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ABSTRACT Two distinctive one-dimensional (1-D) carbon nanofibers
(CNFs) encapsulating irregularly and homogeneously segregated SnCo
nanoparticles were synthesized via electrospinning of polyvinylpyrrolidone
(PVP) and polyacrylonitrile (PAN) polymers containing Sn—Co acetate
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precursors and subsequent calcination in reducing atmosphere. CNFs
synthesized with PVP, which undergoes structural degradation of the
polymer during carbonization processes, exhibited irregular segregation of
heterogeneous alloy particles composed of SnCo, Co3Sn,, and Sn0 with a size
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distribution of 30—100 nm. Large and exposed multiphase SnCo particles in
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PVP-driven amorphous CNFs (SnCo/PVP-CNFs) kept decomposing liquid electrolyte and were partly detached from CNFs during cycling, leading to a capacity

fading at the earlier cycles. The closer study of solid electrolyte interphase (SEI) layers formed on the CNFs reveals that the gradual growth of fiber radius

due to continuous increment of SEI layer thickness led to capacity fading. In contrast, SnCo particles in PAN-driven CNFs (SnCo/PAN-CNFs) showed

dramatically reduced crystallite sizes (<10 nm) of single phase SnCo nanoparticles which were entirely embedded in dense, semicrystalline, and highly

conducting 1-D carbon matrix. The growth of SEI layer was limited and saturated during cycling. As a result, SnCo/PAN-CNFs showed much improved

cydlability (97.9% capacity retention) and lower SEI layer thickness (86 nm) after 100 cycles compared to SnCo/PVP-CNFs (capacity retention, 71.9%; SEI

layer thickness, 593 nm). This work verifies that the thermal behavior of carbon precursor is highly responsible for the growth mechanism of SEI layer

accompanied with particles detachment and cyclability of alloy particle embedded CNFs.
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ne of the great interests in the
O study of Li-ion batteries is securing

anode materials that possess high
capacity, high power, and excellent cyclabil-
ity." Metallic tin (Sn) has been suggested as
a prospective substitute for the conven-
tional graphite anode (372 mAh/g) due to
its high theoretical capacity (992 mAh/qg)
and thermal stability.2 However, it has
been shown to be difficult to utilize pure
Sn due to its large specific volume changes
(<300%) during cycling that accompany
alloying/dealloying with lithium. The volume
change can cause pulverization of electrode
materials and loss of electrical contact be-
tween active material and carbon/current
collector, thereby continuously losing capa-
city as the cycle progresses.
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So far, factors affecting the performance
of Sn-based anode are categorized accord-
ing to the particle size and the presence
of alloy elements and/or carbon. The idea
generally accepted for improving Sn-based
anode materials is to decrease the particle
size so as to abate the absolute volume
expansion.* Alloying with electrochemically
inactive materials can also provide a buffer
phase to relieve the stress arising from the
volume changes.” Among various transition
metals including Ni®” Sb2 Cu® Ag,'® and
Co,"" Co prevents the formation of carbide
phases such as CoC,."? Because the direct
formation of the solid electrolyte interphase
(SEI) film onto the surface of metallic anode
can lead to surface crack as well as repeated
regeneration of the SEI layers, carbon
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coating has also been suggested as a promising solu-
tion to prevent the surface pulverization.'*~'®

Besides the issues stated above, the dynamic forma-
tion and electrochemical stability of solid electrolyte
interphase (SEI) layer on the surface of electrode
materials is also an important issue for the Sn-based
anode materials. The SEl layers are generally formed via
the reductive decomposition of organic solvent and
electrolyte additives,'” if the anode electrochemical
potential is above the lowest unoccupied molecular
orbitals (LUMO). If severe volume changes take place,
for instance, in metallic anode materials with 300% of
volume expansion ratio compared to their original
occupied space, the SEl layers can be damaged or even
broken during the charge/discharge cycles.'® There-
fore, during subsequent electrochemical reactions, the
SEl layers are repeatedly regenerated, thereby increas-
ing the SEI thickness and their electrical resistance.
Since SEl layers are composed of multilayers of organic
and inorganic compounds such as Li,CO5 and Li,0,"°
irreversible capacity loss caused by encapsulation of
the insulating SEI film on separated anode particles can
be a major problem as well. One more issue, which
should be considered from the dynamic formation of
the SEl layers, is that it continuously robs lithium ions
from cathode, so the SEI layers make the capacity of a
full cell faded. Therefore, forming the thin SEl layer and
maintaining the stable SEl layers are the key issues to
improve the electrochemical performance.

In addition to those factors influencing anode prop-
erties, we focused on establishing the morphological
impact of Sn-based anode on securing both optimum
capacity and cyclability . Of the various morphologies
designed to avoid those issues, one-dimensional (1-D)
electrospun carbon coated structure have drawn great
attention because it is the simplest one-step synthetic
method to prepare alloy nanoparticles within 1-D uni-
form carbon coating, which assist the formation of the
SEl layers on the ion-conducting carbon shield.® The
morphological advantage of 1-D carbon coated struc-
ture is the open space between each 1-D structures
that accommodate large strain without pulverization®'
and the charge-transport directionality that shows the
electronic conduction along the axial direction asso-
ciated with the Li*-ion diffusion mainly along the short
radial direction. Unlike 0-D or irregular structures,? the
interfacial Li*-ion transfer takes place on the 1-D
cylindrical surface which is exposed to the electrolyte,
thereby resulting in radial formation of the SEI layers.
Furthermore, the continuous electron conduction path
along the axial direction can minimize the irreversible
capacity loss caused by isolation of active materials.

However, the studies of the carbon coated 1-D
anodes have seldom focused on its unique dynamic
behavior when exposed to electrolytes during cell
operation. Gradual growth of SEI layer can reduce
electrolyte channel spaces between carbon nanofibers
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(CNFs) and impede Li*-ion charge transfer through the
thicker SEI layer.”® With a careful choice of carbon
precursors, interestingly, we established that the ther-
mal behavior of polymers was responsible for those
characteristics, and were able to control electrochemi-
cal properties of SnCo alloy embedded carbon nano-
fibers (CNFs), with or without the long-term capacity
fading. This phenomenon has been neither clearly
observed in previous studies nor closely investigated
as a research subject. This discovery can lead to
the new perception of carbon-coated anode design
issue for securing long-term electrochemical reliability:
the formation mechanism of the SEI layers along the
carbon coating and their structural stability in dynamic
condition during cycling.

Here, we report a comprehensive study about the
influence of morphological evolution of SnCo particles
embedded CNFs accompanied with the SEl layer
growth on the dimensional stability and electrochemi-
cal stabilities. Two carbon precursor polymers, poly-
vinylpyrrolidone (PVP)>* and PAN (polyacrylonitrile),*®
were used for the synthesis of the CNFs via the electro-
spinning method. Although both polymers can form
complex structures with metal ions*®?’ to assist the
formation of homogeneous polymeric fibers,?® they
exhibited different thermal behaviors***° during heat
treatment, resulting in contrasting SEl formation/
growth and morphological characteristics of CNFs
during cycling. To interpret this, we suggest a plausible
model explaining the strong correlation between cy-
cleabilities of electrochemical cells and the formation/
growth behavior of SEI layers and morphologies of
SnCo particles embedded CNFs anode.

RESULTS AND DISCUSSION

Thermal Behavior of Polymers in Synthesis of Carbon Nano-
fibers Encapsulating SnCo Nanoparticles. The morphological,
thermal, and electrochemical properties of polymeric
fibers without Sn—Co precursors were shown in Sup-
porting Information Figure S1—S3. In case of synthesiz-
ing CNFs, which contain the metallic crystals inside the
fiber, the formation of discrete SnCo nanoparticles
within CNFs can be significantly affected by thermal
behaviors of the polymers during the postcarboniza-
tion. Here, we selected two types of polymers, i.e., PVP
(1300000 g mol™") and PAN (150000 g mol "), to
synthesize two different CNFs encapsulating SnCo par-
ticles. Although PVP and PAN have similar melting point
(~320 °Q), the thermal behaviors of each polymers
mixed with metal salt precursors, i.e, Sn** and Co®",
are markedly different as described in Scheme 1. During
the synthesis, as-spun Sn(OAc)4-Co(OAc),/PVP (hereafter,
SnCo/PVP) and Sn(OAc)4;-Co(OAc),/PAN (hereafter,
SnCo/PAN) composite fibers were first stabilized in air,
and then carbonized in an inert atmosphere to release
oxygen and induce carbonization of the polymers. Both
PVP and PAN can attract transition metal ions due to
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Scheme 1. Schematic illustration of molecular structure transformation of PVP and PAN polymers in the presence of Sn—Co

precursors during each heating step.

coordination bond-like interaction between lone pair
electrons in oxygen and nitrogen and positively
charged metal ions of Sn** and Co?" dissolved in the
solution.?®*” Therefore, it can help to form homo-
geneous polymeric as-spun fibers with the presence
of metallic ions.®

As aresult, the as-spun and stabilized SnCo/PVP and
SnCo/PAN fibers exhibited smooth morphology with-
out any evidence indicating phase separation between
inorganic precursors and polymers (Supporting Infor-
mation Figure 54).3! Referring to Scheme 1, the thermal
degradation of the initial PVP chains accompanied by
the release of pyrrolidone rings takes place with the
formation of the vinyl polymers during the stabiliza-
tion.3 With increasing temperature up to 300 °C, a
double bond in the PVP is formed, thereby reducing
the flexibility of fiber matrix followed by formation
of intramolecular complexes promoting elimination of
the pyrrolidone rings.”® During the carbonization at
700 °C, it eventually resulted in soft amorphous CNFs
caused by depolymerization of linear polymeric chains.*?

In contrast, PAN includes polar nitrile groups having
strong intermolecular interaction, leading to a thermal
stability which prevents melting prior to carboniza-
tion.3° In the first stabilization step, the linear PAN
molecules are converted to a cyclic structure with
repetitive hexagonal ring bridges, which are cross-linked
with the metallic ions at the temperature of 250 °C in
air.3*3* These metallic ions, which are interconnected
with the cyclic PAN, can reinforce the semicrystalline
carbon framework as well as promote homogeneous
nucleation of SnCo particles in the CNFs during the
carbonization step.

To clearly verify the phase transformation and the
carbonization behaviors of each polymer during
the heat treatment, we carried out Fourier transform
infrared spectroscopy (FT-IR) and Raman spectra
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Figure 1. FT-IR spectra of the as-spun, stabilized and car-
bonized (a) SnCo/PVP-CNFs and (b) SnCo/PAN-CNFs, and (c)
Raman spectra of the carbonized SnCo/PVP-CNFs and SnCo/
PAN-CNFs.

measurements (Figure 1). Panels a and b of Figure 1
show the FT-IR spectra of the SnCo/PVP and the SnCo/
PAN after each heat treatment step, respectively. All
samples exhibited common fluctuations at 2328 and
2352 cm™', which were attributed to CO, vibration in
the experiment chamber. Both as-spun SnCo/PVP and
SnCo/PAN showed weak characteristics peaks at 2848
and 2919 cm ™', which were assigned to CH stretch
vibration of residual DMF. The common peaks found at
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Figure 2. (a) SEM image of stabilized SnCo/PVP, (b and c) SEM images, and (d) TEM image of SnCo/PVP-CNFs. (e) SEM image of
stabilized SnCo/PAN, (f and g) SEM images, and (h) TEM image of SnCo/PAN-CNFs. The scale bars in the inset images in (a) and

(e) represent 500 nm in length.

1022, 1255, 1371, 1431, and 1660 cm ™' indicate the
existence of C—O stretching, C—N, —CHs, —CH,, and
C—C bondings for DMF and polymer backbones,
respectively.>' The wide absorbance peaks from 1617
to 1592 cm ™' indicate C=0 stretching vibration for
acetate groups.’’ After the stabilization as displayed in
Figure 1a, the evolution of wide peak at 1587 cm™'
from the SnCo/PVP denotes the conjugated C=C
bonds from polymer chains resulting from the release
of pyrrolidone ring. At 250 °C, the majority of C—H
group is broken down to a new absorption band at
1712 cm "33 Appearance of new shoulder peak at
1720 cm™ ' is originated from the release of pyrrolidone
rings with stretching vibration of C=0.3* A peak at
1376 cm ' is assigned to C—N bond in pyrrolidone
ring. After the carbonization, the peaks corresponding
to released pyrrolidone rings and polyethylene poly-
mers disappeared and a new wide peak at 1116 cm™"
was observed. This peak corresponds to a C—0—C
vibration that is predominantly due to the amorphous
carbon consisting small amount of oxygen. A character-
istic peak at 657 cm™ " is related with Sn—O bond.>*>3¢
On the other hand, for the as-spun SnCo/PAN
(Figure 1b) fibers, the small peak at 2242 c¢m~ " denoted
the nitrile stretch. For the stabilized SnCo/PAN, the
nitrile peak was disappeared, and peaks at 1376 and
1592 cm™" are formed, which can correspond to the
C—N bond and C=C stretching in the cyclic polymer
structure. A small slope at 1716 cm™', next to the peak
corresponding to C—C bonding at 1660 cm™', indi-
cates C=C bending vibration in the ring structure. After
the carbonization, the two wide peaks at 1569 and
1155 cm ™' were observed, and they were assigned to
C=N and C—N stretching vibrations from the semi-
crystalline CNFs embedding SnCo particles.®”
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Figure 1c shows Raman spectra of both SnCo
particles embedded in the carbonized PVP-driven
CNFs and PAN-driven CNFs (hereafter, we denote them
as SnCo/PVP-CNFs and SnCo/PAN-CNFs, respectively).
In case of the SnCo/PVP-CNFs, the incident laser can be
focused on the exposed SnCo particles, and a small
fluctuation at 476 cm™' corresponding to Eq mode of
oxygen vibration®® and a peak at 690 cm ™" related to
the oxidized tin species were identified.3**° Consider-
ing the D/G ratio of SnCo/PVP-CNFs, SnCo/PVP-CNFs
was composed of carbon species with short-range
order and multiphase structure.*' For the SnCo/PAN-
CNFs, the peaks indicating the oxidized Sn species
are not observed, but a lower D/G ratio of 0.91 was
confirmed due to the nature of amorphous carbon
species in SnCo/PVP-CNFs with a high graphitic edges
density.*' The Raman results for SnCo/PVP-CNFs also
show the presence of the oxidized Sn and the nature
of carbon which are in good agreement with the FT-IR
spectra and Scheme 1.

Microstructural and Phase Evolution of SnCo Crystallites
within Carbon Nanofibers. The morphology and diameter
of the stabilized SnCo/PVP fibers exhibited little differ-
ence compared to the as-spun ones (Figure 2a). The
morphological change of fiber mostly occurred during
the carbonization process. After heat treatment at 700 °C
in reducing atmosphere, small SnCo alloy particles were
observed on the surface of SnCo/PVP-CNFs (Figure 2b).
The magnified scanning electron microscopy (SEM) im-
age showed irregular particles with a size distribution of
30—100 nm that were attached to amorphous CNFs
(Figure 2c). Figure 2d exhibits a transmission electron
microscopy (TEM) image of SnCo/PVP-CNFs. The irregu-
lar shape of stuffed SnCo alloy particles was observed
on the rough surface as well as inside the fiber structure.
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The morphology of SnCo/PVP-CNFs can be considered
as an aggregated composite structure comprising SnCo
particles covered by amorphous carbon coatings. On the
other hand, SnCo/PAN-CNFs did not exhibit exposed
SnCo particles but smooth surfaces similar to the stabi-
lized SnCo/PAN as shown in Figure 2e—g. The magnified
SEM image in Figure 2g reveals that nanoparticles
(<10 nm) are embedded in CNFs having an average
diameter of 450 nm. SnCo/PAN-CNFs exhibited the
smooth exterior and interior morphologies filled with
uniformly distributed nanoparticles with the size distri-
bution of 5-10 nm (Figure 2h). The morphological
difference of SnCo alloy particles in each sample can
be explained by the different thermal behaviors of the
polymers. In the case of the PAN polymer, dense and
rigid semicrystalline carbon species were formed, which
can prevent outward diffusion of metallic Sn with low
melting temperature (231 °C) and abnormal growth of
SnCo alloy crystals; thus, single phase SnCo nanoparticles
could be uniformly embedded within CNFs. In contrast,
the amorphous carbon species obtained from PVP can-
not effectively limit the growth of the alloys, inducing
large particle formation on the fiber surface, which
eventually can lead to inhomogeneous phase evolution.

The crystallization and phase analysis of SnCo alloy
were characterized by X-ray diffraction (XRD) patterns,
high resolution transmission electron microscopy
(HR-TEM), and X-ray photoelectron spectroscopy (XPS)
spectra (Figure 3). Figure 3a displays XRD patterns of
the SnCo/PVP-CNFs, SnCo/PAN-CNFs, and PDF refer-
ences of SnO, SnCo, and Co3Sn,. The (101), (110), (200),
(111), (002), and (201) peaks corresponding to single
phase SnCo were observed for both SnCo/PVP-CNFs
and SnCo/PAN-CNFs. Slightly broad peaks correspond-
ing to the CosSn; and SnO phases were measured for
SnCo/PVP-CNFs, which are marked as blue and green
arrows, respectively (Figure 3a). In the SnCo/PVP-CNFs,
the existence of distinct phases of SnCo, CosSn, and
SnO were also confirmed by HR-TEM image in Figure 3b
and the inset. An optically distinctive phase with
a lattice spacing of 0.212 nm also corresponded to
(002) planar distance of the SnCo.*? A lattice spacing of
0.258 nm corresponded to that of (200) planar distance
of Co35n,.*® The (112) lattice spacing of SnO (0.312 nm)
is also in good agreement with the crystallography
database (JCPDF no.13-0111).** In the SnCo/PVP-CNFs,
the (002) lattice spacing of the SnCo alloy particle was
measured to be 0.212 nm (Figure 3c).** The XPS spectra
also confirmed the formation of oxidized SnO species
in the SnCo/PVP-CNFs as compared to the existence
of purely metallic Sn species in the SnCo/PAN-CNFs
(Figure 3d,e). It clearly contrasts the peak intensities
between metallic Sn (484.7 eV) and oxidized Sn**
(486.2 eV) species.*® The phase segregation of hetero-
geneous SnCo crystallites with multiple phases such as
SnO, SnCo, and CosSny, as appeared in the SnCo/PVP-
CNFs, has been frequently reported elsewhere.*6~
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Figure 3. (a) XRD patterns of SnCo/PVP-CNFs (top) and
SnCo/PAN-CNFs (bottom). HRTEM images of (b) SnCo/PVP-
CNFs and (c) SnCo/PAN-CNFs. X-ray photoelectron spec-
troscopy (XPS) spectra of (d) SnCo/PVP-CNFs and (e) SnCo/
PAN-CNFs.

We conducted a supplementary experiment by varying
relative precursor concentrations of Sn (IV) acetate
and Co(ll) acetate in electrospinning solution in order
to investigate the formation of the oxidized species
and phase evolution of SnCo crystals in PVP-CNFs
(Supporting Information Figure S5). In fact, it suggests
that the homogeneous precipitation of single phase
SnCo nanocrystals is nearly impossible due to the
formation of the oxidized phase, which is induced by
oxidation of the metallic ions during the carbonization
as proposed in the Scheme 1.

Electrochemical Characterization of Carbon Nanofibers Encap-
sulating SnCo Particles. To examine the polymer effect on
the electrochemical properties, half-cell cycle tests
using the SnCo/PAN-CNFs and the SnCo/PVP-CNFs as
electrode materials were performed at 0.5 C-rate
(Figure 4). The weight portions of Sn in SnCo/PVP-CNFs
and SnCo/PAN-CNFs were determined to be 47.45 and
55.75 wt %, respectively, by using element analyzer
(EA) and energy-dispersive X-ray spectroscopy (EDS)
analyses. The weight of carbon species were calculated
by the amount of CO, gas arising from the samples in
oxygen-rich atmosphere at elevated temperatures.
The theoretical capacities of the composite anodes
were calculated by considering maximum capacities of
Sn (992 mAh/g, with the formation of Li, 4Sn alloy) and
CNFs (177 mAh/g).*® The SnCo/PAN-CNFs exhibited
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Figure 4. Charge/discharge cycle performance of the SnCo/
PVP-CNFs and the SnCo/PAN-CNFs. The cells were cycled
between 0.005 and 2.5 V vs Li*/Li at the rate of 0.5 C (1 C =
534.4 mAh/g for SnCo/PVP-CNFs and 605 mAh/g for SnCo/
PAN-CNFs). The schematic illustrations inside the graph
show morphological evolutions of the SnCo/PVP-CNFs
and the SnCo/PAN-CNFs in terms of the SEI layer growth
and the structure changes.

superior capacity retention of 97.86% from second
cycle (560 mAh/g) to 100th cycle (548 mAh/qg), which
is 90.5% of its theoretical capacity (605 mAh/g). The
excellent cyclability can be comparable to the best
result of previously reported Sn alloy anodes.*® In
contrast, the SnCo/PVP-CNFs showed a capacity reten-
tion of 73.32% from second cycle (506 mAh/g) to 100th
cycle (371 mAh/g), which is 69.4% of the theoretical
capacity of the SnCo/PVP-CNFs (534.4 mAh/g). Inter-
estingly, the most capacity decrease in the SnCo/
PVP-CNFs happened from the 11th to 15th cycle by
52 mAh/g. This characteristic capacity drop was also
confirmed in other SnCo/PVP-CNFs samples. One pos-
sible explanation would be that large alloy particles
loosely attached on amorphous carbon matrix can fall
apart from the surface of the CNFs. Therefore, the
abrupt capacity drop can takes place due to the
electrical contact loss of a certain amount of active
mass. The constant decrease in capacity besides the
characteristic capacity drop could be resulted from the
degradation of amorphous carbon matrix and contin-
uous growth of the SEl films that increase the charge
transfer resistance.

The Coulombic efficiencies and both charge/dis-
charge capacities of the SnCo/PVP-CNFs and the SnCo/
PAN-CNFs are shown in Figure 5ab. Whereas the
Coulombic efficiencies of the SnCo/PVP-CNFs initially
saturated to ~95% up to 12 cycles (Figure 5a), those
of the SnCo/PAN-CNFs quickly saturated above 98.7%
within 10 cycles (Figure 5b). The reason for the low
efficiency of the SnCo/PVP-CNFs at the early cycles
should be responsible for activation of exposed parti-
cles and irreversible decomposition of electrolyte
which had continued at least up to 10 cycles. Although
the existence of impurity phases in the SnCo/PVP-CNFs
should enhance the cycle performance, the reversibility
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Figure 5. Charge/discharge cycle performances of (a) SnCo/
PVP-CNFs and (b) SnCo/PAN-CNFs. The cells were cycled
between 0.005 and 2.5 V vs Li*/Li at the rate of 0.5 C. (c) Rate
capability tests for SnCo/PVP-CNFs and SnCo/PAN-CNFs at
rates varied from 0.2 to 10 C (from 2nd cycle to 36th cycle).
Each discharge rate was operated with 5 cycle intervals.

of charge and discharge is worse than that of SnCo/
PAN-CNFs. This is the reason we have focused more on
the structural integrity and the SEI growth during
charge and discharge cycling. The effect of impurity
phase and SnO in electrode performance is described
with voltage curves in Supporting Information Figure S6.

The structural instability of amorphous carbon
layers combined with high current density can accele-
rate the collapse of composite structure. The charac-
teristic capacity drop was also observed in the rate
capability test with multiple discharge-rate steps from
0.2 to 10 C (Figure 5c). At a discharge rate of 1 C, the
decrease in the cycling capacities of the SnCo/PVP-
CNFs was accelerated. It can be attributed to the higher
internal stress arising from faster lithiation/delithiation
of Li" ions into/out of large Sn alloy particles. It is
contrasted to the electrode performance of nanosized
SnCo particles in the SnCo/PAN-CNFs: it exhibits very
stable capacity retention up to the high discharge rate
of 10 C. The capacity at 0.2 C is recovered by almost
100% after the 10 C-rate cycling. The difference in
capacity is only 0.2% between the sixth cycle (573.1
mAh/g, 0.2 C) and the 32nd cycle (572.0 mAh/g, 0.2 Q).

Ex Situ Investigation into the Structure Degradation and
SEI Growth during Electrochemical Cycling. A morphological
investigation, as displayed in ex situ SEM and TEM
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particles

Figure 6. Ex situimages of SnCo/PVP-CNFs after 1 cycle: (a) TEM and (b) SEM images. SnCo/PAN-CNFs after 1 cycle: (c) TEM and
(d) SEM images. SnCo/PVP after 10 cycles: (e) TEM and (f) SEM images. SnCo/PAN-CNFs after 10 cycles: (g) TEM and (h) SEM
images. SnCo/PVP-CNFs after 100 cycles: (i) TEM and (j) SEM images. SnCo/PAN-CNFs after 100 cycles: (k) TEM and (I) SEM
images, and magnified ex situ SEM images of (m) SnCo/PVP-CNFs and (n) SnCo/PAN-CNFs after 100 cycles.

images of Figure 6, were carried out to confirm that the
two polymers as well as the consequent carbon matrix
have an important role in securing morphological
integrity of anode structures and SEI films. At the first
cycle, both the SnCo/PVP-CNFs and SnCo/PAN-CNFs
maintained their 1-D shapes that are slightly covered
with the SEI layers having noticeable thicknesses.
Because large SnCo alloy particles comprising SnCo/
PVP-CNFs were loosely anchored on CNFs, irregular
surface bumps were clearly observed (Figure 6a). One
interesting aspect of the SnCo/PVP-CNFs is the SEl layer
formation on the rough surface of fibers (Figure 6b).
The SnCo/PAN-CNFs exhibits smooth surface and reg-
ular alloy nanoparticles that are perfectly embedded
inside the fiber (Figure 6¢). The surface morphology of
SEl layers is also smooth and uniform throughout the
whole composite structure (Figure 6d). After the 10th
cycle, we found that a certain portion of SnCo alloy
particles of the SnCo/PVP-CNFs was detached from the
carbon matrix (Figure 6e). This is in good accordance
with the characteristic capacity drop observed in the
charge/discharge cycle test. The detached particles
are, therefore, proved to be the major cause for the

SHIN ET AL.

abrupt drop in the capacity of the electrode using
SnCo/PVP-CNFs. The roughness and thickness of the
SEl layer were intensified by direct observation of
SEM images measured at various cycles (Figure 6f).
The SnCo/PAN-CNFs, however, shows no difference in
morphology to the 10th cycle (Figure 6g,h). In the
SnCo/PVP-CNFs, through a series of charge/discharge
reactions up to 100 cycles, the loss of active particles
and partial degradation of carbon matrix were ob-
served (Figure 6i). The growth rate of the SEI layers
was very high so that they covered the whole electrode
surface (Figure 6j). To the contrary, the SnCo/PAN-CNFs
consistently preserved the fiber and SEl layer morphol-
ogies up to the 100th cycle (Figures 6kl).

To highlight the morphological difference of each
fiber, the magnified images of broken sections of
SnCo/PVP-CNFs and SnCo/PAN-CNFs after 100 cycles
were investigated. Figure 6m reveals that the shattered
SnCo particles are randomly dispersed in the chunks of
amorphous carbon matrix covered by thick SEI layers
without clearly distinguishable CNFs scaffolds. There-
fore, the morphological advantages arising from the
carbon coating that provides the volume confinement
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Figure 7. Nyquist plots of (a) the SnCo/PVP-CNFs (b) and the SnCo/PAN-CNFs half-cells after 100 cycles. (c) The corresponding
equivalent circuit and the calculated resistance values of the SnCo/PVP-CNFs and the SnCo/PAN-CNFs. (d) Simulated and

measured Nyquist plots using equivalent circuit data from (b).

effect and prevents electrical contact loss of alloy
particles became less effective. In addition, the sepa-
rated SnCo particles from the SnCo/PVP-CNFs can lose
their electrical contact by the encapsulation of insulat-
ing SEI layers so that the capacity can be noticeably
reduced as shown in the cycle test of Figure 4.
Furthermore, extensive and continuous volume
changes from the exposed particles on fiber surface
can lead to exposure of additional fresh particle sur-
faces followed by the formation of new SEl layers, which
reduces the Coulombic efficiencies during cycling.

Meanwhile, the SnCo/PAN-CNFs covered with a
uniform and thin SEI layer show that the embedded
SnCo nanoparticles are maintained well in terms of
their shape and size (Figure 6n), considering the
similarity of the fiber morphologies appeared in the
TEM images after different number of cycles. All nano-
particles are physically confined in the conductive
CNFs so that all the active materials can contribute to
the cell capacity.

The additional ex situ images including 20th and
50th cycle are provided in the Supporting Information
Figure S7. Through the galvanostatic charge/discharge
test up to 100th cycle, no specific phase transition was
observed by ex situ XRD measurements for both SnCo/
PVP-CNFs and SnCo/PAN-CNFs (Supporting Informa-
tion Figure S8). After the first charge/discharge cycle,
the crystalline phases of SnCo alloys in both fibers were
remained unchanged for the following lithiation/
delithation reactions.

To investigate the electrochemical characteristics of
the SEI layers, we carried out electrochemical impe-
dance tests. Figure 7 shows the ex situ impedance
spectra of the SnCo/PVP-CNFs and the SnCo/PAN-CNFs
half cells measured after the 100th cycle. Typical three
semicircles arranged from high frequency to low
frequency were observed in the Nyquist plots.>’ The
first semicircle in high frequency range is related to
the lithium ion transfer through the SEI layer.*’>">2
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Second and third arcs are in relation with the charge
transfer resistance, which is primarily due to the inter-
phase reaction with Li ions and the electrode surface,
and phase transformation during Li ion insertion.>® As
shown in Figure 7a,b, the first arc of the SnCo/PVP-
CNFs exhibits much larger radius compared to the
SnCo/PAN-CNFs. The equivalent circuit for evaluating
the difference of impedance result is shown in Figure 7c.
Re represents the ohmic resistance of the cell, R, is the
SEl layer resistance and Rcr and Rp represent the charge
transfer resistance and phase transformation resistance,
respectively. The parallel capacitances of each resistance
factors are presented as constant phase elements (CPE).
In the equivalent circuit, CPEsg, CPEp,, and CPEp repre-
sent the capacitances of the SEl layer, the double layer,
and the phase formation, respectively. Considering Rsg
values measured in the equivalent circuit, the SnCo/PVP-
CNFs (55.48 €2) showed 2x higher resistance than that
(25.32 Q) of SnCo/PAN-CNFs.

This result demonstrates that the uniformly coated
thin SEl layers on the fiber surface of the SnCo/PAN-
CNFs provide much less resistance than the thick
irregular SEI layers on the SnCo/PVP-CNFs surface. In
particular, the extended SEl layers can be created on
the surface of detached alloy particles so that the
overall Rsg for the SnCo/PVP-CNFs becomes greater
than the SnCo/PAN-CNFs. The calculated values in
equivalent circuits are simulated to compare with the
measured impedance results. All the simulated impe-
dance curves are in good accordance with the mea-
sured original values. Figure 7d is an example matching
a simulated impedance curve using calculated resis-
tances and CPE values in Figure 7c and the measured
impedance curve of the SnCo/PAN-CNFs in Figure 7b.
In addition, residual nitrogen species in PAN induced
CNFs were measured to 4.2 wt % by EA analysis. The
N-doped CNFs can also contribute the superior elec-
trical conductivity>* compared to PVP-CNFs whose
nitrogen composition is only 1.4 wt %.
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Figure 8. The change in average SEl thicknesses of the
SnCo/PVP-CNFs and the SnCo/PAN-CNFs during cycling
displayed with error bars.

To quantitatively investigate the growth phenom-
ena of SEl layers on fiber surface along with the cycle
number, the thicknesses of SEl layers were measured
and collected from the cross sections and the surfaces
images. Figure 8 shows the mean thicknesses with
max/min bars collected from 10 samples of the SnCo/
PVP-CNFs and SnCo/PAN-CNFs. The average SEI layer
thickness (dsg) of the SnCo/PVP after 100 cycles, the
average thickness of the SEI layer, reached around
593 nm that is even larger than the original average
fiber thickness of 450 nm. For the cycled SnCo/PVP-
CNFs, the thicknesses of the SEI layers were mainly
estimated by comparing the diameter of the pristine
SnCo/PVP-CNFs and the cycled SnCo/PVP-CNFs ap-
peared on the cross-sectional images. Although the
accuracy might be not exactly matched to the real
value and it may also reflect irreversible dimensional
changes during cycling, the dramatic increase in the
SEI film thickness of the SnCo/PVP-CNFs is apparent.
On the other hand, the SnCo/PAN-CNFs exhibited a
steady growth of the SEl layers until the 20th cycle, and
the saturated thickness around 90 nm was preserved
until the last cycle. The supporting images and statistic
data are shown in Supporting Information Figure S9.

Referring to Figure 4 again, the clear contrasts
between the SnCo/PVP-CNFs and the SnCo/PAN-CNFs
are the particle detachment and the growth of the
SEl layers. Even though the impurity phases such as
Cos3Sn, and SnO should enhance the cycle perfor-
mance, in SnCo/PVP-CNFs, the reversibility of charge
and discharge of SnCo/PVP-CNFs is worse than that of
SnCo/PAN-CNFs. As apparently observed in the mor-
phological changes during cycling, the morphological
contrast and the corresponding difference in the me-
chanical stress/strain in the fiber structure played a
major role to determine the electrochemical properties
of the composite fibers. Some active materials lose
physical binding with the SnCo/PVP-CNFs, resulting in
detachment of particles that were in turn isolated and
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insulated by the SEl layers during cycling. The volume
change of the exposed alloy particles out of the PVP-
driven CNFs can also promote the surface breakage of
the SEl layers, so the repeated SEl layer growth can lead
to the continuous irreversible capacity loss. Consider-
ing the large SEI resistance of the SnCo/PVP-CNFs,
the growth of SEI layers with cycling can lead to the
decrease in cyclability compared to the case of the
SnCo/PAN-CNFs that showed the superior morpholo-
gical stability with the stable SEI formation owing to
the tightly embedded SnCo nanoparticles in rigid CNFs.

Although the active materials used in this experi-
ment are the same, the electrode performance and
cyclability are highly contrasted. The significant differ-
ence between the cycle performance of the SnCo/PAN-
CNFs and SnCo/PVP-CNFs points out that the choice of
carbon precursors can play an important role in secur-
ing excellent cyclability for 1-D carbon coated metallic
particles. To design optimum electrode materials
especially for an alloy material which undergoes
large volume changes during charge/discharge cycles,
we demonstrate that the polymer selection and dis-
tribution of active particles within carbon matrix are
important factors to determine the performance of
electrode.

CONCLUSIONS

In conclusion, we examined the CNFs consisting of
SnCo nanoparticles synthesized via the electrospin-
ning of two different thermoplastic polymers, PAN and
PVP. In contrast to PAN that transformed into the cyclic
structure followed by partial crystallization of carbon
species during the carbonization step, the linear polymer
chains from PVP were thermally degraded, resulting in
amorphous carbon matrix that could not limit the
agglomeration of SnCo alloys (30—100 nm). Moreover,
the residual oxygen in the PVP chains facilitates the
partial oxidation of Sn species, while oxygen-free and
mechanically robust PAN promotes formation of
homogeneous and single phase SnCo nanoparticles
(<10 nm). In the electrochemical tests, the SnCo/PVP-
CNFs exhibited an abrupt capacity drop around the
10th cycle followed by gradual capacity decreases up to
the 100th cycle, which can be explained by the volume-
change-induced detachment of the exposed SnCo
particles from CNFs and the extended growth of the
SEl layers. On the other hand, the SnCo/PAN-CNFs
showed higher capacities and better cycle perfor-
mances. The capacity retention from second cycle to
100th cycle is 97.9% for the SnCo/PAN-CNFs, which is
much greater than that (71.9%) of the SnCo/PVP-CNFs.
SnCo nanoparticles in the SnCo/PAN-CNFs are neither
pulverized nor detached from CNFs so that the SEI
thickness is maintained stable after 20 cycles. By en-
capsulating SnCo nanoparticles in the semicrystalline
CNFs, the volume expansion and the particle agglom-
eration could be effectively prevented. This contrast
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emphasizes the importance of the carbon precursor as
a major factor affecting overall electrode performance
of electrospun SnCo-embedded CNFs. The precursor
polymer used for deriving the different carbon matrix
plays an important role in determination of the particle
size and morphology as well as the oxidation of Sn species,
thereby affecting the structural stability and the SEI layer
growth during electrochemical charge/discharge cycles.

METHODS

Synthesis of SnCo/PVP-CNFs and SnCo/PAN-CNFs. Polyvinylpyrroli-
done (PVP, 1300000 g mol~") and polyacyrylonitrile (PAN,
150000 g mol™") were purchased from Aldrich. Solutions of
6 g of N,N-dimethylformamide (DMF, Aldrich) containing 7 wt %
of PAN powders were prepared by hot stirring at 60 °C. The
same solution using PVP was prepared as a comparison. A total
of 0.003 mol of Sn (IV) acetate and Co(ll) acetate were dissolved
into 3 g of DMF. After vigorous stirring for 24 h, the polymer
solution (PVP and PAN) were mixed with SnCo precursor solu-
tions. After 48 h of stirring, the blend solutions were sonicated
for 5 min to ensure homogeneous mixing. The experiment
conditions of electrospinning are as in the following. A 21 gauge
stainless steel needle was placed 15 cm above the grounded
stainless steel foil collector. A voltage of 15 kV was applied
between the needle and the stainless steel foil. A uniform flow
rate of 15 ul min~" was maintained by an injection pump. After
12 h to collect as-spun nanofibers mats, the mats were heat
treated at 250 °C for 5 h to stabilize polymeric matrix and
evaporate residual solvents. After the stabilization, we switched
gas in the tube furnace with 20% hydrogen/80% nitrogen
mixture gas and increased temperature to 500 °C to promote
deoxidation of the SnCo fibers. After forming gas was replaced
with pure nitrogen gas (N,), the temperatures were then
increased to 700 °C for 5 h to obtain SnCo/PVP-CNFs and
SnCo/PAN-CNFs, respectively. The heating rate was 1 °C min™".

Materials Characterization. The morphologies of the as-spun
polymeric fibers, SnCo/PVP-CNFs, and SnCo/PAN-CNFs were
investigated by field-emission scanning electron microscope
(FE-SEM, Magellan400, FEI) and field-emission transmission
electron microscope (FE-TEM 300KV, Tecnai). To investigate
thermal behavior of polymers, Fourier transform infrared
spectroscopy measurement (FT-IR, IFS66v/s & Hyperion 3000,
Bruker) and Raman spectroscopy (LabRAM HR UV/vis/NIR PL,
Horiba Jobin Yvon) were carried out. The formation of SnCo
alloy crystals was investigated by X-ray diffraction (XRD, D/MAX-
2500 series, RIGAKU) patterns using Cu Ka. (A = 1.54 A) radiation
and high resolution TEM (HRTEM) analysis. The chemical com-
positions of each fiber were measured by energy-dispersive
X-ray spectroscopy (EDS) and element analysis (EA, Flash 2000
series, Thermo Scientific). The oxidation states of Sn were
investigated by X-ray photoelectron spectroscopy (XPS, Sigma
Probe, Thermo VG Scientific).

Cell Assembly and Electrochemical Characterization. The electro-
spun SnCo/PVP-CNFs and SnCo/PAN-CNFs were mixed with
Super P and polymer binders. Lithium polyacrylate (Li-PAA)
was used as a high performance binder material replacing the
conventional poly(vinyl difluoride) (PVDF) binder (Supporting
Information Figure S10). The ratio to electrospun CNFs, super P,
and binder was 75:15:10 in weight. After mixing the compo-
nents together in 14.474% Li-PAA solution, the obtained black
slurry was applied on a Cu foil with a 60 um-gap applicator
followed by overnight vacuum drying at 80 °C. Roll pressing was
then carried out after complete removal of the solvent. The
obtained SnCo/PVP-CNFs and SnCo/PAN-CNFs composite films
coated on the Cu foils were used as working electrodes. A Li
foil was used as the counter electrode, and Celgard 2400 was
used as the separator. The electrolyte used was 1 M of LiPFg
in ethylene carbonate (EC) and diethyl carbonate (DEC) (1:1
volume ratio). Half-cells were assembled in argon-filled glovebox
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Therefore, to design 1-D CNFs anode materials incorpor-
ating electrochemically active alloy particles, the carbon
precursor has to be carefully considered in terms of its
molecular structure and thermal behavior. Possible
design factors would be molecular weight, melting point,
molecular interaction, the presence of oxygen-rich groups,
and the formation of linear vs cyclic polymer chains
with/without multiple covalent bonds.

to 2032 coin cells. Electrochemical cell tests were carried
out with a battery cycler (Maccor 4000) at a voltage range
between 2.5 and 0.005 V. After cycling tests, the coin cells were
discharged to 0.005 V and subsequently used for electrochemi-
cal impedance spectroscopy (Si 1260, Solatron) on the frequency
range from 100 kHz to 10 mHz with AC voltage amplitude of
5 mV. After the impedance measurement, the coin cells were
fully charged (2.5 V) and dissembled in the argon-filled glovebox
for ex situ SEM, TEM, and XRD analyses.
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