Nano Letters

This document is confidential and is proprietary to the American Chemical Society and its authors. Do not
copy or disclose without written permission. If you have received this item in error, notify the sender and

delete all copies.

Self-assembly of pulverized nanoparticles: an approach to
realize large-capacity, long-lasting, and ultrafast-

chargeable Na-ion batteries

Journal:

Nano Letters

Manuscript ID

nl-2021-02518r.R4

Manuscript Type:

Communication

Date Submitted by the
Author:

23-0Oct-2021

Complete List of Authors:

Park, Jun-Hyoung; Korea University, Material sci. & eng.

Choi, Yong-Seok; University College London, Department of Chemistry
Kim, ChangHyeon; Gyeongsang National University, Department of
Materials Engineering and Convergence Technology

Byeon, Young-Woon; Lawrence Berkeley National Laboratory, Materials
Sciences Division

Kim, Yongmin; Pohang University of Science and Technology, Center for
Advanced Aerospace Materials

Lee, Byeong-Joo; Pohang University of Science and Technology,

Ahn, Jae-pyoung; Korea Institute of Science and Technology, Nano
Materials Analysis Center

Ahn, Hyojun; Gyeongsang National University, School of Materials
Science and Engineering

Lee, Jae-Chul; Korea University, Department of Materials Science and
Engineering

ONE™

ACS Paragon Plus Environment




Page 1 of 23 Nano Letters

Self-assembly of pulverized nanoparticles: an approach to realize large-

oNOYTULT D WN =

capacity, long-lasting, and ultrafast-chargeable Na-ion batteries

Jun-Hyoung Park!*, Yong-Seok Choi'>f, ChangHyeon Kim?, Young-Woon Byeon'#,

13 Yongmin Kim?, Byeong-Joo Lee, Jae-Pyoung Ahn®, Hyojun Ahn*, Jae-Chul Lee!-*

16 "Department of Materials Science and Engineering, Korea University, Seoul 02841, South Korea

18 Department of Chemistry, University College London, 20 Gordon Street, London WC1H 0AJ, UK
20 3Department of Materials Engineering and Convergence Technology, Gyeongsang National University,
22 Jinju 52828, South Korea

24 “Materials Sciences Division, Lawrence Berkeley National Laboratory, Berkeley CA 94720, United
26 States

SCenter for Advanced Aerospace Materials, Pohang University of Science and Technology, Pohang
37673, South Korea

6Advanced Analysis Center, Korea Institute of Science and Technology, Seoul 02792, South Korea

38 TOC graphic:

41 600

Na-Sn cell with DME solvents (current density: 12,690 mAg™")

Bulk Sn flake

~

(4]

o
|

After many

Spontaneous transformation
ging battery cyc(li59

w

o

o
|

3 networked
nanostructure

N
oo
Specific capacity ( mAhg1)
3
|

T T T T
600 900
Cycle number

59 1/23

ACS Paragon Plus Environment



oNOYTULT D WN =

Nano Letters

Abstract: The fabrication of battery anodes simultaneously exhibiting large capacity, fast
charging capability, and high cyclic stability is challenging because these properties are
mutually contrasting in nature. Here, we report a rational strategy to design anodes
outperforming the current anodes by simultaneous provision of the above characteristics
without utilizing nanomaterials and surface modifications. This is achieved by promoting
spontaneous structural evolution of coarse Sn particles to three-dimensionally networked
nanostructures during battery cycling in an appropriate electrolyte. The anode steadily exhibits
large capacity (~480 mAhg") and energy retention capability (99.9%) during >1,500 cycles
even at an ultrafast charging rate of 12,690 mAg! (15C). The structural and chemical origins
of the measured properties are explained using multi-scale simulations combining molecular
dynamics and density functional theory calculations. The developed method is simple, scalable,
and expandable to other systems and provides an alternative robust route to obtain

nanostructured anode materials in large quantities.
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In alloying anodes, the charging and discharging are always accompanied by large
volume changes associated with the repetitive insertion and extraction of carrier ions. This
unavoidable volumetric change necessarily develops stresses at the propagating interface and
causes pulverization/fragmentation of anode materials!-3. Until recently, this behavior was
considered detrimental and undesirable for most battery systems, because it leads to structural
degradation and reduces the associated rate performance, cyclic stability, and capacity of the
anode®°. However, for certain systems and in the presence of an appropriate electrolyte, this
seemingly destructive process can be useful to construct porous nanostructure, which is crucial
to fabricate anodes having simultaneously improved capacities, rate performances, and

cyclabilities.

Nanoparticles (NPs) are prone to spontaneous coalescence in appropriate solutions’-!°,
and thus can often reconfigure to a porous three-dimensional (3D) nanostructure consisting of
NPs. When such reorganization occurs in an anode material, the resultant structural architecture
can transport carrier ions through surfaces and grain boundaries at faster rates!!- 12, which
improves the rate performance of the battery. Furthermore, during battery cycling, these porous
nanostructures can sustain large volumetric changes, which increases the capacity and cyclic
stability of the anode. In this regard, the coalescence of NPs can be used as a basic strategy to
develop ultrafast-chargeable batteries with large capacities and cyclic stability. However, to
utilize these properties provided by the coalescence of NPs, it is essential to develop an
effective method to obtain the required NPs for the subsequent coalescence process. One
approach to promote the two individual events in a sequential order is the use of low-yielding
and low-melting metals. For low-yielding metals, the insertion of carrier ions often proceeds

with the generation of dislocations in front of the advancing interface'3 . Thus-formed
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dislocations act as preferential pathways for ionic diffusion, transforming the initially coarse-
grained bulk metal into a nanograined one!’. During the subsequent charging stage, the
extraction of carrier ions destroys the bulk metal into NPs. In appropriate liquid media,
pulverized NPs, particularly those with low melting temperatures, can spontaneously coalesce
even at ambient temperature and yield porous nanostructures’®. In this context, Sn, owing to
its low yield strength and melting temperature'>, is expected to act as an ideal testbed material

for the fabrication of self-assembled nanostructured anodes using pulverized NPs.

In this study, using a Na—Sn battery system, we design anodes for Na-ion batteries that
outperform the current anodes by simultaneous provision of large capacity, fast charging
capability, and long cycling lifetime without using surface modifications. We experimentally
confirm the above concept for the fabrication of an anode material that can operate at ultrafast
rates without reducing the capacity over an extended battery cycling. At a current rate of 12,690
mAg ! (equivalent to 15C), the fabricated anode with self-assembled Sn nanostructures stored
~480 mAhg ™! without modifications, which lasts during >1,500 (red dashed line in Figure S1)
with 99.9% of energy retention. To explore the mechanism of the observed structural evolution
and associated electrochemical properties, this study addresses four fundamental issues. 1) By
observing the generation of dislocations in bulk Sn crystals and associated dislocation-pipe
diffusion of Na during sodiation, we clarified the restructuring process of the bulk Sn to the
nanograined structure. 2) We then observed the fragmentation process of the nanograined
structure and subsequent coalescence during desodiation. 3) Using a technique combining
classical molecular dynamics (MD) simulations and density functional theory (DFT)
calculations, we elucidate the mechanism of the self-assembly behavior of fragmented Sn NPs

by analysing the role of electrolytes in promoting the coalescence of fragmented NPs. 4) We
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experimentally confirmed that the structural architecture constructed by the self-assembling of

pulverized NPs could lead to considerable improvements in the rate performance, capacity, and
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9 cyclability of the battery.
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Figure 1. (a) Voltage—capacity curve of the Na—Sn battery measured at a current rate of 15C.
36 Secondary electron images of Sn flakes extracted from the (b) uncycled, (¢) firstly fully
38 discharged (sodiated), (d) firstly fully charged (desodiated), and (e) secondly fully discharged
40 Na—Sn battery. In the images, only partial sections of the Sn flakes with sizes of ~150 pm are

shown. (f) Schematic of the structural evolution of a Sn flake during battery cycling.

47 To explore the structural origins providing the excellent properties of the Na—Sn
49 battery (Figure S1)'¢32, we observed the structural evolution of bulk Sn crystals during battery
cycling. For this purpose, we prepared Na—Sn batteries having an electrolyte comprising 1M
54 of NaPFg dissolved in a dimethoxyethane (DME) solvent (Methods). Four different anode

56 samples were prepared by cycling to different states of charge, as indicated in the
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corresponding voltage—capacity curves measured during battery cycling at 15C (Figure 1a).
The first sodiation started with a specific capacity of 707 mAhg™!. At this composition, the
crystalline Sn (c-Sn) expands by an average of 300% in volume. The structural change was
confirmed by observing Sn flakes extracted from the pristine (Figure 1b) and firstly sodiated
Na—Sn batteries (Figure 1c¢). Unlike the unreacted Sn flake, the sodiated Sn exhibits hairline
cracks associated with the volume expansion??. During subsequent desodiation, the extraction
of Na* transforms the initially smooth Sn flake to a structure covered with weakly connected
Sn NPs (Figure 1d). During the second sodiation, the insertion of Na* transforms Sn NPs to
Na-rich phases (Na,Sn), causing the NPs to expand. The expansion of Sn NPs fills free spaces
between weakly connected Sn NPs, while leaving a bumpy surface of sodiated NPs (Figure
le). The above observations suggest that the repetition of sodiation and desodiation

progressively transforms the initial morphology of bulk Sn to porous Sn nanostructures (Figure

1f).
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Preexisting
18 v dislocations

28 Figure 2. (a) TEM image of the region near the interface of a partially sodiated Sn obtained
by directly contacting a Na lump to a c¢-Sn flake, which demonstrates the overall sequence of
33 structural evolution associated with sodiation. In the image, Na diffusion proceeds from the
35 right to the left side. (b) Magnified image of c-Sn ~2.0 um away from the interface (white
dotted line), which shows Na,Sn NPs dangling on dislocation cores. (¢) Distribution of stresses
40 measured using PED along the direction of the full dislocation Burgers vector ([100]) of c-Sn.
42 (d) Nucleation of new dislocations in the vicinity of the Na,Sn particles. (e) Formation of high-
44 density dislocations in c-Sn near Na,Sn particles. (f) Sn crystals (bright) surrounded by grain-
boundary-like Na,Sn phases (dark). (g) Sn NPs (dark) embedded in Na,Sn phases (bright).
49 Note that to clearly reveal Na-rich phases and dislocation structures, the TEM images of (a),
51 (d), and (f) were recorded using the dark field mode, whereas those of (¢) and (g) were recorded

using the bright field mode.
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To analyse the changes in the microstructure of c-Sn during sodiation, we prepared a cross
section of a c-Sn flake extracted from a partially sodiated Sn anode. Sodiation proceeded with
the formation of a tortuous diffusional interface by leaving the Na-rich phases behind (Figure
S2a). However, unlike Si- and Sb-based anodes, in which carrier ions penetrate to depths of
100-300 nm3* 35, Na* penetrated c-Sn flakes to depths larger than 2 um at 15C during the first
sodiation. According to energy-dispersive spectroscopy (EDS) analyses, Na was detected even
in seemingly unreacted Sn regions away from the interface (Figure S2b). This unusual result is
attributed to the characteristic diffusion behavior of Na and can be explained by observing the
structural evolution of a partially sodiated Sn flake over a large area (Figure 2a). The unreacted
Sn regions, located 2—3 pum ahead of the interface, showed that these regions are characterised
by low-density dislocations (red dashed box in Figure 2a). A closer examination of these
dislocations reveals NPs dangling on dislocation lines (Figure 2b). The corresponding EDS
map shows that these particles are Na,Sn phases (Figure S3). The unique dislocation structure,
decorated with Na,Sn particles, suggests that Na diffusion was facilitated by the commonly
known “dislocation pipe diffusion”. Because the diffusion barrier is considerably lower along
the dislocation core than through the lattice, Na* can migrate two to three orders of magnitude
faster along dislocation cores than through the lattice of c-Sn'!- 12, This explains the existence

of Na into the deep interior regions of c-Sn (denoted by the arrows in Figure S2a).

With continued sodiation, additional Na* is supplied through dislocation cores, which
renders Na-rich particles dangling on dislocations to grow and develops residual stresses on
their nearside. We evaluated the stresses at regions near Na,Sn particles using the precession
electron diffraction (PED) technique3®-3® (see Methods). Figure 2c presents the PED map,

showing the distribution of residual stresses measured along the direction of the full dislocation
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Burgers vector ([100]) of c-Sn located 2 um ahead of the propagating interface. Tensile residual
stresses are generated near Na,Sn particles and tend to increase with the particle size. With the
growth of particles to sizes larger than 30 nm, tensile stresses close to 200 MPa begin to develop
near the Na-rich particles (Figure 2c). Such magnitudes of tensile stresses are similar or
comparable to the yield strengths (~200 MPa) of nanoscale Sn regions adjacent to the Na-rich
particles’®. This indicates that the nucleation of new dislocations is feasible as the particles
grow to sizes larger than 30 nm. Indeed, dislocations are noted to newly nucleate near Na-rich
particles with sizes larger than 30 nm (Figure 2d). The growth of these particles expands the
area with stresses larger than 200 MPa, which led to a large-scale bursting of dislocations and
formation of dislocation cell structures (Figure 2e). Because these dislocations again act as
preferential pathways for Na diffusion, the Na accumulation in dislocation cells transforms the
Na-rich bulk Sn to nanograined Sn encaged by 3D networked grain-boundary-like Na,Sn
phases (the dark phase in Figure 2f). The continued inflow of Na* thickens the Na-rich shells
by eroding individual Sn crystals to sizes of a few tens of nanometres, and thus transforms bulk

Sn crystals to the Na-rich phases embedded with Sn NPs with diameters of 10—20 nm (Figure

2g).
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Figure 3. (a) Cross-sectional view of the desodiated Sn flake extracted from the firstly fully
charged Na—Sn battery. A protective Pt layer was deposited on the surface of the desodiated
Sn flake to prevent structural degradations during the focused-ion beam (FIB) cutting.
Magnified images of the (b) interior and (c) surface regions outlined by the rectangles in (a).
(d) A series of images of the surfaces of the Sn flakes extracted from the pristine anode and
cycled anodes subjected to 1, 10, and 50 cycles, which show the evolution of the bulk Sn to a
3D networked Sn nanostructure constructed with self-assembled Sn NPs. Secondary electron
images of the (e) surface and (f) cross-section of the Sn flake extracted from the 500-times-

cycled Na-Sn half-cell.

10/ 23

ACS Paragon Plus Environment

Page 10 of 23



Page 11 of 23

oNOYTULT D WN =

Nano Letters

Having elucidated the restructuring of the bulk Sn to the nanograined Na-rich phases
during sodiation, we next analyse the transformation of the sodiated bulk Sn into Sn NPs during
subsequent desodiation and their self-assembling to porous Sn nanostructures (Figure 1f). For
this purpose, we extracted desodiated Sn flakes from the cycled batteries to evaluate the
microstructures. Figure 3a shows a cross-sectional view of the desodiated Sn flake subjected
to one battery cycle, which reveals various microstructures with a speckled contrast. Although
certain regions of the Sn flake remain unreacted (in bright grey), Na* have penetrated the Sn
flake to a depth greater than ~2 um during the first battery cycle (in dark grey). Figure 3b shows
a magnified image of the region corresponding to rectangle “b” in Figure 3a, suggesting that
Sn NPs were formed owing to the extraction of Na from the nanograined Na-rich phases.
Another important observation is that individual Sn NPs in the interior region of desodiated Sn
flakes are connected by forming weak necks. This partial coalescence is more evident for Sn
NPs on the surface of the Sn flake (Figure 3c), showing the surface covered with weakly
connected Sn NPs. The examination of the surface shows that the sizes (~200 nm) of the Sn
NPs on the surface are considerably larger than those (10—20 nm) in the subsurface region. As
Sn NPs at the outer surface of the Sn flake exhibit high surface energy and are in direct contact
with the electrolyte, they must have grown by the coalescence of fragmented Sn NPs upon

contact with the electrolyte medium.

To further analyse the structural evolution of the Sn flake associated with the additional
cycling, we observed the cross sections and surfaces of the desodiated Sn flake subjected to
further battery cycles. Compared to the desodiated sample subjected to one cycle (Figure 3a),
the desodiated Sn flake subjected to ten cycles did not show unreacted Sn regions (Figure S4).

This indicates that, with the repetitive charge—discharge processes, Na penetrated to the entire
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volume of the Sn flake. Furthermore, with repetitive sodiation and desodiation, the sequential
pulverization and coalescence gradually transform the bulk Sn to the 3D networked porous Sn
nanostructure (Figure 3d). Such gradual restructuring via the sequential pulverization and
coalescence transforms the entire volume of the initially bulk Sn flake to the 3D networked

porous Sn nanostructure (Figures 3e and 3f).
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Figure 4. (a) Two representative frames captured during the classical MD simulations, which
show two Sn NPs spontaneously coalescing to reduce their potential energies. (b) Variations
in degree of coalescence evaluated for the two Sn NPs as a function of interparticle distance.
(¢) Surfaces of the Sn NPs used to replicate the interfacial interactions with various solute ions
(F-, PF¢) and solvents (EC, DEC, and DME) comprising the electrolytes. (d) Adsorption
energies calculated for F-, PF4-, EC, DEC, and DME upon interaction with the Sn surface. The
thicknesses of various solvation layers predicted using the stable solvent structures are

superimposed in the graph. Schematics of the Sn NP-electrolyte interfaces formed under
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different electrolytes composed of (e) NaPF¢ in DME and (f) NaPF4 in EC/DEC. The colours

represent the charge states of the solvation layers (neutral (grey), positive (blue), and negative

(red)).

The structural changes of bulk c-Sn discussed in the previous sections (Figures 2 and
3) suggest that the observed structural changes of the bulk c-Sn originated from the
pulverization of the bulk Sn and spontanecous coalescence of pulverized Sn NPs in the
electrolyte. Although the coalescence of NPs is a well-known phenomenon occurring in various
liquid media**- 4!, the pathways towards this behavior are still largely unexplored because this
phenomenon not only occurs within a short period of time but also proceeds by the interaction
of atomic-scale structural motifs in a liquid medium*!-43, In this study, we analysed the
coalescence behavior of the Sn NPs in the presence of various electrolytes by multi-scale

simulations combining classical MD and DFT calculations.

Owing to the high surface-area-to-volume ratio and low melting temperature of the Sn
NPs, they tend to coalesce to reduce the surface energy®. However, their coalescence is
spontaneous and plausible only when the distances between Sn NPs are sufficiently small®. We
performed large-scale MD simulations to determine the critical spacing, below which
spontaneous coalesce occurs between two adjacent Sn NPs (see Methods). Figure 4a shows an
example of a MD simulation performed on two 20-nm-diameter bare Sn particles. The particles
coalesce when they are separated by less than ~1.5 nm (Figure 4b). However, during the actual
battery operation, Sn NPs remain in direct contact with electrolytes comprising various solute
1ons such as Na', F-, and PF¢ as well as solvent molecules such as DME. These environments

can influence the coalescence behavior of Sn NPs. Firstly, calculations on the effect of Na™ on
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the coalescence behavior of the Sn NPs reveal that the presence of Na* promotes the reaction
between the two adjacent Sn NPs, such that they coalesce upon separation by a distance less

than ~3 nm (Figures 4b and S5).

The above results suggest that other ionic components, such as F-, PF4, and DME
molecules comprising the electrolytes may also affect the propensity for the coalescence of Sn
NPs. Generally, the surfaces of metal NPs dissolved in colloidal solutions are positively
charged**, and thus attract surrounding negatively charged solute ions and solvent molecules
to form a solvation layer. The so-formed solvation layer separates NPs so that the coalescence
of NPs is more difficult to occur with a thicker solvation layer®. Therefore, the effects of
various electrolytes on the coalescence between Sn NPs were evaluated by predicting the
thickness of the solvation layer, conceivably formed by the interaction with solute ions and

solvent molecules comprising the electrolyte.

We performed DFT calculations to analyse the interactions at the surfaces of the Sn
NPs in the presence of various solute ions (F-, PF4") and solvent molecule (DME) comprising
the electrolyte used in this study (for detailed structures, dimensions, and charge density
distribution of F-, PF¢, and DME, see Figure S6). For comparison, calculations were also
performed for other typical solvent molecules (ethylene carbonate (EC) and diethyl carbonate
(DECQ)). For this purpose, we prepared the surface of the Sn NP used to replicate the interfacial
interactions with various solute ions and solvent molecules (Figure 4c). Calculations revealed
that both F- and PF¢ solute ions adhere to the Sn surface, while the molecular DME remains
unabsorbed (Figure S7). The adsorption tendencies of various components of the electrolytes
to the Sn NP were quantitatively evaluated by considering their adsorption energies. Both F-

and PFg 1ions exhibit large adsorption energies (0.17 and 0.14 eV/atom, respectively), whereas

14 / 23

ACS Paragon Plus Environment

Page 14 of 23



Page 15 of 23

oNOYTULT D WN =

Nano Letters

DME exhibits a markedly small adsorption energy (0.02 eV/atom) (Figure 4d). This
comparison explains the presence of the different degrees of adsorption of the various solute
ions and solvent molecules, which determines the solvation layer thicknesses adhered to the Sn
surface, and thus changes the propensity for the coalescence between Sn NPs. Figure 4d shows
the possible thickness of the solvation layer formed on the surface of the Sn NPs estimated by
considering the sizes of various types of solute ions and solvent molecules. Both F- and PF¢
ions can adsorb on the Sn surface and form layers with thicknesses of 1.5 and 3.8 A,
respectively. However, the DME molecules cannot easily adsorb on Sn NPs and do not
contribute to the formation of additional solvation layers. Consequently, the thickness of the
solvation layer formed in the presence of the electrolyte comprising NaPFs and DME is
considerably smaller than the critical distance (~3 nm) required for the coalescence of Sn NPs

(Figure 4b), which facilitates the coalescence reaction.

Comparative studies were performed to further analyse the adhesion behavior of EC
and DEC solvent molecules and their effects on the coalescence of Sn NPs (Figures 4c and d).
Calculations show that the adsorption energies of EC and DEC molecules are 0.080 and 0.079
eV/atom, respectively. These results indicate that, compared to DME, the molecular EC and
DEC exhibit a greater tendency to adhere to the Sn surface. Thus, they are expected to form
solvation layers with a thickness greater than ~7 A (Figure S7). When the interfacial layer (~3.8
A) composed of F- and PFy4 ions is added to this solvation layer composed of EC/DEC
molecules, the interfacial layer becomes even thicker and separates the two Sn NPs by a
distance larger than 2.2 nm (Figure 4f). Furthermore, because the surfaces of the solvation
layers composed of EC/DEC molecules are negatively charged, the NPs covered with these

solvation layers repel each other, which can further increase the interspacing between Sn NPs
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in the EC/DEC solvents even greater than the critical distance (3 nm) predicted by the MD
simulations (Figure 4b). This makes the coalescence between Sn NPs in the EC/DEC solvents

unfeasible, which leads to the electrical isolation of pulverized Sn NPs (Figure S8).
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Figure 5. Electrochemical performances of the Na—Sn cell. (a) Capacities and coulombic
efficiency of the Na-Sn half-cells with two different solvents, DME and EC/DEC.
Charging(desodiation) and discharging(sodiation) capacity of half-cells are denoted in the
legend as ‘C’ and ‘D’, respectively. Changes in voltage—capacity profiles of the Na—Sn cells
with (b) DME and (¢) EC/DEC measured during the initial 100 cycles. (d) Changes in specific
capacity of the Na—Sn half-cell with an electrolyte containing DME as a function of
charge/discharge rate. The specific capacities of Sn anodes modified with various nanoscale

Sn and surface coatings are also shown!¢-18,25, 27,29,

The effect of the structural change of c-Sn on the actual electrochemical performance

was evaluated for Sn anodes with and without self-assembling capability. For this purpose, we
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prepared Na-Sn half-cells containing 1M of NaPFg dissolved in DME. For comparison, Na—Sn
half-cell counterparts containing 1M of NaPF¢ dissolved in EC/DEC were also fabricated.
Figure 5a shows the changes in specific capacities of the two Na—Sn batteries measured as a
function of battery cycle. The Na—Sn half-cell containing the EC/DEC solvent initially exhibits
a capacity of <200 mAhg™!, which subsequently rapidly decreases with battery cycles even at
the slow charging rate of 846 mAg-! (equivalent to 1C) (Figures 5b). The reduction in capacity
is attributed to the structural degradation of the Sn anode during repeated cycling. This
degradation phenomenon has been extensively analysed for various alloying anodes?-¢. On the
other hand, the Na—Sn half-cell containing the DME solvent exhibits a large capacity of 459
mAhg! in the first cycle at the charging rate of 12,690 mAg™! (equivalent to 15C) (Figure 5a).
Unlike in the case of the Na—Sn cell with EC/DEC, the capacity increased gradually by
additional 5-10% (Figures 5a and c) with the increase in battery cycles to 50, which is then
maintained during 1,700 cycles. This capacity increase is also observed in a low charge and

discharge rate (1C) (Figure S9).

Subsequently, we measured the capacities of the Sn anode with the DME solvent at
various C-rates (Figures 5d and S10). For comparison, the capacities of various Sn anodes,
based on nanoscale Sn, surface modifications, or combination of the two methods, are also
presented!®-18.25.27.29 Despite the partial improvements in the capacity and cyclic stability, the
methods used in previous studies significantly reduced the capacity at C-rates greater than 5.
This is because for these batteries utilizing electrolytes containing the EC/DEC solvent, the
structural degradation of the Sn anodes is unavoidable, causing the isolation of electrode

materials and capacity fading.

Conversely, the Sn anode with the DME solvent exhibited an excellent performance,
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even without modifications. The measured properties can be interpreted based on the
spontaneous restructuring of the bulk Sn in the appropriate electrolyte and characteristics of
the resultant Sn nanostructure The spontaneous restructuring of the bulk Sn enabled physical
contacts between the pulverized Sn NPs, which prevents them from electrical isolation and thus
increases the anode capacity. Furthermore, the structural evolution transformed the initially
bulk Sn into the porous nanostructure. The free space in the porous nanostructure can
accommodate the volume expansion of the anode associated with sodiation and thus prevents
the accumulation of residual stresses. This not only alleviates the tendency for the self-limiting
Na diffusion*- 47 but also enhances the structural integrity, which leads to improved capacity
and cyclic stability of the anode. Because the porous Sn nanostructure is constructed with 200-
nm-thick struts composed of Sn NPs, this unique nanostructure is characterised by a short
diffusion distance (x) and large surface and grain boundary areas. As the diffusivity (D) is two
to three orders of magnitude larger along the surface and grain boundary than along the lattice!!-
12" the Sn nanostructure can rapidly transport Na* to the interior of the Sn nanostructure,
according to t o« x%/D relation*s. The above characteristics of the porous nanostructure explain
how the structure presented in this study can simultaneously improves the contrasting
properties of the anode to an unprecedented level. It is also noted from Figure 5a that the
capacity of the Na-Sn half-cell containing DME decreases rapidly after 1,700 cycles. In general,
battery cycling is always associated with the decomposition reaction of the electrolyte itself
and the Na consumption by the formation of solid-electrolyte interfaces and solvation shell on
the surface of fragmented Sn NPs*% 3%, Such reactions at the anode surface cause the depletion
of charge carriers and deteriorate electrolyte’!, causing a rapid fading in the capacity by
hindering the transportation of Na*. This is particularly the case for the nanostructured anode

with large surface areas, rendering the capacity to quickly fade. For this issue, a more
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systematic future study is necessary.

oNOYTULT D WN =

In summary, the structural evolution of the Sn anode occurred spontaneously in the
10 DME-containing electrolyte in the following order, 1) nucleation of high-density dislocations
12 during sodiation, 2) pulverization of bulk Sn during desodiation, and 3) spontaneous
coalescence of pulverized Sn NPs in DME-containing electrolyte. The proposed method can
17 be regarded as an alternative robust approach to obtain nanostructured anode in large quantities.
19 Thus, it paves the way for the fabrication of batteries with simultaneously improved

21 electrochemical properties.
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