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Abstract

Tin (Sn) is a promising anode material for sodium-ion batteries (SIBs) due to its high theoretical
specific capacity (847 mAh g™!) andwolumetric capacity (6238 mAh cm™). In addition, Sn is a
commodity and can be readily sourced. However, alloy anodes tend to suffer from a low initial
Coulombic efficiency (ICE).and severe capacity loss due to extensive volume expansion (~420%
for Sn) during electrochemical/cycling. In this work, commodity-sourced Sn is used (with an
electrode active material.composition of >99% Sn) to demonstrate how these traditional challenges
can be overcome without.major modifications. When paired with a NaCrO: (NCrO) cathode in a
full cell, a high specificienergy of 178 Wh/kg and volumetric energy density of 417 Wh/L can be
achieved. This work highlights the opportunities for alloy materials such as Sn to enable high
energy density.SIBs.

Introduction

Recent challenges in geopolitics and supply chain constraints have driven interest in alternatives
to lithtum-10n technologies, especially for energy storage applications such as electric mobility
and stationary storage. One such alternative is sodium-ion batteries (SIBs), which has the potential
to eliminate the use of critical materials such as lithium (L1), nickel (Ni), cobalt (Co) and copper
(Cu)iin.its production; typically, the supply chain for these critical materials have been limited to
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a few regions in the world.!:? Additionally, SIBs offer the opportunity to utilize commodity-scale
precursor materials, meaning, tapping into established supply chains without requiring, large
capital investments into new infrastructure. Electrochemically, SIBs are well-known to be able to
operate effectively over a wider temperature range and can be far safer than lithium-ion,batteries
(LIBs).* Despite these advantages, SIBs are often criticized for having a lower energy density
compared to LIBs.> To overcome this, alloy anodes directly address this issue.

Conventionally, hard carbon (HC) has been the anode of choice in SIBs. Its properties (typical
specific capacity around 300 mAh g’!, and a calendared density of 0.9 g cm™) means that HC is a
limiting factor for the energy density for SIBs (Figure 1a).%” In coftrast, alloy materials such as
tin (Sn) have a much higher specific capacity (~847 mAh g'!) and velumetric capacity (6238 mAh
cm>, and a calendared density of 7.3 g cm™) through the formation of . dénse Na-Sn alloys.® An
anode with such characteristics would increase both the gravimetric and volumetric energy density
of SIBs (Figure 1b). Moreover, the denser structure of Sn.facilitates the design of high-loading
electrodes, which can significantly lower the production costsyof SIBs by reducing the energy
requirements involved in solvent usage and the drying thereof, while also increasing overall

throughput. 3

Sn-based anodes are not new to the battery field; they have been explored in LIBs alongside silicon
for the same motivation, to improve upon the energy density limitations of graphite. However, Sn
has not been successful in LIBs, with issues such asia low initial Coulombic efficiency (ICE) and
poor cycling stability. This is primarilyadue to severe volumetric expansion during cycling among
other reasons.” To address these challenges, considerable research has focused on a myriad of
strategies, such as: particle size«control to achieve nanoscale target morphologies, developing Sn-
carbon nanocomposites with engineered structures, the use of various binders and carbon additives,
the use of pre-lithiation or partial oxidation strategies, and the use of electrolyte additives and
specialized salts to improve the in\terfaces.lo'19 However, an effective solution remains elusive.

In this work, we propose to diréctlyqutilize the intrinsic, favorable properties of commodity-scale
Sn (325 mesh, Figure,S 1) to-address the mentioned challenges. To do so, three critical assumptions
are made: 1) Since Sn'is intrinsically electronically conductive, significant amounts of binders or
carbon additives for electrode preparation are not necessary, 2) Sn is intrinsically compliant under
mild stack pressure, and 3) Sn operates in a less reductive environment compared to LIBs, 0.005
— 0.4 V vs Na/Na"; (equivalent to 0.335 — 0.73 V vs Li/Li"), and thus experiences significantly less
electrolyte reduction.¢With, these three assumptions, it becomes clear that previous strategies
applied in the literature may not be effective in addressing the root causes of Sn’s challenges. This
work seeks to show that Sn can be used with minimal modifications and that Sn can achieve
reversible.operation during alloying and de-alloying without the need for complicated strategies.

Experimental

Preparation of Sn-based electrodes
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The Sn powder (Atlantic Tin) was provided by UNIGRID Inc. The Sn anode composition used is
a modified version of previous work,?’ which used 79.5% Tin, 9.4% carbon black, 0.5% SWCNT,
9.9% PAANa, and 0.7% CMC. In this work, we increased the Tin % to 99.5%, with.the remaining
0.25% SWCNT, 0.25% CMC for viscosity control, with the goal to eliminate the bulky.earbon
black and PAANa binder. The slurry was directly cast under ambient conditions on.a 12um=thick
Al current collector using a transfer coater under the lowest thickness setting. Due to the high
density of the >99% Sn electrode, the casting speed was optimized to-achicve,the target mass
loading. The same process was repeated on the reverse side of the Al current collector. The dried
electrode spool was then calendared using stainless steel rollers untilthe final target thickness was

. ~
achieved.

Preparation of NaCrO: electrodes

The NCrO powder was provided by UNIGRID Inc. and used, directly. The NCrO powder was
mixed with super P (SP) and PVDF in a N-Methyl-2=Pyrrolidone (NMP) solution with a final
composition of 96.9:2.1:1 (NCrO:SP:PVDF). The NCrO electrode was cast on a 12um-thick Al
current collector using a transfer coater in a humidity-controlle’d environment (dew point <-30°C).
The thickness gap of the transfer coater was,adjusted until the target loading was achieved. The
dried electrode spool was then calendared using stainless steel rollers until the final target electrode
density of 3 g cm™ is achieved.

Characterization

Scanning electron microscopy (SEM), images were obtained using FEI Apreo SEM with an
electron beam setting of 5 kV and 0.1 nA. EIS was measured at open-circuit, and a frequency range
from 1 MHz to 0.1 Hz with an amplitude of 5 mV was used, on a Biologic VSP-300.

The FEI Scios DualBeam FIB/SEM system was used to obtain the cross-sectional images of the
Sn electrodes. Liquid N2 was used to cool down the sample stage to -180°C to create a cryogenic
environment which minimizes beam damage to the sample. The FIB/SEM uses a gallium ion beam,
and a voltage of 30 kV, cutrent of 7 nA and dwell time of 100 ns was used to roughly mill down
the cross-section of the deposited lithium. After the rough milling, the cross-section is cleaned with
the ion beam'at a current of 1 nA. The SEM image of the cross-section was taken using the
Everhart-Thornley Detector (ETD) at 5 kV and 0.1 nA.

Electrochemical performance

Direct current polarization (DCP) was performed on Sn powder that was pelletized at 100 MPa
using a hydraulic press. Applied voltages ranged from 0.05 V to 0.2 V, and the corresponding
response currents were used to determine the electronic conductivity based on Ohm’s law.

3
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For electrochemical data, coin type (CR2032) cells were assembled inside an argon-filled.glove
box. The half cells were assembled with the Sn working electrode, glass fiber sepatator (GF/F),
sodium chip as a counter electrode, stainless-steel spacer, and stainless-steel disc spring, Each half
cell contained 100 puL of 1 M NaFSI salt in DME and full cell contained 100 L of the electrolyte.
Cells were rested for 8 hours after crimping and cycled between 0.005 and 1.0 Viys. Na'/Naon a
Neware Battery Testing System.

The Sn-NCrO pouch cells were assembled in humidity-controlled (dew/point <-30°C) dry room.
The detailed parameters of the pouch cells were summarized in Table 1..36 pieces of Sn electrodes
and 35 pieces of NCrO electrodes were assembled in the Z-stack €onfiguration. The pouch cell
was then dried under vacuum at 80°C for 24 hours before electrolyte injection. Each pouch cell is
injected with 40g (E/C ratio ~2.35) of 1 M NaFSI salt in DME ‘electrolyté. The Sn-NCrO pouch
cells were formed by conducting a charge and discharge gycle, thenndegassed under vacuum.
Subsequently, the Sn-NCrO pouch cells are cycled at room.temperature with pressure plates held
together by bolts and nuts tightened to apply stack pressure using a torque wrench with 20 Nm of
applied torque.

Results

Electrode fabrication and characterization

To evaluate the three critical assumptionsyeharacterization was done on commodity-sourced Sn
powder. A direct current polarization measurement (DCP, Figure S2) found that Sn powder has an
electronic conductivity of 6.7x10* S cm™!, a sufficiently high value to conduct electrons even
without carbon additives. This conduetivity is also several orders of magnitude higher than most
anode active materials (10°-10° S cm™):?!?> Comparatively, silicon, a semiconductor, has a
reported electronic conductivity 0f.2.5x10* S ¢cm!, eight orders of magnitude lower than Sn.?
Therefore, significant amounts of carbon additives are needed with silicon (in LIBs), but not with
Sn. Figure 1c shows the.anode slurry (water-based), containing >99% Sn active material, cast on
an Al current collector, Figure 1d shows the punched and calendared Sn electrodes, which are gray
in color due to the high activeimaterial (>99% Sn) in the electrode.

To evaluate the hardness of Sn powders, a tap density measurement was conducted using a pellet
die setup. When 100 MPa of pressure was applied to Sn powder, the measured density was 7.3 g
cm, which matéhes to the theoretical density of metallic Sn.?¢ Comparatively, pressed Si has a
measured densitynof 1.38 g cm™, significantly lower than the theoretical density of metallic Si
(2.33 glem™).2” 2 These results correspond well to the literature, as the reported yield strengths of
Sn and’Si are. 7.7 MPa and 7000 MPa, respectively.”> 3 Given that alloys will further soften as
they get sodiated, the yield strength of Na-Sn is expected to be even lower, and any volume change
in the'Z-axis of the Sn electrode can now be easily suppressed with a small amount of applied
stack pressure.
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Figure 1. (a) Schematics of cell thickness comparison between hard carbon-based Na-ion cell and Sn-based Na-ion
cell. Digital images of (b) 5g of hard carbon‘and Sn pow% (c) Sn slurry cast on an Al current collector (d) Punched
and calendared Sn electrodes from the dried cast.

The nominal electrochemical potential of Sn with respect to Na/Na* can be verified in a half cell.
From Figure 2a, the operating pot&ntial of Sn during sodiation is 0.005 — 0.4 V vs. Na/ Na', which
corresponds to 0.335 - 0.73 V vs. Li/Li". Due to a 0.33 V higher operating potential, the organic
electrolyte is exposed to.a relatively milder reductive environment in SIB anodes. While this does
not entirely prevent electrolyte reduction and SEI formation, it may still mitigate excessive SEI
accumulation during'€yeling compared to lithium systems. Furthermore, ether-based electrolytes
are reported to form thinner.and more stable SEI layers compared to carbonate-based electrolytes
in Sn and HC anedes:*® 3! These result in highly reversible kinetics of sodiation and de-sodiation,
evidenced by the overlapping voltage curves of the half cell.

Interestingly; the l*' eycle Coulombic efficiency was 89.35% with a de-sodiation capacity of 731.8
mAh gil. In subsequent cycles, the de-sodiation capacity increased and remained stable at
approximately 800 mAh g'!. It is hypothesized that the micron-sized Sn particle needs to undergo
an/activation process during cycling and then reach equilibrium. This phenomenon was also
reported inprevious work, where structural re-ordering of alloy particles results in higher surface
area for improved Na* transport properties (Figure 2d-f).2% 3 Such an effect is also supported by
Figure2b, where a significant drop in cell impedance is observed between cycle 1 to cycle 20

5
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(Table S1), indicative of an activation process that improves the transport kinetics of‘the Na-Sn

alloy.
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Figure 2. EBlectrochemical properties of Sn tested in a half cell vs Na/Na®. (a) Voltage profile of the 1%, 3, 10* and
20™ cycle, (b) Nyquist plots of the half cell at the 1%, 3™, 10 and 20" cycle, (c) Extended cycle life and Coulombic
efficieney plots of the Sn electrode compared with a HC electrode. FIB-SEM cross-sectional images of the desodiated
Sn gelectrode after (d-g) 1, 3, 10, and 20 cycles, and the sodiated Sn electrode after (h-k) 1, 3, 10, and 20 cycles,
respectively.
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Figure 2c shows the cycle life of the Sn electrodes compared to hard carbon. While,some
fluctuations are seen in the first 100 cycles, likely due to Sn’s initial volume changes occurring
during cycling that affect interparticle contact, the overall capacity retention remains comparable
to hard carbon. As the half-cell is operated in a coin cell without any external stack pressure, this
fluctuation is expected to take longer to equilibrate. To visualize this structural evelution during
Sn particle activation, cross sectional images were taken with a focused ion beam scanning electron
microscope (FIB-SEM). In Figure 2d-f, the Sn particles undergo structural and morphological
changes during the initial cycling, which corresponds to what previous work hagreported.*3* At
cycle 1, distinct microparticles can be seen. As cycling proceeds; the micro-structure of the
particles appears to transform from large, discreet particles to a networkof smaller, interconnected
particles. Despite this, the average Coulombic efficiencies for the Sn electtodes and hard carbon
are 99.93% and 99.95%, respectively, demonstrating the high reversibility of commodity-sourced
Sn powders in the absence of excessive amounts of binders or additives.

Full cell assembly and electrochemical data

To evaluate the Sn electrode in a full cell, the NaCrO» (Figure’ S3) cathode is chosen as a counter
electrode due to its well established stabilityand high capacity in SIB.3*7 Both electrodes were
prepared and fabricated into a pouch cell. The detailed design specifications of the full pouch cell
are found in Table 1.

Table 1. Design sheet of the full Sn | NaCrO, pouch cell.

Capacity (mAh g) 120
Active Material (AM) ratio (%) 96.9
Cathode
Thickness (double layer + 12pum Al foil, pm) 132
Areal capacity (mAh cm™) 2
Separator: Thickness (um) 16
Capacity (mAh g™) 800
Active Material (AM) ratio (%) 99.5
Anode
Thickness (double layer + 12pum Al foil, pm) 25
Areal capacity (mAh cm™) 2.1
Al for cathode (um) 12
Current Collector
Al for anode (um) 12
Dimensions L x W (mm) 175x80+0.2
Layers Anode/Cathode 36/35

7
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Pouch bag Thickness (mm) 0.12x2
Total thickness (Charged) Thickness (mm) 8.0+0.1
Total mass Mass (g) 262%5
Nominal Voltage (V) 2.75
Nominal Capacity (Ah) 17.0
Specific Energy (Wh kg™) 178 Wh kg!
Volumetric Energy (Wh L) 417 Wh L!
Cell Pictures

in 2|
CINRY s CRAFISMAN. 0D

3
| d ¥ a" 6|
uﬂmu‘|uﬂum\mhm‘nnhﬂw\nu !
o i

This pouch cell achieves a reversible capacity of 17.0 Ah and a nominal voltage of 2.75 V (when
cycled between 2.2 V to 3.4 V; voltage curve in Figure 4a). The pouch cell has a total mass of
0.262 kg and a volume of 0:112 L at the fully charged state, yielding a specific energy of 178 Wh
kg and volumetric energy. density of 417 Wh L.

To evaluate the impedance, growth of the Sn | NaCrO: full cell with cycle numbers, Figure 4b
shows the EIS measurements of the pouch cell at the discharged state at cycles 1, 3, 10, and 20
respectively. Similar to what was observed in the half cell, the pouch cell impedance was observed
to decrease after'the first cycle, from 2.27-102 Q after 1 cycle to 2.04-10 Q after 3 cycles, to
1.60-10%Q aftert@cycles and finally 1.42-10" Q after 20 cycles. This corresponds to the same
activation effect'of the Sn particles previously reported in the literature and in Figure 2b.2

To assess the rate capability of pouch-type sodium-ion cells, systematic charge and discharge rate
tests, were conducted (Figure 4c, Figure S4). In the charge rate evaluation, the charging current
was varied while maintaining a constant discharge rate of C/10. For the discharge rate assessment,
the discharge current was varied while the charging rate was fixed. The maximum current applied
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during these tests was 8 A (corresponding to C/2). The discharge rate test was subsequently
performed following completion of the charge rate test using the same cell. The charge capacity
exhibited a minimal reduction of approximately 1% when the rate increased from C/10 (charge
capacity of Cycle 3) to C/2 (charge capacity of Cycle 12). In contrast, the discharge.capacity
9 declined by approximately 5% over the same rate increase, from C/10 (discharge capacity of Cycle
10 15) to C/2 (discharge capacity of Cycle 24). These results indicate that the desodiation kinetics of
Sn at higher rates are slower compared to the sodiation process, suggesting@arate-limiting behavior
13 during sodium extraction.
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Figure 4/(a) Voltage curves of the Sn | NaCrO, pouch full cell. (b) Nyquist plot showing the EIS measurements of
the full cell after cyeles 1, 3, 10, and 20. (c) Charge and discharge rate test. (d) Discharge capacity and Coulombic
efficiency withithe cell stacking plate tightened at different torques. (e) Cycle life and Coulombic efficiency plots of

the pouch cells.

To evaluate the effect of stack pressure on the pouch cell, a pouch cell was sandwiched between
stainless steel pressure plates. The bolts were tightened with a torque value of 20 Nm, and the cells
were then cycled at a rate of C/5 at room temperature (Figure S5) for 5 cycles. Subsequently, the
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test was repeated at 15 Nm, 10 Nm, 5 Nm and 1 Nm, to evaluate the effect on reversible capacity
and Coulombic efficiency with respect to torque (Figure 4d, Figure S6). The discharge capacity
remained relatively stable from 20 Nm down to 5 Nm. Below 5 Nm, howeverpa decrease of
approximately 5% in discharge capacity was observed compared to the initial value recorded at 20
Nm. It is noteworthy that a torque of 1 Nm, which is equivalent to hand-tighteningywas sufficient
to maintain functional operation of the Sn pouch cell. This suggests that a high external pressure
is not critical for the electrochemical cycling and operation of the cells insthis study.

To evaluate the cycle life, three pouch cells were sandwiched between stainless steel pressure
plates, the bolts were tightened at 20 Nm, and the cells were cy¢led at.awrate of C/5 at room
temperature. All three cells showed an average capacity retention 0f.90.0% after 100 cycles, with
an average Coulombic efficiency of 99.7%.

Discussion

Among various next-generation battery technologies, SIBs have undoubtedly made rapid progress
toward commercialization in recent years, with numerous.cell products now commercially
available. Figure 5 is a summary of the SIB landscape as reported by the Volta Foundation’s Battery
Report 2024, containing publicly-availablé eell datasheets from commercial products.’® When
plotted by specific energy versus volumetriesenergy density, it is interesting to see two major
clusters appear, based on chemistry. One cluster is the polyanion-based chemistry, such as the
NasV2(POs)3, Na3V2(PO4)2F3, or NasFes(PO#)2(P207) cathodes paired with hard carbon, and the
second is the layered oxide type chemistry, such as the NaNixFeyMn;O2, NaCuxFeyMn,O2 or
NazFexMnyO: cathodes paired with hard carbon.**** While it is no surprise that the polyanion
cathodes have significantly lower'eénergy density than layered oxides, both types of SIBs, if they
use hard carbon anodes, will have much lower energy densities than the state-of-the-art Li-ion LFP.
This is evident when volumetric énergy‘density (Wh L) is considered, a metric often unreported
and overlooked.

Considering the emerging applications in micro-mobility or low speed vehicles, stationary storage,
and distributed energy-applications, volumetric energy is arguably more relevant for consideration
than specific energy.* "Advancements in cathode innovation have brought incremental
improvements in the.energy densities of SIBs, but it has become clear that the hard carbon anode
is the prevailing bottleneck to higher energy densities, especially in applications where volume, or
deployment footprint is crucial. Energy-dense alloy anodes are thus necessary to overcome the
hard carbon bottleneck to significantly increase volumetric energy densities for SIBs.

Although energy-dense alloy anodes have faced formidable challenges when used in Li-ion
batteries, such as silicon, these barriers can be overcome in SIBs without using costly materials or
complicated techniques. This work has demonstrated a proof-of-concept that using commodity-
sourced Sn metal powders as the anode allows SIBs to achieve both higher specific energy density
andvolumetric energy density compared to the state-of-the-art LFP.

1
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Figure 5. Specific Energy (Wh/kg) vs Volumetric energy density (Wh/Iz).comparison of commercially-reported SIBs
based on public datasheets, along with reference LIB (LFP) datapoints.3® 46:3¢

Despite the unprecedented energy densities achieved in the poﬁch cell, the overall performance of
the Sn-NaCrO: cell can still be improved with further work. Specifically, the cycle life of the pouch
cell, achieving 100 cycles with 90.0% retention, needs to improve to be viable in most commercial
applications. The cell design used in this work serves as a proof-of-concept to illustrate the
capabilities of alloy materials such‘as Snmwhenyused in its barest form without any complex
electrode or electrolyte modifications. Further optimization in future work through strategies such
as electrode additive screening, electrolyte modifications, and structural or mechanical design
changes can be conducted to impreve the rate capability, reduce the dependence on stack pressure
and extend cycle life significantly.’!3

N
Conclusion

This work aimed to show that commodity-sourced Sn, when processed in an electrode (>99%
active Sn) and used‘in aSIB, could achieve high specific energy, high volumetric energy density,
and reversible operation without the need for costly and complex nanoscale material processing or
techniques. Thisuis achievable due to the intrinsic properties of Sn which are markedly different
than the intrinsic/properties of Si. Notably, Sn is intrinsically electronically conductive (eight
orders of magnitude higher than Si), so an excessive amount of binder or carbon additives are not
necessary to make a functioning electrode. Sn is intrinsically mechanically soft and compliant
under mild stack pressure, which mitigates the effects of volume expansion, and Sn operates in a
less reductive’environment, 0.2 V vs Na/Na', equivalent to 0.5 V vs Li/Li", and thus experiences
significantly less electrolyte reduction. This study culminated in the fabrication of a 17 Ah SIB, a
pouch-format full cell, containing Sn as the anode and NaCrO», a layered oxide, as the cathode. A
specific energy of 178 Wh kg™ and volumetric energy density of 417 Wh L were achieved,
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exceeding the values of the state-of-the-art Li-ion LFP. Alloy anodes are thus demonstrated as a
viable route for high-performance, energy dense SIBs that directly address the energy density
criticism when compared against LIBs.
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