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ABSTRACT: A unique method is developed to synthesize
nanomaterials. Through an oxidation—reduction treatment,

Sn
Sn

particles are refined from the submicron (300 nm) to nanoscale

(88 nm). With a series of ex situ and in situ experiments,

we

confirm that the Sn refinement follows the scattered nucleation
and restricted fusion mechanism. The carbon films forming in
oxidation play a key role in inducing the refinement as they restrict
the agglomeration of Sn nanoparticles to keep the narrow size
distribution. When used as anodes for potassium-ion batteries, the
obtained Sn nanoparticles restricted in carbon films (r-Sn/C)
exhibit enhanced cycling stability and capacity retention. This
unprecedented treatment provides some enlightenment to produce

functional nanomaterials used for energy storage applications.
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1. INTRODUCTION

The ever-growing demand of portable devices, electric vehicles,
and large-scale energy storages calls for high-energy-density
and low-cost batteries.'  Despite a wide range of applications,
lithium-ion batteries can hardly satisfy the low-cost require-
ment for its scarcity and uneven distribution in the earth
crust.” This has imposed extensive research on sodium-ion
and potassium-ion batteries, as both sodium and potassium
have abundant resources, low cost, and similar nature to
lithium.®” Moreover, potassium (—2.93 V vs Li/Li*) shows a
lower standard potential than sodium (—2.71 V ws Li/Li*),
making it able to achieve a higher energy density.” In this
scenario, the potassium-ion battery can be regarded as a
promising alternative to the lithium-ion battery.

As an alloy-type anode, Sn has been prevalent in lithium-ion
and sodium-ion batteries for its high theoretical capacity of 991
and 845 mA h g7/, respectively.”~'* Furthermore, Sn can also
form multiple alloys with potassium, showing great potential in
potassium-ion batteries. Glushenkov et al. reported a Sn-based
anode for the first time to be used in potassium-ion batteries."
Unfortunately, the large K-ion radius (1.38 A) causes severe
volume changes and sluggish kinetics upon charge— dlscharge
cycles, greatly restricting the electrochemical activity of Sn.'

Nanotechnology seems to be the ideal choice to address this
issue. Owing to the unique size and surface effect, nano Sn is
supposed to show accelerated kinetics, shortened distance,
enhanced reaction activity, and constrained volume expansion
toward K ions.””7*! Thus far, one versatile approach, ball
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milling, has been developed to synthesize Sn nanomaterials
used in potassium-ion batteries. A variety of Sn-based
products, such as Sn—C, Sn—Sb, and Sn,P;/C, have been
fabricated to achieve favorable electrochemical proper-
ties.">**7*® As a typical method to obtain nanomaterials, ball
milling is superior to other methods (hydrothermal process,
sol—gel reaction, etc.) for its simplicity to obtain high-purity
products and fabricate massive nanomaterials.”’ " However,
the agglomeration and uneven size distribution caused by ball
milling severely impair the K-ion storage performance in Sn-
based anodes. The introduction of carbon materials, such as
graphene and amorphous carbon, has been prevalent to
constrain the growth and agglomeration of metals or metal
oxides.”’ ™7 We previously used glucose-derived carbon films
to successfully limit the growth and agglomeration of SnO,
nanosheets, with the obtained SnO,/C exhibiting enhanced
lithium storage performance.’®

Herein, we used a unique oxidation—reduction method to
process pristine Sn (p-Sn) at the submicron scale. Glucose, a
cheap and environmentally benign carbon source, is chosen to
be hydrothermally oxidized with p-Sn to acquire SnO,
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nanosheets that disperse in amorphous carbon films (this
intermediate product is denoted as SnO,/C). Furthermore,
reducing SnO,/C with H, harvests Sn nanoparticles well
scattered in carbon films (the final product is named r-Sn/C).
The introduction of the glucose-derived carbon films through
the oxidation—reduction method is aimed at restricting the
growth and agglomeration of Sn to achieve the refinement
from the submicron to nanoscale. With a series of ex situ and in
situ experiments, we found that the refinement of Sn undergoes
scattered nucleation and restricted fusion. The carbon films,
formed as a result of the decomposition of glucose, were
confirmed to be indispensable for the refinement. Benefiting
from the unique nanostructure, r-Sn/C exhibits enhanced
electrochemical activity toward K-ion storage. As an anode for
potassium-ion batteries, r-Sn/C delivers a reversible capacity of
211.9 mA h g™ after 200 cycles at 0.1 A-g”' and 101.1 mA h
g " over 180 cycles at 1 A-g™". A discharge capacity of 95.6 mA
h ¢! can even be achieved at a higher rate of 2 A-g”™". We
believe that this unprecedented oxidation—reduction method
provides a guideline for synthesizing functional nanomaterials
used for novel energy storage.

2. EXPERIMENTAL SECTION

2.1. Synthesis of p-Sn. p-Sn was prepared by the reduction of
SnCl, (Aladdin) with NaBH, (Aladdin), as was reported in our
previous work.>®

2.2. Preparation of the SnO,/C Intermediate. The SnO,/C
intermediate was synthesized by a hydrothermal oxidation process
described as follows. First, both 0.3 g of the as-acquired p-Sn and
glucose (Aladdin) were added in 60 mL of deionized water with
ultrasonic treatment for 30 min. Then, the mixture was transferred
into a 100 mL Teflon-lined stainless-steel autoclave and subsequently
put in an oven with heating at 180 °C for 20 h. After cooling to the
ambient temperature, the products were centrifuged by using
deionized water and ethanol several times and dried at 80 °C
overnight. Finally, the chestnut-like SnO,/C intermediate was
obtained.

2.3. Synthesis of r-Sn/C. r-Sn/C was obtained through the
reduction of SnO,/C under a H, atmosphere. Typically, the
intermediate was put into a tube furnace and heated at 450 °C.
During annealing, 270 sccm Ar mixed with 30 sccm H, was
continuously introduced into the furnace. The reduction process was
carried out for 30 min. After cooling down to room temperature, r-
Sn/C was acquired.

2.4. Material Characterization. The micromorphology of the
synthesized samples was characterized by using a field-emission
scanning electron microscope (Hitachi SU6600). The inner structure
and element distribution were investigated by using a high-resolution
transmission electron microscope (HRTEM, JEOL 2100, 200 kV)
equipped with an energy-dispersive X-ray spectrometer. The internal
morphology was also observed by using a scanning electron
microscope combined with focused ion beam (SEM/FIB, Helios
NanoLab DualBeam). The crystal structure was examined by X-ray
diffraction (XRD, PANalytical X’pert Pro, Cu: 40 kV, 40 mA). The
carbon content was analyzed by thermogravimetry (TG, METTLER
TOLEDO, 0,, 35650 °C).

2.5. In Situ TEM Study on the Reduction Process. The in situ
TEM technique was employed to observe the real-time reduction
process. The experiment was conducted on a Cs-corrected ETEM
instrument (FEI, Titan G2, 300 kV) by placing the sample on a FEI-
NanoEx-i/v holder. High-purity H, (99.99%) was introduced in the
specimen chamber with the pressure controlled at 1.0 mbar. The
reduction experiment was conducted at different temperatures, and
the morphological response of SnO,/C during heating was recorded
for further detailed analysis.

2.6. Electrochemical Measurements. p-Sn or r-Sn/C was
further treated to be the negative electrode. First, the sample was
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mixed with super-P carbon and polyvinylidene fluoride binder (8:1:1
in mass ratio) in N-methyl pyrrolidone solvent under vigorous
agitation of 24 h. The slurry obtained was then cast onto copper foil
and dried overnight at 80 °C under vacuum. Next, the electrode was
cut into several discs with a diameter of 12 mm and a mass loading of
1.0 mg-em™2. For the counter electrode, bulk metal potassium was
treated to be potassium wafers with a diameter of 16 mm. After
preparing both electrodes, we assembled CR2032-type coin cells in an
Ar-filled glovebox (Unilab, MBraun) by employing a potassium wafer
as the counter electrode, a glass microfiber filter (Whatman, GF/D)
as the separator, and 1 M KFSI in ethylene carbonate/diethyl
carbonate (1:1 by volume) as the electrolyte. The O, and H,O
concentrations in the glovebox were maintained below 0.1 ppm. The
electrochemical properties were tested on a battery tester (BST8-MA,
MTI) and an electrochemical workstation (CHI660E, Shanghai
Chenhua).

3. RESULTS AND DISCUSSION

3.1. Investigation of Products. The synthesis of r-Sn/C
includes two steps, schematically depicted in Figure la. First,
p-Sn was oxidized in glucose solution to form chestnut-like
SnO,/C via a hydrothermal reaction. Oxygen in air and in
H,O acted as the oxidizing agent, while glucose decomposed
to generate carbon. Second, SnO,/C was thermally reduced
with H, to generate r-Sn/C. According to the TG curve
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Figure 1. Morphological and structural characterization of products.
(a) Schematic of the “oxidation—reduction” process, from p-Sn to
Sn0,/C and then to r-Sn/C; (b) SEM and (c) TEM images of p-Sn;
(d) SEM and (e) TEM images of SnO,/C; (f) SEM and (g) TEM
images of r-Sn/C; and (h) XRD patterns of p-Sn, SnO,/C and r-Sn/
C.
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displayed in Figure S1, the carbon content in r-Sn/C is
calculated as 32.2 wt %.

We first investigated the evolution from p-Sn to r-Sn/C
through a series of ex situ techniques. SEM images of p-Sn,
SnO,/C and r-Sn/C are, respectively, shown in Figure 1b,d,f,
while their corresponding TEM images are depicted in Figure
Icje,g. p-Sn is seen to contain a lot of spherical solid particles
with a diameter more than 200 nm. After oxidation, each big
particle was split into a hollow chestnut sphere, which consists
of numerous SnO, nanosheets supported by carbonaceous
films. TEM images at various tilt angles in Figure S2a show
that these lathy nanosheets are randomly dispersed in the
substance. From the high-resolution TEM image in Figure S2b,
this substance shows an amorphous structure as indicated by
the black arrows. The amorphous substance originates from
the decomposition of glucose during oxidation. With further
reduction, SnO, nanosheets were converted to spherical solid
Sn nanoparticles scattered in the amorphous films. Compared
with p-Sn, r-Sn/C shows a vastly decreased size and inherits
the spherical solid structure. XRD patterns of p-Sn, SnO,/C,
and r-Sn/C are displayed in Figure 1h. p-Sn and r-Sn/C
conforms perfectly to the tetragonal structure of Sn with the
amd(141) group (JCPDS # 04-0763), while SnO,/C can be
indexed to the tetragonal structure of SnO, with the
mnm(136) group (JCPDS # 41-1445). XRD results confirm
the structural transition from Sn to SnO, and then back to Sn.
No signals of other structures further indicate the amorphous
nature of the films in SnO,/C and r-Sn/C. These ex situ
techniques of SEM, TEM, and XRD give an overall insight into
the morphology and structure of the three products obtained.

More details were given on r-Sn/C with the results shown in
Figure 2. The enlarged TEM images of r-Sn/C are displayed in
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Figure 2. Detailed characterization of r-Sn/C. (a) Magnified TEM
image; (b) magnified TEM image of an individual nanoparticle with
the high-resolution TEM images in the insets; (c) size distribution of
p-Sn and r-Sn/C; and (d) EDS mapping results of two elements: C
and Sn. All scale bars in d are 100 nm.

Figure 2a,b. Spherical solid Sn nanoparticles are clearly seen to
be scattered in the consecutive films indicated by the black
arrow. The insets in Figure 2b reveal the (200) crystal face of
tetragonal Sn (JCPDS # 04-0763) with 2.95 A lattice spacing.
Moreover, these refined Sn nanoparticles have a diameter
below 100 nm, real nanomaterials. We further measured more
than 200 particles of either p-Sn or r-Sn/C and confirmed the
average diameters to be 300 and 88 nm, respectively. The size
distribution of both samples is schematically shown in Figure
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2¢, where a narrower size distribution of r-Sn/C can be found.
Figure 2d depicts the EDS mapping of r-Sn/C, confirming the
only two elements of C and Sn. These detailed analyses of r-
Sn/C unveil the unique structure of Sn nanoparticles, which
are well scattered within the carbon films and have narrow size
distribution.

Through the oxidation—reduction treatment, spherical solid
Sn particles were refined from 300 to 88 nm. In order to have a
comprehensive and in-depth knowledge of the refinement, we
focused on the individual step of either oxidation or reduction
and conducted a series of ex situ and in situ experiments.

3.2. Refinement Mechanism. In order to investigate the
evolution of the oxidation process, we synthesized a series of
products by controlling the oxidative time to 0, 3, 5, and 20 h.
The cross-sectional SEM images of these products are shown
in Figure 3a—d. All of these images are obtained using the FIB
technique. Before oxidation (0 h), p-Sn has a spherical solid
structure; with oxidation proceeding (3 h), a lot of voids
emerge beneath the shell and the core@void@shell structure
comes to being; as the oxidation goes on further (S h), these
voids grow larger at the expense of the core shrinking, with the
formation of a small core@large void@shell structure; after
oxidation (20 h), a complete hollow structure forms. Our
previous work has confirmed the gradual transition from Sn to
SnO, (SnO/Sn0O,) and then to complete SnO, under
oxidation.®® Furthermore, some burrs come to bestrew the
shell after oxidation of 5 h and grow further until the formation
of the hollow structure. The core-shrinking and surface-
roughening process is schematically illustrated in Figure 3e.
We suppose that the outward diffusion rate of Sn is larger than
the inward of O, leading to a gradual expansion of the voids.
This characteristic phenomenon should be ascribed to the
Kirkendall effect, a famous phenomenon used for preparing
hollow nanomaterials.””** Through this phenomenon, internal
Sn diffuses onto the surface and is oxidized to form SnO,.
Moreover, promoted by glucose-induced decomposition, SnO,
grows preferentially along the [110] direction to form the
randomly scattered nanosheets into the amorphous carbon
films.*® These SnO, nanosheets combine with the carbon films
to constitute the chestnut-like SnO,/C intermediate, which
serves as the template for obtaining r-Sn/C.

We further studied the reduction of SnO,/C to r-Sn/C by
adjusting the H, flow rate to 0, 15, and 30 sccm to obtain a
series of products. Their XRD patterns are shown in Figure S3.
Without H,, SnO,/C cannot be reduced because only the
characteristic SnO, diffraction peaks (JCPDS # 41-1445) are
found; with 15 sccm H,, the typical diffraction peaks of SnO,
(JCPDS # 41-1445), SnO (JCPDS # 06-0395), and Sn
(JCPDS # 04-0763) are observed; with 30 sccm H,, only the
Sn diffraction peaks (JCPDS # 04-0763) can be seen. These
XRD results confirm the gradual reduction process with SnO
as the intermediate. Characteristic C diffraction peaks are not
found in all samples due to the amorphous nature of the
carbon films. For distinction, we name the products after 0 H,,
15 scem H,, and 30 sccm H, SnO,/C, SnO,/C, and Sn,
respectively. Figure 4a—c displays the respective TEM images
of SnO,/C, SnO,/C, and Sn, with their magnified TEM
images shown in Figure 4d—f. The insets are the respective
HRTEM images. Before reduction, SnO,/C has a hollow and
chestnut-like structure (Figure 4a). The magnified and high-
resolution images (Figure 4d and the inset) confirm the (110)
crystal face of tetragonal SnO, (JCPDS # 41-144S) with 3.38 A
lattice spacing. With reduction proceeding, Sn signals come to
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p-Sn Sno, (0<x<2)

Figure 3. Oxidation of p-Sn. (a—d) Cross-sectional SEM images of the oxidation products obtained at different oxidative times: (a) 0 h (Sn), (b) 3
h (Sn0O,), (c) S h (Sn0O,), and (d) 20 h (SnO,). These cross sections were created via FIB and (e) schematic of the structural evolution process.

<

Figure 4. Reduction of SnO,/C. TEM images of (a) SnO,/C, (b)
$n0,/C, and (c) r-Sn/C; (d—f) corresponding magnified TEM
images of the blue areas in (a—c). The insets are high-resolution TEM
images of the corresponding yellow areas.

emerge (Figure 4b). According to the magnified image (Figure
4e), the protruding SnO, nanosheet (dark area) gradually
disappears and some Sn nuclei come into being, as indicated
by the black arrows. The inset shows that these nuclei belong
to the tetragonal Sn (JCPDS # 04-0763) with the 2.95 A lattice
spacing corresponding to the (200) crystal face. Note that
these Sn nuclei are scattered and isolated by the amorphous
carbon films indicated with the white arrow. On sufficient

reduction, Sn nanoparticles dispersed in carbon films form
(Figure 4c). From the magnified image (Figure 4f), the Sn
nuclei move to fuse into a nanoparticle, as indicated by the
yellow arrow. Moreover, the inset confirms the amorphous film
around the nanoparticle. These results reveal the scattered
nucleation of Sn nanoparticles.

We suppose that the carbon films play an important role in
restricting the growth of Sn nanoparticles. To validate this, we
removed the carbon in SnO,/C beforehand by calcining it in
air to obtain SnO,. The SEM images of Sn reduced from
Sn0O,/C and SnO, are respectively shown in Figure S4a,b.
Enormous well-dispersed Sn nanoparticles are obtained from
reducing SnO,/C, whereas the reduction of SnO, can only
attain agglomerated Sn particles. Therefore, the refinement of
Sn cannot be achieved without the carbon films. We further
validate the stability of the carbon films at high temperature
and in the long term. With the reduction temperature
increasing from 500 (Figure S4c) to 650 °C (Figure S4d)
and then to 800 °C (Figure S4e) or the time lengthening from
0.5 (Figure S4f) to 2 h (Figure S4g) and then to 4 h (Figure
S4h), the carbon films stay considerably stable and disperse Sn
nanoparticles well through.

We employed a series of ex situ experiments to verify the
scattered nucleation of Sn nanoparticles and the indispensable
role of the carbon films. However, more direct and intuitional
evidence is required. The in situ technique was therefore
introduced. Herein, we placed SnO,/C onto an environmental
transmission electron microscope, where H, can be filled and

150Q.°C 0 min
P

=

Figure 5. TEM Snapshots taken from the in situ reduction of SnO,/C. TEM images taken at (a) 0, (b) 1, (c) 7, and (d) 14 min; (e—h)
corresponding magnified TEM images of the blue-dash areas in (a—d). The in situ process is conducted at 500 °C in 1 mbar H,. The scale bar is

100 nm in (a—d) and 20 nm in (e—h).
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Figure 6. Potassium-ion storage properties of r-Sn/C and p-Sn. Galvanostatic charge—discharge curves of (a) r-Sn/C and (b) p-Sn in selected
cycles tested at 0.1 A g™'; (c) cycling performance of r-Sn/C and p-Sn at a current density of 0.1 A g”', with the Coulombic efficiency of r-Sn/C
shown; (d) rate properties of r-Sn/C and p-Sn tested at different current densities, with the Coulombic efficiency of r-Sn/C displayed; (e) cycling
performance of -Sn/C and p-Sn at a high rate of 1 A g™', with both samples cycled at 0.1 A g™" in initial three cycles; and (f) Nyquist plots of r-Sn/
C obtained at 5 mV between 0.1 and 10° Hz before or after cycles at 0.1 A g~', with the equivalent circuit shown in the inset.

temperature can be controlled to induce the reduction. The
dynamic evolution of SnO,/C at different temperatures is
shown in Movie S1 and Movie S2. As seen in Movie S1, SnO,/
C shows no change in its structure below 400 °C, suggesting
that it cannot be reduced at low temperature. When the
temperature increases to 500 °C (Movie S2), the structure
evolves gradually from SnO,/C to r-Sn/C. Some snapshots
from Movie S2 were taken for studying the real-time reduction.
Those taken at 0, 1, 7, and 14 min are respectively displayed in
Figure Sa—d, where the corresponding blue-dash areas are
further shown in Figure Se—h. With the reduction proceeding,
the lathy nanosheets (indicated by the yellow arrows)
gradually disappear while some Sn nuclei come to emerge
(indicated by the red-dash cycles). As the reduction goes on
further, these nuclei move and fuse to form larger particles.
The carbon films provide a viable path for the motion and
integration of Sn nuclei, but it also restricts the large-scale
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fusion and agglomeration of Sn. Through this in situ
observation, we gained an insight into the formation of r-Sn/
C, which includes not only the scattered nucleation but also
the restricted fusion, as illustrated in Figure SS.

Through these ex situ and in situ experiments, we gained a
comprehensive knowledge of the Sn refinement, which can be
summarized as follows. The refinement is achieved by an
oxidation—reduction process. During oxidation, glucose
decomposes to induce the oriented growth of SnO, nanosheets
with the generated carbon films to form the hollow chestnut-
like SnO,/C; during reduction, the carbon films restrict the
excess fusion of Sn to generate r-Sn/C.

3.3. Potassium-lon Storage Properties. To validate the
application potentiality of r-Sn/C, we further evaluated its
electrochemical behavior as anode materials for potassium-ion
batteries with p-Sn as a comparison. Cells were tested at
various rates within 0.01-3 V. Figure 6ab shows the
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galvanostatic charge—discharge curves of r-Sn/C and p-Sn at
0.1 A g7', respectively. r-Sn/C is seen to show a long 1st
discharge plateau below 0.25 V, delivering a high capacity of
390.6 mA h g~'. However, its 1st charge capacity retains only
2512 mA h g/, with a Coulombic efficiency of 64.3%. The
large capacity loss should be ascribed to the irreversible
interfacial reactions that consume massive potassium ions to
form a solid electrolyte interface (SEI)."> Several short plateaus
are found in the first charge curve, which can be ascribed to the
multiphase dealloying reactions.”® The charge and discharge
plateaus in the subsequent cycles become unobvious,
indicating the weakened electrochemical activity after the
first cycle. The cyclic voltammetry curves of r-Sn/C were
further measured to investigate the electrochemical reactions,
with the results shown in Figure S6, where the multiphase
alloying and dealloying reactions between K and Sn are
confirmed within 0.1-2.75 V. With respect to p-Sn, more
unapparent charge and discharge plateaus can be observed in
the first cycle. It delivers an initial charge—discharge capacity of
99.3/369.7 mA h g~' with a Coulombic efficiency as low as
26.9%. The capacity drops fast after the Ist cycle. These
galvanostatic charge—discharge curves reveal the enhanced
electrochemical activity of r-Sn/C with decent capacity
retention during cycles.

The corresponding cycling plots of r-Sn/C and p-Sn at 0.1 A
g™ are shown in Figure 6¢c. As seen, the capacity of r-Sn/C
decays fast in the first five cycles and then rises gradually until
the 100th cycle, after which it fluctuates slightly with an
ultimate discharge capacity of 211.9 mA h g~' after 200 cycles.
The cycling stability of r-Sn/C outperforms that of the Sn-
based materials reported previously, as seen in Table
1192728478 The capacity decay in the initial cycles is

Table 1. Comparison of Cycling Performance between r-Sn/
C and Sn-Based Materials Reported Previously

rate cle

capacity

materials (Agh numbers (mAhg™) literature
Sn—MoS,/C 0.1 50 239 27
Sn/NPC 0.05 200 198 41
SnO 0.025 30 183 42
Sn—C 0.025 30 110 15
3D-HPCS 0.08 100 276.4 28
Sn@RGO 0.1 S0 200 43
r-Sn/C 0.1 200 211.9 this work

attributed to the irreversible side reactions with the formation
of the SEI film; the capacity recovery can be ascribed to the
activation of Sn nanomaterials after the initial several cycles,
which is prevalent in potassium-ion batteries.">**~*>*" The
Coulombic efliciency of r-Sn/C increases predominantly from
64.3 to 88.1% in the initial five cycles, indicating the gradually
decreased side reactions upon cycles. After 50 cycles, r-Sn/C
achieves the favorable reversible capacity retention as the
Coulombic efficiency reaches up to 99%. On the other hand,
the capacity of p-Sn decays sharply below S0 mA h g~" within
the first several cycles and maintains at 30.6 mA h g~' over 200
cycles. The highly improved cycling stability of r-Sn/C should
be ascribed to its unique structure: first, downsizing Sn
particles from the submicron to nanoscale improves the
electrochemical activity of r-Sn/C toward K-ion storage,
enabling r-Sn/C to deliver more capacities; second, the carbon
films play a key role in mitigating the agglomeration and
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pulverization of Sn nanoparticles upon cycles to maintain the
structural stability of r-Sn/C. The electrochemical properties of
Sn0,/C in potassium-ion batteries were also investigated, with
the results depicted in Figure S7. It can be found that the
cycling stability and capacity retention of SnO,/C are better
than those of p-Sn while inferior to those of r-Sn/C. This result
further confirms the significant role of the carbon films in
improving the cycling performance of Sn-based materials.

We further evaluated the electrochemical behavior of p-Sn
and r-Sn/C at higher rates, with the results shown in Figure 6d.
The capacity of both samples declines with the rate increasing
from 0.1 to 2 A g~'. When it returns back to 0.1 A g™, the
capacity can recover to the initial level. The capacity decay is
due to the severe polarization at high rates; the capacity
recovery indicates the favorable electrochemical reversibility of
both samples. In addition, the Coulombic efficiency of r-Sn/C
in the initial 10 cycles stays below 95%, suggesting the severe
interfacial reactions at the rate of 0.1 A g~". After 10 cycles, the
capacity of r-Sn/C at every rate becomes stabilized with higher
Coulombic efficiency above 98%. It should be noted that at
11th, 21st, 31st, 41st, and S1st cycles, the Coulombic efficiency
drops or rises drastically, which can be put down to the
variation of the current density that impacts the polarization of
r-Sn/C thus causing remarkable changes between charge and
discharge capacities. At the rate of 0.1, 0.2, 0.5, 1.0, and 2.0 A
g™, r-Sn/C delivers capacities of 167.8 (10th), 151.5 (20th),
133.8 (30th), 1154 (40th), and 95.6 mA h g™' (50th),
respectively, while p-Sn shows capacities of only 49.7 (10th),
30.4 (20th), 18.8 (30th), 2.9 (40th), and 1.0 mA h g~* (50th),
respectively. Even at high rates of 1.0 and 2.0 A g™!, r-Sn/C
exhibits decent capacity retention, whereas p-Sn can hardly
deliver capacity. The long cyclic stability of the two samples
was further evaluated at 1 A g™'. The cells were activated at 0.1
A ¢! in initial three cycles. As shown in Figure Ge, the
discharge capacity of r-Sn/C drops quickly in the initial three
cycles at 0.1 A g™', from 392.7 to 178.5 mA h g™". This result is
consistent with the results in Figure 6¢c,d. The massive capacity
loss in these initial cycles can be attributed to the irreversible
interfacial reactions with the formation of the SEI After the
activation process, a capacity attenuation is still observed from
4th to 11th cycles, with the discharge capacity declining to
110.6 mA h g~'. This indicates the side reactions still remain
but decrease drastically. In the later cycles, r-Sn/C undergoes a
gradual capacity fade with slight capacity fluctuation, delivering
a stabilized capacity of 101.1 mA h g™" after 180 cycles. As for
p-Sn, however, the discharge capacity drops sharply below 5
mA h g™" after 12 cycles. As a consequence, the superiority of
r-Sn/C toward potassium-ion storage becomes more obvious
at higher rates, where p-Sn shows little electrochemical activity
to potassium ions.

According to the above results, we suppose the favorable
cycling stability and capacity retention of r-Sn/C to be
concerned with its kinetics; EIS measurement of r-Sn/C was
therefore implemented with p-Sn as a comparison. Cells were
tested at S mV between 0.01 and 10° Hz before or after cycles
at 0.1 A g'. The Nyquist plots of r-Sn/C and p-Sn are
displayed in Figures 6f and S8 with the equivalent circuits
shown in the inset. The semicircles in medium-high
frequencies reflect the charge transfer impedance (R) while
the straight lines in low frequencies represent the Warburg
impedances involved in the diffusion of K ions into the
electrode materials. The R, and the diffusion coefficient of K
ions (Dg) were calculated on the basis of Figures 6f, S8, and
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S9, with the results displayed in Table S1. It can be found that
r-Sn/C, compared with p-Sn, exhibits declined R. and
enhanced Dy upon cycles; moreover, r-Sn/C shows the
optimal values of R, and Dy at the 50th cycle. The kinetics
are predominantly accelerated from the Sth cycle to the 50th
cycle. The enhanced kinetics are favorable for reducing the
polarization of r-Sn/C to induce a capacity activation process
during the cycles, which is in accordance with the results
shown in Figure 6¢. On the other hand, the sluggish kinetics of
p-Sn are aggravated with the cycles as a result of the increased
R, and the declined Dy, leading to a continuous capacity
attenuation of p-Sn. These EIS results of r-Sn/C and p-Sn are
consistent with their galvanostatic charge—discharge results.

4. CONCLUSIONS

In summary, we developed a facile oxidation—reduction
method to achieve the refinement of Sn particles from the
submicron to nanoscale. Through a series of ex situ and in situ
experiments, we validate that the refinement undergoes the
scattered nucleation and restricted fusion of Sn. The carbon
films, generated by the decomposition of glucose, act as
indispensable for inducing the growth of Sn while limiting its
further agglomeration. Benefiting from the refined nanosize
and the restriction of carbon films, r-Sn/C exhibits remarkably
enhanced electrochemical properties when used as anodes for
potassium-ion batteries. We believe this unprecedented
process can serve as a guideline for synthesizing functional
nanomaterials employed in energy storage.
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