
the full experiment reported in Fig. 6b). Four distinct phase
transitions occurring upon sodiation are clearly identified by
the appearance and disappearance of specific diffraction peaks.
The initial transition from B-Sn to a crystalline intermediate
with an approximate stoichiometry of Na,¢Sn occurs around
0.2 V, evidenced by the fading of Sn peaks at 14.0°, 14.6°, and
the emergence of new reflections at 8.9°, 12.7°, 15.5°. This
phase transition correlates with the first plateau in the
discharge voltage profile which, as discussed in the previous
sections, is not prominently observed in the first cycle of p-Sn
electrodes. While the first plateau is similarly subdued in the
voltage profile of the operando cell, the emergence of the Na, ¢Sn
phase onset of discharge suggests electrode polarization. The
sodiation process proceeds with the formation of an amor-
phous NaSn phase, followed by crystalline NasSn, (with char-
acteristic peaks at 8.8°, 9.4°, 15.1° and 15.5°) and finally the
fully sodiated crystalline Na,;sSn, phase with peaks at 7.5°, 8.7°,
9.8°,14.6°,15.2° and 15.8°. The following de-sodiation proceeds
largely as the reverse of these transitions, except that the initial
Na, ¢Sn crystalline phase is not recovered during the last charge
plateau and is instead replaced by an amorphous phase. These
observations are consistent with previous operando studies
conducted on Sn-based anodes.'**!

A similar mechanism is presented for the SnHC82 anode
cycled in full-cell (Fig. 9b). However, the final phase transition
during charging, corresponding to the sodiation of the Sn
anode, does not culminate with a complete conversion of the
NasSn, into the Na;5Sn, phase. Indeed, a mixed phase compo-
sition is evident, resembling the ex situ XRD pattern previously
shown in Fig. 8c. Additional reflections corresponding to the
PW cathode used in the full-cell are indicated with asterisks (*).
The incomplete sodiation of the Sn anode in full-cell configu-
ration, as revealed by operando XRD, aligns well with the three-
electrodes cell data (Fig. 8b), which indicate that the anode
potential does not get below 0.04 V during charging. This
voltage limitation prevents the formation of the final Na;5Sn,
fully sodiated phase.
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Cross-sectional FIB/SEM analysis was conducted to examine
the impact of the partial sodiation of Sn observed in full-cells on
the electrode morphology. SnHC82 anodes were recovered from
both half- and full-cells after 100 charge/discharge cycles and
prepared for FIB milling and SEM imaging. The corresponding
cross-sectional SEM micrographs are reported in Fig. 9c and d,
while 3D FIB-SEM video reconstruction of the electrode
morphology is provided in the ESL{

The microstructural evolution of the Sn network formed
during cycling differs significantly between the cell environ-
ments (half- vs. full-cell), particularly in terms of overall
compactness of the electrode. In full-cells, Sn particles retain
a coral-like structure, yet the ligaments appear noticeably
thinner and less interconnected. In addition, the discrete
nature of the coral-like clusters seems to induce mechanical
degradation, manifesting as electrode cracking in their vicinity.
Notably, the persistence of metallic Sn cores within some
particles suggests incomplete sodiation even after 100 cycles.

The different morphologies and microstructure can be
attributed to the different degrees of sodiation experienced by
Sn particles in half- and full-cell. This observation is consistent
with the theory describing the emergence of bicontinuous
structures during de-alloying processes, previously discussed
and applicable to Li-Sn alloys." In fact, the shape and dimen-
sion of the ligaments within the coral-like structure may be
affected by the initial alloy composition at the onset of the de-
alloying process. In our study, Na;sSn, is the predominant
phase in half-cell cycled electrodes, whereas a mixed phase
comprising NasSn, and Na;sSn, is detected in full-cell cycled
electrodes. The inability to form a robust, thick, dense and
interconnected coral-like structure in full-cell likely contributes
to electrode cracking which, in turn, accelerate Na'
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consumption via continuous electrolyte decomposition upon
exposure of fresh electrode surfaces, leading to faster capacity
fading. These results underscore the critical role of the self-
healing behaviour intrinsic to the coral-like morphology in
preserving structural integrity and cycling stability of Sn
anodes.

This study suggests that the partial sodiation of Sn is the
main cause for the faster capacity fading observed in full-cells
when compared to half-cell data. Beyond compromising elec-
trode stability, a partial sodiation certainly leads also to
a decreased delivered capacity, and consequently a lower energy
density of the cell. In order to achieve the full potential of Sn
anodes in Na-ion cells, the development of a dense, thick, and
interconnected coral-like structure is essential. This distinctive
morphology can form and extend throughout the electrode only
when a fully sodiated crystalline phase is achieved during
sodiation. In our study, the voltage profile of the anode in full-
cell configuration indicated an incomplete sodiation (see
Fig. 8b and c). However, with further optimization of cell design
or by changing the cathode material, it may be possible to attain
the fully sodiated crystalline phase. This would, in turn,
promote the formation and growth of the coral-like structure,
which helps to mitigate the volumetric expansion typically ex-
pected based on theoretical models. As an initial step in opti-
mization, the full-cell design was modified by adjusting the N/P
ratio (see Fig. S9t).

Reducing the ratio from 1.1 to 0.97, effectively lowering the
amount of anode, was intended to enhance anode sodiation.
This adjustment resulted in improved capacity retention over
cycling and a slight increase in anode capacity (510 mA h g™*
compared to the 450 mA h g~ ' obtained with a 1.1 N/P).

This journal is © The Royal Society of Chemistry 2025
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Further improvements in cathode materials and additional
design optimizations could lead to enhanced overall capacity
and increased volumetric energy density of the cell.

Interestingly, while other alloying systems (e.g. Li with Si)
may benefit from an uncompleted lithiation, thereby mini-
mizing volumetric expansion and associated degradation
mechanisms,* the Na/Sn system examined here exhibits a con-
trasting behaviour. Despite the significant volumetric expan-
sion accompanying full sodiation, the formation of
a continuous coral-like framework allows to exploit the high
capacity of Sn without compromising on cycling stability. These
findings challenge prevailing assumptions regarding the detri-
mental effects of volumetric expansion in Sn-based systems,
suggesting instead that insufficient sodiation may cause elec-
trode fracturing.

4 Conclusions

In this study, we investigate the influence of both Sn content
and particle size on the structural and electrochemical stability
of Sn-based electrodes. The improved electrochemical response
of p-Sn-based anodes compared to those made with smaller
(sub-micrometric and nanometric) Sn particles was demon-
strated. HC was shown to effectively stabilize p-Sn anodes while
contributing to the overall electrode capacity. Various Sn/HC
electrodes were evaluated, revealing the advantages of Sn-rich
compositions (80% Sn in the active material), which achieved
a high capacity of ~676 mA h g~ ' after 70 cycles at 0.1 A g~ "
when cycled using diglyme-based electrolytes. Electrodes with
higher Sn/HC ratios delivered greater capacity without
compromising cycling stability. Ex situ cross-sectional SEM and
X-ray tomography studies indicated that an interconnected
network of metallic Sn in Sn-rich electrodes was formed during
cycling, referred to as coral-like structure, which contributes to
their excellent cycle life. This morphology is particularly prev-
alent in Sn-rich electrodes, where sufficient Sn enables
extended structural connectivity during cycling.

Moreover, we demonstrate that the development and prop-
agation of the coral-like framework are contingent not only on
the initial Sn content but also on the degree of sodiation.
Indeed, when cycling Sn-rich anodes in a full-cell configuration
with PW as the cathode material, such stable electrochemical
performance was not achieved due to an incomplete sodiation
of the anode. In this system, FIB/SEM analysis revealed the
absence of a thick Sn network, resulting in electrode cracking
and accelerated capacity fading relative to half-cell perfor-
mance. This degradation is attributed to incomplete sodiation
of Sn particles, likely caused by the inability of the Sn/HC
electrode to reach the lower voltage plateau (~0.02 V) when
cycled in full-cell, preventing the formation of the fully sodiated
phase Na;5Sn,.

The incomplete sodiation was confirmed through both ex
situ and operando XRD analyses. The effective mitigation of
volumetric expansion occurs solely when the coral-like structure
is well-developed, allowing for Sn particle size reduction during
de-alloying, as demonstrated by X-ray tomography analysis.
These findings challenge prevailing assumptions regarding the

This journal is © The Royal Society of Chemistry 2025
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detrimental effects of volumetric expansion in Sn-based
systems, suggesting instead that insufficient sodiation may
cause electrode fracturing as a consequence of a less dense and
continuous coral-like structure formation. Further optimization
of the full-cell design may allow for the formation of the fully
sodiated phase which, in turn, would promote the formation
and growth of the coral-like structure.

Overall, considering the substantial increase in energy
density when p-Sn is used as part of the active material in NIBs,
even if only partially sodiated, and the unexpected stability
exhibited by Sn-rich electrodes in Na half-cells, this metal has
been proven to be a promising anode component for the real-
isation of high energy density Na-ion cells. A more compre-
hensive evaluation of the full-cell design may lead to further
improvement of the energy density which highlight the benefits
of Sn-based anode for application in upscaled full-cell
configurations.
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