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ABSTRACT: Sn-based anodes are promising high-capacity anode materials for low-cost lithium ion batteries. Unfortunately, their
development is generally restricted by rapid capacity fading resulting from large volume expansion and the corresponding structural
failure of the solid electrolyte interphase (SEI) during the lithiation/delithiation process. Herein, heterostructural core—shell SnO,-
layer-wrapped Sn nanoparticles embedded in a porous conductive nitrogen-doped carbon (SOWSH@PCNC) are proposed. In this
design, the self-sacrificial Zn template from the precursors is used as the pore former, and the LiF-Li;N-rich SEI modulation layer is
motivated to average uniform Li" flux against local excessive lithiation. Meanwhile, both the chemically active nitrogen sites and the
heterojunction interfaces within SnO,@Sn are implanted as electronic/ ionic promoters to facilitate fast reaction kinetics.
Consequently, the as-converted SOWSH@PCNC electrodes demonstrate a significantly boosted Li* capacity of 961 mAh g ' at
200 mA g~ and excellent cycling stability with a low capacity decaying rate of 0.071% after 400 cycles at 500 mA g™, suggesting
their great promise as an anode material in high-performance lithium ion batteries.

INTRODUCTION

With the ever-increasing energy demands for portable mobile
devices, electronic vehicles (EVs), and smart grids, the
development of reversible systems as power sources with the
merits of high energy density, great stability, and security is
urgently needed.'~® Among diverse systems, secondary lithium
ion batteries (LIBs) composed of various intercalated cathodes
and a graphite anode gradually bloom their way to practical
applications.”"" Unfortunately, the output of LIBs touches the
bottleneck owing to the limited theoretical capacity of the
graphite-based anode (372 mA h g™!)."””"> More effort has
been devoted to seeking and developing alternative high-
capacity anodes, such as metal alloys, metal oxides/sulfides,
silicon, and their derivatives.'*™*° In particular, the Sn anode
shows the advantages of high theoretical capacity (992 mA h
g™') based on the alloying mechanism with Li* to form the
maximum Li,,Sn, abundant resources, low cost, and high
safety.'®*'7** However, the tough obstacles in Sn anodes

prevent further commercialization: (1) the huge volumetric
variation of around 300% during lithiation/delithiation,
resulting in the possible detachment from the electrode or
the loss of electrical contact between active materials and the
conductive matrix; (2) the repeated cracking and formation of
a fragile solid electrolyte interphase (SEI) layer, causing the
depletion of the finite electrolyte; and (3) the collapse and
detachment of conductive Sn from the matrix, inducing the
hardness of effective electronic transfer. These interconnected
dissatisfactory factors contribute to the depressive capacity,
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Figure 1. Schematic synthesis illustration and morphology characteristics of the SOWSH@PCNC nanocomposite. (A) Schematic illustration of the
synthesis process of the SOWSH@PCNC nanocomposite. SEM images of (B) the ZnSn(OH)4 precursor and (C) SOWSH@PCNC and (D)
SOS@SP samples. (E) SEM energy-dispersive X-ray spectroscopy (EDS) elemental mapping of C, N, and Sn obtained in the SOWSH@PCNC.
(F) Low-resolution TEM image. (G) Selected-area electron diffraction pattern of the SOWSH@PCNC nanocomposite.

cycling durance, and even battery failure in practical
applications.”~**

Until now, diverse attempts have been put forward to tackle
the aforementioned issues around improving the electro-
chemical behaviors and capacity retention of the Sn
electrode.”™*" These strategies can be mainly classified into
three aspects: (i) building electron-conductive network hosts
to embed Sn;'®***** (ii) constructing porous structure (i.e.,
metal—organic frameworks (MOFs)) to accommodate Sn
particles and tolerate the severe volumetric changes;***° and
(iii) adopting the compatible electrolyte to generate the robust
SEI layer to make the lithium ion flux uniform with respect to
averaging the focused stress.”>**~* Although such effort can
partially improve the utilization of active Sn species and the
electrochemical performance in LIBs at the beginning, these
simple stacked porous carbons not only merely provide
transient physical barriers with poor mechanical stability
against volumetric changes but also experience sluggish ion
diffusion due to the lack of ion accelerators.

SnO,, an n-type semiconductor with a wide band gap of 3.62
eV, is also an Sn-derived anode material based on the reaction
of SnO, + 4Li* = Sn + 2Li,0.>** The self-generated Li,O on

the Sn surface would supply a buffer layer in the matrix and
enhance an extended stable cycling stability.”>** In this regard,
chemically compositing SnO, on the Sn surface seems to be of
significance to maintain high performance. Various synthetic
methods of synthesizing Sn-SnO, by oxygen plasma etching,
the microwave plasma-assisted method, the solution-based
method, and calcination are proposed.’”*® However, the
relatively complex synthesis method and strictly controlled
conditions restrict their large-scale applications.'®”” Therefore,
a simple way to large-scale produce a Sn-SnO, heterostructure
endowed with the desired electronic/ionic conductivity and
strong compactness with robust mechanical integrity is a
favorable alternative to ensure electrochemical reversibility of
the Sn anode.

Herein, different from tedious synthesis, the SnO,-wrapped
Sn core—shell heterostructure embedded in porous and
conductive nitrogen-doped carbon networks (SOWSH@
PCNC) is proposed via a self-sacrificial template and in situ
chemical transformation under a reductive atmosphere, as
schematically illustrated in Figure 1A. In this approach, the
highly conductive carbon nanotubes (CNTs) were self-
assembled to build the highly conductive skeleton while


https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c02631?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c02631?fig=fig1&ref=pdf

using the carbonized nitrogen-doped layer from a polymer as a
“binder” to reinforce the mechanical integrity, further
facilitating the pathway of electrons. The ZnSn(OH),
microcube precursors as self-sacrificial templates are decom-
posed to form Zn vapor and SnO,-wrapped Sn core—shell
(SnO,@Sn) nanoparticles that are uniformly incorporated into
the network. By the evaporation and sacrifice of Zn, abundant
interspaces remained as volumetric buffers and affluent SnO, @
Sn heterostructures were bred. Such unified structure endows
the hybrid with robust tolerance to the volumetric changes. At
the same time, the implanting of chemically active N sites and
the constructed heterostructural SnO,@Sn layer as electronic/
ionic promoters enable fast electron/ion transformation
between the core skeleton and the Sn domains, providing
fast reaction kinetics. On the other hand, a robust LiF-Li;N-
rich SEI layer on the surface of the SnO,@Sn electrode
decomposed from the active LiTFSI is formed, as confirmed by
electronic microscopes and X-ray photoelectron spectroscopy
tests. Thanks to the double reinforcements from the formed
robust LiF-Li;N-rich SEI layer to the heterostructure layer of
SnO, on the surface of Sn, our structure affords an effective
modulation of lithium ion diffusion kinetics to average the
lithium ion flux, avoiding focused stress. Consequently, the
fabricated SOWSH@PCNC electrode displays remarkably
enhanced lithium storage capacity with improved cycling
stability and rate performance in comparison to that without a
reinforced conductive skeleton and chemically active sites as
electronic/ionic accelerators.

EXPERIMENTAL SECTION

Synthesis of the SOWSH@PCNC Nanocomposite. First, a
ZnSn(OH), template precursor was synthesized by fully dissolving
ZnCl, (136 mg), poly(vinylpyrrolidone) (PVP, 100 mg), and SnCl,-
SH,0 (351 mg) in 40 mL of deionized water, and then a 1 mol L™!
NaOH solution was added dropwise to the aforementioned solution
with continuous magnetic stirring for 30 min. The obtained
suspension was transferred to a hydrothermal reactor and placed in
an oven kept at a constant temperature of 100 °C for 8 h. The
resultant ZnSn(OH)s was collected by filtration and washed
repeatedly until reaching pH 7.

Then, the above synthesized ZnSn(OH)g and 37.5 mg of CNTs
with PVP (50 mg) were added to 200 mL of deionized water and
dispersed by sonication for 2 h. A solution of 192 L of aniline in 0.2
mol L™ HCl was added to the dispersion with another sonication for
30 min before 100 mL of an ammonium persulfate (1.473 mg)
aqueous solution was added dropwise with vigorous stirring under an
ice bath and a flow of nitrogen. After stirring for 24 h, the composites
were collected, washed repeatedly with deionized water, and finally
freeze-dried for 24 h, yielding the precursor composites. After
annealing at 900 °C at a heating rate of 5 °C min~! under an Ar/ H,
(5%:95% by volume) atmosphere for 2 h to fully evaporate metallic
Zn, the SOWSH@PCNC nanocomposite was finally obtained. For
comparison, ZnSn(OH), with commercial superconductive carbon
black without robust interconnected structures was mixed and
annealed at 900 °C under a reducing atmosphere to prepare the
controlled SnO,-Sn with a superconductive carbon composite
(denoted as SOS@SP).

Preparation of Electrodes and Assembly of Coin Cells. First,
the slurry was prepared by mixing the as-prepared SOWSH@PCNC
nanocomposite, carbon black (Super P), and polyvinylidene fluoride
(PVDF) with a mass ratio of 8:1:1 in N-methyl-2-pyrrolidone (NMP)
solution with continuous stirring. Then, the uniform slurry was coated
on a copper current collector with a film spreader to form a uniform
layer. After vacuum drying at 60 °C for 48 h, the working electrode
was punched into discs (11 mm in diameter) with an average weight
loading of 1.2 mg cm™ The as-designed 2025-type coin cells were

assembled with SOWSH@PCNC as the working electrode, Celgard
2400 as the separator, and metallic Li foil as the counter electrode.
The LiTFSI (1 mol L™') with 1 wt % LiNO, dissolved in a mixed
solvent of DME/DOL (v:v = 1:1) was adopted as the electrolyte.
Briefly, the DME and DOL solvents were first mixed together in a
volume ratio of 1:1. Then, 14.35 g of LiTFSI (1 mol L") salt was
dissolved in SO mL of the DME/DOL mixed solvent to form a
uniform solution by continuous stirring. Afterward, the specific
amount of LiNO; was added to the above-formed LiTFSI solution
based on a weight percentage of 1 wt %. A dosage of 15 yuL mg™" was
dropped in each cell before assembling.

Material and Device Characterization. The X-ray diffraction
(XRD) patterns were collected on an XRD-7000S X-ray diffrac-
tometer using Cu Ka radiation in the 26 range from 10 to 80°.
Scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) on the nanocomposites or cycled electrode were
carried out by using a Germany MERLIN compact scanning electron
microscope (Zeiss Sigma HD) and a JEOL JEM-3010 transmission
electron microscope, respectively. The X-ray photoelectron spectra
(XPS) were collected from an ESCALAB 250XI system to investigate
the chemical surroundings of the different elements in the
nanocomposites.

The galvanostatic tests were performed on a Neware Battery
Testing System (BTS-S V 20 mA) at various current rates within the
voltage window of 0—3.0 V. Electrochemical impedance spectroscopy
(EIS) was performed on an American Versa STAT 3F potentiostat/
galvanostat station with a frequency range of 107> to 10° Hz. And
cyclic voltammetry (CV) was tested within the voltage range of 0—2
V with a sweep rate of 0.02 mV s™".

RESULTS AND DISCUSSION
Guided by the above proposed design, the SOWSH@PCNC

nanocomposite was synthesized by combining the hydrogen
reduction with Zn (self-sacrificial template) evaporation
treatment, as depicted in Figure 1A. Briefly, the highly
conductive CNTs were assembled with the aid of the
polyaniline (PANI) to form a highly conductive framework,
which was further annealed under a reducing atmosphere (Ar/
H,) to transform PANI to the nitrogen-doped carbon layer as a
“binding” reagent. At the same time, the self-sacrificial template
was removed to form uniformly embedded SnO,-wrapped Sn
core—shell (SnO,@Sn) nanoparticles in the porous and
conductive nitrogen-doped carbon networks (SOWSH@
PCNC). Owing to the existence of surface tension, the
generated Sn and SnO, experience a reconstruction state from
melting to solidification to reduce the surface tension, forming
a sphere-like SnO,@Sn core—shell structure. For detailed
verification, structure and morphology characteristics of the as-
synthesized SOWSH@PCNC were then determined fully.
Scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) were initially applied to observe
the morphologies of the synthesized SOWSH@PCNC nano-
composites. Figure 1B shows that the ZnSn(OH)4 precursor
possesses cubic morphology with an average particle size of
about 1 ym. After coating with polymer and reducing under
the Ar/H, atmosphere, the initial cubic morphology was
transformed to a large number of SnO,@Sn core—shell
nanospheres, which are wrapped by the PCNC framework
(Figures 1C and S1). Benefitting from the sacrifice and
evaporation of Zn, abundant interspaces are formed to bear the
volumetric changes of SnO,@Sn in lithiation/delithiation.
However, in the presence of simple Super P carbon particles
surrounding the ZnSn(OH)s composite without a polymer
coating (Figure 1D), this unstable structure cannot effectively
resist the growth of solid SnO,@Sn into larger particles,
indicating that the nitrogen functional groups inhibit the
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Figure 2. (A) XRD patterns of SOWSH@PCNC and SOS@SP nanocomposites. High-resolution XPS spectra of (B) Sn 3d, (C) C 1s, and (D) N

1s in the SOWSH@PCNC nanocomposite.

aggregation of SnO,@Sn into nanosized particles. Meanwhile,
the formed PCNC affords a more mechanically robust and
flexible structure with affluent pores to facilitate the electrolyte
infiltration and transport lithium ions throughout the
interconnective structure. Elemental SEM mappings in Figures
1E and S2 show that all of the elemental Sn, N, O, and C are
evenly scattered within the nanocomposite, demonstrating the
uniform dispersion and successful embedding of the SnO,@Sn
nanoparticles within the PCNC without a large amount of
aggregation. Furthermore, the TEM images in Figures 1F and
S3 and S4 confirm the typical core—shell structure of the
SnO,@Sn nanoparticle with a size of around 300 nm, and it is
well wrapped and covered by the porous PCNC layer
highlighted in light green shadow (Figure 1F). The low- and
high-resolution TEM images in Figures S3 and S4 further
demonstrate the SnO, shell encapsulated Sn core construction
and the heterojunction interfaces between Sn and SnO, within
the nanosphere analogue. And the heterostructural SnO,@Sn
sites act as interfacial kinetic pumps to accelerate the Li*
transfer. In the corresponding selected area electron diffraction
(SAED) pattern (Figure 1G), many polycrystalline rings
ascribed to the diffraction planes of (202) in SnO, and
(312), (301), and (220) in Sn are presented, indicating the
heterostructure of the core—shell SnO,@Sn in the as-
converted SOWSH@PCNC nanocomposites.

In the consecutive structural characterizations, two groups of
diffraction peaks centered at 30.6, 32.0, and 44.9° as well as at
26.5, 33.8, and 51.7° are observed in the X-ray diffraction
(XRD) patterns (Figure 2A), which should be precisely
assigned to the (200), (101), and (211) crystal planes of pure
Sn (JCPSD no. 86-2265) and the (110), (101), and (211)
crystal planes of SnO, (JCPSD no. 71-0652), respectively. This
indicates the full chemical transformation of the ZnSn(OH);

precursor into the SOWSH@PCNC materials. The contents of
Sn and carbon in the SOWSH@PCNC composite can be
calculated to be 60 and 40 wt % based on the thermal weight
loss analysis. Due to the ultrathin layer of SnO, wrapping the
outside of the Sn particle, the weight content of SnO, in the
SOWSH@PCNC is negligible. The chemical bonding environ-
ment in the as-synthesized SOWSH@PCNC nanocomposite is
further confirmed by X-ray photoelectron spectroscopy (XPS),
as displayed in Figures 2B—D and SS5. In the high-resolution Sn
spectrum, two typical characteristic peaks located at 487.2 and
495.3 should be assigned to Sn** 3ds, and Sn** 3d;, for SnO,
in Figure 2B, respectively.30 The pair of peaks centered at
495.1 and 486.2 eV correspond to 3ds,, and 3d;,, of metallic
Sn, respectively.”* At the same time, the O 1s spectrum was
deconvoluted into three components (Figure SS), which were
attributed to the lattice oxygen of the Sn—O bond in SnO,
(531.9 eV), defect oxygen or the surface oxygen ions (533.2
V) derived from the heterojunction interfaces between the
PCNC and SnO,@Sn, and the surface-adsorbed oxygen
species (534.7 €V).>">* Overall, the characteristic Sn—O
bond and Sn* and Sn® peaks apparently demonstrate the
existence of active Sn and SnO, in the SOWSH@PCNC
nanocomposite with favorable chemical interactions. The C 1s
spectrum of the SOWSH@PCNC was also examined (Figure
2C). It can be fitted into three peaks at 284.3, 284.9, and 286.1
eV, corresponding to C—Sn, C—C/C=C, and C—N species,
respectively.”> Among them, the C—Sn bond at 284.3 eV is
attributed to the formation of heterojunction interfaces
between the PCNC and SnO,@Sn, which will remarkably
modulate the electronic structure to speed up the electron/ion
kinetics for fast lithiation. Moreover, it is widely accepted that
more defect sites and vacancies derived from N doping can
facilitate more lithium ion transformation accelerators. The
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Figure 3. (A) Comparison of EIS between SOWSH@PCNC and SOS@SP electrodes and the corresponding equivalent circuit in the inset. (B)
Corresponding linear relationship between the real part of the impedance (Z’) and the reciprocal exponential (—1/2) of the lower angular

frequency (). (C) CV profiles of the SOWSH@PCNC electrode in th

high-resolution N 1s spectrum in Figure 2D is deconvolved
into three peaks located at 398.7, 401.2, and 402.9 eV,
ascribing to the heterojunction Sn—N bond, pyrrolic N, and
graphitic N species, respectively.”*~>°

The electrochemical performances of the cells based on the
well-designed SOWSH@PCNC electrodes were comprehen-
sively evaluated. Initially, the ion/electron conductivity and
electrochemical reaction characteristics are tested by electro-
chemical impedance spectroscopy (EIS) and cyclic voltamme-
try (CV). As shown in Figure 3A, each EIS plot of the two cells
typically presents a semicircle with a slope line, corresponding
to the charge-transfer capability (Rct) at high frequency and
the diffusion-controlled Warburg impedance (Wo) at low
frequency, respectively. As we can see, the SOWSH@PCNC
electrode possesses a remarkably decreased resistance
compared to that of the controlled SOS@SP electrode (80
vs 219 Q), indicating higher electron exchange between the
active materials and the matrix. At the same time, the
SOWSH@PCNC electrode exhibits much faster ion diffusion
ZAzrfiFI;CZ(;Z
and Z' = B + ow™"/?, the real part of the impedance (Z’) was
plotted as a linear function of the reciprocal exponential (—1/
2) of the lower angular frequency (®), which can directly
evaluate the diffusion coefficient (Dy;) of Li*.*” As expected, a
smaller slope (6) for the SOWSH@PCNC electrode
compared to the controlled one is achieved (6.87 vs 14.29)
(Figure 3B), corresponding to the markedly enhanced Dy;, and
the lithium ion diffusion coefficient in the SOWSH@PCNC is
calculated to be 7.5 X 107, These fully evidence the much-

ability. According to the modified equations Dy; =
-1/2

e first four cycles after activation at 0.02 mV s~

improved electrochemical kinetics of the SnO,@Sn electrode
with a robust PCNC wrapping layer. To explore the specific
electrochemical reaction process and the formation of the
potential solid electrolyte interphase (SEI), cyclic voltammetry
(CV) curves are monitored on the two electrodes, and the
corresponding results are displayed in Figure 3C. In the initial
cathodic sweep, the peaks at 0.695 and 0.573 V should be
ascribed to the conversion reaction of SnO, to Li,O and Sn
(SnO, + 4Li" + 4e” — Sn + 2Li,O) as well as the formation of
SEL>® The major reductive peak located at 0.408 V is assigned
to the multistep lithiation reactions of Sn that form the Li Sn
alloy gradually (Sn + «Li* + xe~ — Li,Sn (0 < x < 4.4)). In
the reverse delithiation process, a series of oxidation peaks
from 0.442 to 0.779 V are ascribed to the dealloying process of
the formed Li,Sn to metallic Sn. In the subsequent cycles, the
remarkable reduction peaks at 0.701 and 0.573 V suggest the
formation of a stable LiF-Li;N-rich SEI on the electrode
surface to counter the volumetric change in the initial four
cycles. At the same time, the CV curves recorded with the
same scan rate display a good overlap tendency. However, the
SOS@SP electrode reveals inferior reversibility and activity
owing to the weak current density and worse overlap of the CV
curves (Figure S6).

The rate capacity behaviors of the two electrodes are
depicted in Figure 4A by varying the current densities from
100 to 1500 mA g~'. The SOWSH@PCNC electrode initially
delivers 1290, 847, 686, and 540 mA h g_1 at current densities
of 100, 200, 500, and 1500 mA g~', respectively, which
demonstrates a small tendency in capacity fading with the
increase in current density. After switching the current density
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Figure 4. (A) Comparison of rate performances for the two electrodes at shifting current densities. (B) Voltage—capacity profiles of the SOWSH@
PCNC electrode at shifting current densities. (C) Initial galvanostatic charge/discharge curves. (D) Cycling performances of SOWSH@PCNC and
SOS@SP electrodes at a current density of 200 mA g~". (E) Long-cycle performance of the SOWSH@PCNC electrode at a current density of 500

mA g_l.

back to 200 mA g™, the specific capacity could recover to 694
mA h g™!, nearly 2 times higher than the commercial graphite
anode (372 mA h g™'),””*’ corresponding to a recovery rate of
91.4% cycled at the same current density. In sharp contrast, the
controlled SOS@SP electrode displays a much lower rate
capacity when increasing the current densities. For example,
the SOS@SP electrode merely contributes 331 mA h g™' at
1500 mA g, indicating the superiority of the cross-linked
electronic network. The discharge and charge plateaus of the
SOWSH@PCNC electrode at various current densities deliver
gentle descending/rising and inapparent plateaus but are
reversible even at a high current density of 1500 mA g~'
(Figure 4B), which is attributed to the continuous and quite
near peak potential depicted in Figure 3C. However, the
control electrode presents shortened and deformed plateaus
with higher polarizations owing to sluggish kinetics (Figure
S7).

The lithiation/delithiation profiles of the two electrodes at a
constant current density of 200 mA g~' are depicted in Figure
4C. It can be seen that the voltage profiles display multistep
lithiation/delithiation plateaus for the active SnO,@Sn, which
remains in good agreement with the CV curves. More
importantly, the SOWSH@PCNC electrode in Figure 4D
delivers a higher specific capacity of 961 mA h ¢! with a
significantly narrowed voltage gap than that of the controlled
SOS@SP electrode (458 mA h g™'). At the same time, the
SOWSH@PCNC delivers a relatively low initial Coulombic
efficiency (ICE) of 90%, which is ascribed to the inevitable
formation of an SEI layer during the initial few cycles. In the
subsequent cycles, the SOWSH@PCNC electrode maintains a
stable cycling tendency and also a specific capacity of 885 mA
h ¢! after 100 cycles, corresponding to a capacity retention
rate of 92%. However, the SOS@SP electrode experiences a
fast capacity decay and presents a much lower capacity. Also, as
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Figure 5. (A) SEM image and (B) EDS elemental mappings of C, N, F, S, and Sn conducted on the cycled SOWSH@PCNC electrode in a full
lithiated state. (C) High-resolution TEM image of the cycled SOWSH@SP electrode evincing the existence of a SEI layer. High-resolution (D) C
1s, (E) F 1s, and (F) N 1s spectra of the delithiated SOWSH@PCNC electrode.

reflected in the EIS (Figure S8A), the SOWSH@PCNC
electrode after 100 cycles experiences a significant decrease in
charge transfer and lithium ion resistances compared to the
SOS@SP electrode. An obviously reduced linear slope
corresponds to the much-accelerated diffusion kinetics for
the SOWSH@PCNC electrode after cycling, which could be
attributed to the stable growth of an SEI layer derived from the
active LiTFSI on the surface of the electrode (Figure S8B).
Such a protective SEI layer would restrain the robustness of the
SOWSH@PCNC structure and make the Li ion diffusion flux
uniform across the interface to SnO,@Sn particles, avoiding
the focused large volumetric expansion to break the mechanical
integrity of the electrode. Enhancing the current density to 500
mA g, the SOWSH@PCNC electrode initially delivers a
discharge capacity of 810 mA h g~' and retains a reversible
capacity of around 577 mA h g' after 400 cycles with a
capacity decay rate of as low as 0.071% per cycle (Figure 4E).
Moreover, the cell still delivers stable voltage profiles (Figure
S9) with acceptable polarization potentials. For a better
understanding of the merits of this SEI layer, the cycling
performance of the cell with the commercial LiPF4-based
carbonate electrolyte (1 M LiPFq in ethylene carbonate and
dimethyl carbonate (1:1 by volume)) is evaluated at a current
density of S00 mA g~'. In this case, the SOWSH@PCNC
electrode merely had a lower discharge capacity of 660 mA h
g~' (Figure S10), much lower than 810 mA h g for the
LiTFSI-based ether electrolyte (Figure 4E). These results
comprehensively indicate that the fabricated SOWSH@PCNC
electrode is capable of providing more void to bear the
volumetric changes so as to enhance the lithiation capacity. By
a comparable analysis of the reported literature (Table S1), the
much higher rate capacity and cycling stability with a small
amount of electrolyte (15 uL mg™') further confirm the
superiority of our strategy.

A stable SEI layer is another enhanced guarantee for the
cycling stability of the electrode.””~** After activation, the SEI
layer derived from a LiTFSI-type electrolyte is crucial to

ensuring the robustness of the SOWSH@PCNC electrode
within lithiation/delithiation. Then, SEM, TEM, and XPS
characterizations have been conducted on the cycled electrode
to confirm the surface morphologies and constituents of the
cycled Sn electrode in the LiTFSI-based electrolyte (Figure S).
As revealed in the ex situ SEM of the cycled electrode (100
cycles at 200 mA g™'), the SOWSH@PCNC electrode
maintains its compactness and integrity without any fracture
after cycling (Figure SA). In either fully lithiated or delithiated
states, the cycled SOWSH@PCNC electrodes exhibit a
smooth surface rather than any obvious aggregation of the
Sn nanoparticles resulting from structural collapse (Figures SB
and S11 and S12). At the same time, all of the elements in the
lithiated/delithiated electrodes are uniformly distributed,
including the Sn, C, and O elements originating from the
initial SOWSH@PCNC nanocomposites and the characteristic
elements of N, S, and F representing the reduced production of
anion TFSI™ in the formed LiF-Li;N-rich SEI layer. Switching
to the full charged state, a steady and robust SEI layer is
bestowed due to the EDS mapping of the delithiated electrode
displaying a uniform surface layer made up of these elements as
well (Figure S12). Even when cycling for 400 cycles at a
current of 500 mA g~ (Figure S13), the SOWSH@PCNC
electrode still affords a robust tolerance for the unified
structure and a uniform SEI layer to bear long-term volumetric
variations. However, many cracks resulting from volumetric
expansion are observed on the surface of the SOS@SP
electrode (Figure S14). Such a thin and consecutive film within
several nanometers in the cycled SOWSH@PCNC electrode is
further affirmed by the high-resolution TEM measurement in
Figure SC. Then, XPS analysis was carried out to seek the
possible constituents of the beneficial SEI layer. The high-
resolution C 1s spectrum is deconvoluted into five types of
carbon-involved species (Figure SD). Except for the C—Sn,
C—C, and C—N bonds originating from the initial SOWSH@
PCNC nanocomposites, the C—O species located at 289.8 eV
is most probably assigned to the ether-based solvents (DME
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and DOL). The peak positioned at 292.8 eV in relation to the
C—F bond demonstrates the possible decomposition of a small
amount of TFSI™ during the electrochemical process. The
refined F 1s spectrum in Figure SE presents two characteristic
peaks centered at 684.8 eV (LiF) and 688.6 eV (S—F),
respectively. Both species demonstrate the reduction of the
high reactivity of TFSI™ on the Sn electrode surface with
respect to the growth SEI layer. Meanwhile, different from the
N 1s spectrum in initial SOWSH@PCNC nanocomposites, the
cycled electrode mainly proves the existence of the N—Sn
bond derived from N doping at the heterojunction interfaces
and Li;N species®> that most likely relate to nitrogen-related
matter reduced from the active TFSI™ (Figure SF). Overall, the
atomic percentages of N and F contribute to 3.1 and 13.94 at.
%, respectively, confirming the formation of the LiF-Li;N-rich
SEI layer again. As a supplementary proof, the deconvoluted
peaks in the S 2p spectrum indicate the generation of SO,*”
species resulting from the reduction of the TFSI™ group
(Figure S15).

CONCLUSIONS

A heterostructural core—shell SnO,@Sn nanoparticle embed-
ded in a porous conductive N-doped carbon (SOWSH@
PCNC) is proposed and successfully synthesized via a facile
self-sacrificial template method. The ZnSn(OH)4 microcubes
act as the sacrificial template for pore formation by evaporating
Zn at high temperature, leaving hierarchical pores and
providing abundant interspaces to buffer the volumetric
change. Meanwhile, the wrapped polymer strengthens the
mechanical properties of the electrode with the formation of
porous conductive nitrogen-doped noncarbon (PCNC).
Thanks to the synergistic robust LiF-Li;N-rich SEI layer on
the electrode, as comprehensively investigated by SEM, XPS,
and TEM, the as-prepared SOWSH@PCNC delivers a high
specific capacity of 961 mA h g™ at 200 mA g~' and retains a
capacity of 885 mA h g™ after 100 cycles, corresponding to a
high retention rate of 92%. The electrode also shows excellent
cycling stability with a low capacity decay rate of as low as
0.071% after 400 cycles at 500 mA g~'. These results shed light
on the bright future of developing high-capacity Sn-based

anodes for high-energy-density lithium ion batteries.
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