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Abstract

SnO, has been extensively investigated as an anode material for sodium-ion
batteries (SIBs) and potassium-ion batteries (PIBs) due to its high Na/K
storage capacity, high abundance, and low toxicity. However, the sluggish
reaction kinetics, low electronic conductivity, and large volume changes
during charge and discharge hinder the practical applications of SnO,-based
electrodes for SIBs and PIBs. Engineering rational structures with fast charge/
ion transfer and robust stability is important to overcoming these challenges.
Herein, S-doped SnO, (S-Sn0,) quantum dots (QDs) (=3 nm) encapsulated in
an N, S codoped carbon fiber networks (S-SnO,-CFN) are rationally fabricated
using a sequential freeze-drying, calcination, and S-doping strategy. Experi-
mental analysis and density functional theory calculations reveal that the
integration of S-SnO, QDs with N, S codoped carbon fiber network
remarkably decreases the adsorption energies of Na/K atoms in the interlayer
of SnO,-CFN, and the S doping can increase the conductivity of SnO,, thereby
enhancing the ion transfer kinetics. The synergistic interaction between
S-SnO, QDs and N, S codoped carbon fiber network results in a composite
with fast Na*/K™ storage and extraordinary long-term cyclability. Specifically,
the S-SnO,-CFN delivers high rate capacities of 141.0 mAhg™' at 20Ag™" in
SIBs and 102.8 mAhg™' at 10Ag " in PIBs. Impressively, it delivers ultra-
stable sodium storage up to 10,000 cycles at 5A g~ and potassium storage up
to 5000 cycles at 2 A g~'. This study provides insights into constructing metal
oxide-based carbon fiber network structures for high-performance electro-
chemical energy storage and conversion devices.

KEYWORDS

carbon fiber network, heteroatom doping, potassium-ion battery, sodium-ion battery,
S-SnO, quantum dot

Shengnan He, Hui Wu, and Shuang Li contributed equally to this work.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided
the original work is properly cited.
© 2024 The Authors. Carbon Energy published by Wenzhou University and John Wiley & Sons Australia, Ltd.

Carbon Energy. 2024,e486.
https://doi.org/10.1002/cey2.486

wileyonlinelibrary.com/journal/cey2 1of 15


https://orcid.org/0000-0002-4035-0991
mailto:yangyaxiong@xatu.edu.cn
mailto:luoshi2010@yeah.net
mailto:yuxuebin@fudan.edu.cn
https://onlinelibrary.wiley.com/journal/26379368
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fcey2.486&domain=pdf&date_stamp=2024-02-15

HE ET AL.

25 |y LEY-CARBON ENERGY
1 | INTRODUCTION

In recent decades, lithium-ion batteries (LIBs) have been
playing a crucial role in the field of electrochemical
energy storage systems owing to their exceptional
advantages, such as high open circuit voltage, high
energy density, and long-term cycling life.' However,
the scarcity and uneven distribution of lithium resources
hamper the sustainable development of LIBs.* As a
result, sodium-ion batteries (SIBs) and potassium-ion
batteries (PIBs) have emerged as potential alternatives to
LIBs, given that sodium and potassium are widely
available and exhibit similar electrochemical behavior
to that of LIBs.” However, the larger radius of Na/K ions
(1.02/1.38 A) compared to Li* (0.76 A) makes it more
challenging for them to insert into anode materials,
leading to a lower reversible capacity.” Therefore,
developing suitable electrode materials for SIBs and PIBs
with large reversible capacities, superior cycling stability,
and high-rate performance is highly desirable.®’

Much effort has been devoted to finding suitable
anode materials to improve the electrochemical perform-
ance of SIBs and PIBs.*'® Among potential anode
materials, tin oxide (SnO,) stands out due to its high
theoretical capacity (782 mAh g™'), abundance, low cost,
and environmental friendliness.!'"*> However, SnO,
suffers from significant volume changes (~300%) induced
by alloying/dealloying reactions, leading to severe
pulverization and aggregation, unstable solid electrolyte
interphase (SEI), and effective electrical contact loss,
resulting in inferior electrochemical performance.'*'*
One effective approach to address these drawbacks is to
reduce the size of SnO, particles to nanometer size or
even to the quantum size (d < 10 nm), which can better
accommodate the absolute volume change and offer
more active sites for adsorption, thus enhancing electro-
chemical performance.15 Moreover, it has also been
identified that smaller particles have shorter path lengths
for ion transport and faster ion mobility, especially at
high rates.'® However, as the particle size decreases, the
increasingly large specific area and interfaces between
SnO, and electrolyte could lead to the formation of
unstable SEI film and aggregation of particles during
cycling, thus leading to inferior electrochemical perform-
ance. To overcome the side reactions, integrating SnO,
particles with carbon, especially composited SnO, with
well-designed carbon architecture, would be a potential
approach that has been demonstrated as an effective
electrode configuration. The introduction of carbona-
ceous materials with a well-designed structure can not
only enhance the conductivity of composites but also
maintain integrity stability to prevent the aggregation of
active particles during cycling.'” For example, Qiu et al.™*

fabricated SnO, nanoparticles anchored on N-doped
carbon foam as PIBs anode, which delivered enhanced
cycling stability over 400 cycles at 1 A g~'. Furthermore,
as it is widely recognized, the low electrical conductivity
of SnO, anode materials poses another severe challenge,
leading to slow ion/electron transfer and ultimately
impacting the rate performance.* Although the compo-
siting of carbon can enhance the conductivity of the
resulting composites, it does not modify the intrinsic
conductivity of SnO,. Therefore, it is imperative to
further enhance the electrochemical performance of
SnO,-based anodes by improving the inherent conduc-
tivity of SnO,. Doping SnO, with exotic atoms at the
atomic level is a promising approach to effectively modify
its electrical properties.'® For instance, Sb-doped SnO,/
graphene-carbon nanotube aerogels designed by Kim for
SIBs exhibited enhanced ion transfer kinetics due to
increased conductivity of SnO, particles resulting from
Sb doping, and the composite maintained 74% of its
capacity at 1A g™ after 500 cycles.'"® Moreover, doping
carbon with exotic atoms such as N and S can further
improve the electronic conductivity of the composite and
provide more reversible active sites for potassium/
sodium ion storage.'® Therefore, nonmetal heteroatom
doping (e.g., N, P, and S) is the optimal choice for
simultaneously improving the electronic conductivity of
SnO, and the carbon matrix. Considering all the
aforementioned factors, an optimal approach to achieve
high electrochemical performance for SnO,-based anode
materials would involve the combination of ultrasmall
SnO, particles with heteroatom doping, along with a
modified conductive carbon matrix having a well-
designed structure.

Herein, we found an opportunity to prepare highly
conducting SnO, composites by combining the S-SnO,
quantum dots (QDs) and the N, S codoped carbon fiber
networks (CFN) to effectively improve the electrochemi-
cal performance of SnO,. In addition to the benefits of
the carbon matrix mentioned above, incorporating the
carbon fiber network structure could provide numerous
ion/electron transport channels and internal void space
between fibers, thereby further improving the electro-
chemical performance of the SnO,-based anode. In this
work, the S-SnO, QDs (=3 nm) encapsulated in N, S
codoped carbon fiber networks (denoted as
S-SnO,-CFN) were easily prepared using sequential
freeze-drying, calcination, and S-doping strategy. The
freeze-drying method plays a critical role in controlling
the morphology of the final product, as it leads to the
formation of Sn-chitosan sol-gel hybrid materials.
Incorporating S-SnO, QDs can reduce absolute volume
change, decrease ion diffusion length, and improve
electrical conductivity. The relatively weaker Sn—S bonds

85U80|7 SUOWWIOD 3AIIa.D 3|qeotjdde au A peusenob aJe sajone O ‘88N 4O SajnJ 10} Arlq1T8UlUQ /]I UO (SUOIIPUOD-PUe-SWB}/W0D /B 1M ATe.d 1 [BUI|UO//:SANY) SUORIPUOD Pue SWiB | 841 88S *[202/20/e2] Uo Areiqiauliuo A8|im ‘AisieAlun uepnd Aq 981'z/80/200T 0T/10p/woo A8 | 1M Alelq1jeul |uoj/Sdny woij papeojumoq ‘0 ‘8986292



HE ET AL.

in S-Sn0, QDs compared to Sn-O bonds in SnO, are also
beneficial for Na*/K* insertion/extraction processes.
Additionally, the N, S codoped carbon fiber network
structure can enhance electronic conductivity, provide
abundant active sites and electron/ion transport chan-
nels, and produce internal void spaces between fibers to
accommodate volume expansion. Density functional
theory (DFT) calculations further confirmed that the
integration of SnO, with N, S codoped carbon fiber
network can significantly decrease the adsorbed energies
of Na/K atoms in the interlayer of SnO,-CFN and S
doping can increase the conductivity of SnO,, thereby
enhancing ion transfer kinetics. These advantages of the
S-SnO,-CFN composite synergistically contribute to its
exceptional performance in sodium and potassium
storage. Specifically, the S-SnO,-CFN anode exhibits
remarkable sodium storage performance in both long-
term cyclability and rate capability, exhibiting a stable
capacity of 237.0mAhg™! at 5Ag™" after 10,000 cycles
and a high rate capacity of 141.0mAhg™"' at 20A g™ ".
Furthermore, as an anode for PIBs, the S-SnO,-CFN
anode delivers impressive potassium performance, with a
stable capacity of 145.5mAhg™" at 2A g™ after 5000
cycles and a high rate capacity of 102.8mAhg™' at
20A g

2 | EXPERIMENTAL SECTION

21 | Chemical

The following chemicals were used without further
purification. The raw materials of tin(I) chloride
dihydrate (SnCl,-2H,0, 98%; ACS reagent), chitosan
([C¢H11NO4],,, medium molecular weight), and sulfur
(S, 99.99%) were all purchased from Sinopharm Chemi-
cal Reagent Co., Ltd. Tin oxide (SnO,, 99.5%) was
purchased from Aladdin Ltd.

2.2 | Material preparation

In a typical synthesis, 0.33g of chitosan powder was
dissolved in 100 mL of an acetic acid solution, followed
by the slow addition of a SnCl,-2H,0 solution in water
(1g in 5mL) while stirring magnetically. After stirring
for 1h, the mixed solution was rapidly frozen using
liquid nitrogen and then subjected to a freezing-dry
process. The resulting Sn-chitosan powder was then
pyrolyzed in an argon atmosphere at 500°C for 4h to
form the SnO,-CFN-2 composite. Subsequently, the S-
doped SnO,-CFN composite (referred to as
S-Sn0O,-CFN-2) was obtained by further annealing the
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SnO,-CFN composite with sulfur powder (1:2 in weight
ratio) at 450°C with a heating rate of 2°C/min for 3h
under an argon atmosphere. For comparison, different
S-Sn0,-CFN composites were synthesized using the
same conditions with 0.165 g (S-SnO,—~CFN-1) and 0.66 g
(S-Sn0O,-CFN-3) of chitosan.

2.3 | Materials characterization

The morphology and microstructure were examined
using a field emission scanning electron microscope
(FESEM, JEOL7500FA) and transmission electron micro-
scope (TEM, JEOL JEM-2011) coupled with an energy
dispersive X-ray spectrometer (EDS). The crystal struc-
ture and composition were characterized by X-ray
diffraction (XRD) with a Bruker D8 advanced diffrac-
tometer using CuKa (1=1.5406 A) radiation (D8
Advance; Bruker AXS). Raman spectra were recorded
using a LabRam HR800 Raman microscope (HR800;
Horiba Scientific). Fourier-transform infrared spectros-
copy (FTIR) spectra were obtained on a Nicolet iS50
FTIR spectrometer. The X-ray photoelectron spectrome-
ter (XPS) data were collected using a Thermo Scientific
K-Alpha XPS system (Thermo Fisher Scientific) with a
microfocused monochromatic Al Ko X-ray source
(1486.6 eV). The content of S in the composites was
analyzed using inductively coupled plasma-mass spec-
trometry (ICP-MS; PerkinElmer NexION 300X).

24 | Electrochemical characterization

The working electrode was fabricated by first preparing a
slurry consisting of the as-synthesized samples (70 wt%),
carboxymethyl cellulose (20 wt%), and super P (10 wt%)
in water, which was then coated on a copper foil and
dried overnight in a vacuum oven at 80°C to achieve a
mass of active materials of approximately 0.7—1.0 mg
cm ™2 Electrochemical properties were measured using
CR2032-type coin cells assembled in an N,-filled glove-
box. Glass fiber membrane served as the separator, and
metallic sodium and potassium were employed as the
counter electrodes for SIBs and PIBs, respectively. For
SIBs, the electrolyte used was a 1 M NaClO, solution in
ethylene carbonate (EC)/diethyl carbonate (DEC) (1:1
volumetric ratio) with 10 vol% fluoroethylene carbonate
added as an additive. In contrast, a solution of 0.8 M
KPF, in EC and DEC (1:1 volume ratio) was utilized as
the electrolyte for PIBs. Cyclic voltammetry (CV) tests
were performed on a CHI 660D electrochemical work-
station within a potential range of 0.01-3 V for both SIBs
and PIBs. Galvanostatic discharge and charge (GDC)
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measurements were carried out using the NETWARE
BTS-5V battery test system.

2.5 | Computational methods

All DFT calculations in this study were performed within
the generalized gradient approximation using the
Perdew-Burke-Ernzerhof formulation using the projec-
tor augmented wave.’’** Partial occupancies of the
Kohn—Sham orbitals were allowed using the Gaussian
smearing method and a width of 0.05eV. The 2x2x1
Monkhorst-Pack k-points and 450eV of cut-off energy
were used to optimize the surface of Sn0O,(110) and
interface structure. The vacuum spacing in a direction
perpendicular to the plane of the structure is 20 A for the
surfaces. The electronic energy was considered self-
consistent when the energy change was smaller than
107°eV. A geometry optimization was considered
convergent when the energy change was smaller than
0.05eV A™'. Finally, all adsorption energies (E,qs) Were
calculated by the equation: E.4s= Eaq/sub — Ead — Esubs
where E,q/sub, Ead, and Egy, are the total energies of the
optimized adsorbate/substrate system, the adsorbate in
the structure, and the clean substrate, respectively.

3 | RESULTS AND DISCUSSION

Figure 1A presents the schematic illustration of the
preparation process for the S-SnO,-CFN carbon fibers
network. Initially, the Sn-chitosan fiber composite was
fabricated by the sol-gel polymerization of ubiquitous
chitosan and SnCl,-2H,0, followed by a freeze-drying
process. The dissolved chitosan can be crosslinked by
metal salt solutions (Sn>*), resulting in the separated
molecular chains assembled in parallel to form cross-
linked Sn—-chitosan nanofibers. Subsequently, the inter-
mediate product of the SnO,~CFN composite was
achieved by annealing the Sn-chitosan composite under
an Ar atmosphere. Finally, the sulfidation method was
used to transform the intermediate product into
S-SnO,-CFN composites. The morphologies and struc-
tural details of as-prepared S-SnO,-CFN samples were
characterized by FESEM, TEM, and high-resolution TEM
(HRTEM). Figure 1B,E shows scanning electron micros-
copy (SEM) images of S-SnO,-CFN-1. It can be observed
that some carbon fibers were formed along with some
particles of irregular shape and size after the sulfidation
process. When the amount of chitosan increased to
0.33g, the S-SnO,-CFN-2 displayed a well-designed
crosslinked fiber structure with an average diameter of
100 nm (Figure 1C,F). When the amount of chitosan

continues to increase to 0.66g, it can be found that
although some carbon fibers are formed, there are still
many particles with a diameter of about 500nm
(Figure 1D,G). This result shows that the morphology
of the product can be controlled by controlling the
amount of chitosan added, which could be assigned to
the coupling interactions between Sn** and chitosan. It is
well known that a carbon fiber network with abundant
surface areas is beneficial for facilitating electron/ion
transport, thus enhancing the electrochemical perform-
ance. Moreover, the morphologies of SnO,-~CFN-2 and
pure SnO, were also characterized, as shown in
Figures S1 and S2, in which they display crosslinked
fiber network structures and quasi-spherical structures,
respectively. Moreover, to gain further insight into the
microstructure of S-SnO,-CFN-2, the TEM measure-
ment was carried out, as presented in Figure 1H,I. It can
be seen that the S-SnO,-CFN-2 shows relatively smooth
surfaces with crosslinked network structures. The
S-SnO, QDs are uniformly and densely distributed along
the fibers. Moreover, the size distribution inserted in
Figure 1I shows a narrow size distribution of SnO, QDs
with a mean size of 3nm. Benefitting from the well-
controlled synthesis procedure, the uniform dispersed
S-SnO, particles can tightly embed in carbon fibers
instead of adsorb physically, which can prevent the
S-SnO, particles from falling off during repeated
charging and discharging process. The HRTEM image
(Figure 1J) illustrates that the size of S-SnO, particles is
about 5nm, and an amorphous shell layer is wrapped
around them. The interplanar spacing of ~0.347 nm is
characteristic of the (110) plane of SnO, (PDF#41-1445).
Moreover, the uniform dispersion of C, Sn, O, S, and N
elements in the EDS elemental mappings is detected in
the S-SnO,-CFN-2 (Figure 1K). The N, S incorporated in
situ into carbon fibers can effectively provide sufficient
defects and active sites for sodium/potassium ion storage.

Figure 2A shows XRD patterns of as-prepared
samples S-SnO,-CFN-2 and SnO,-CFN. All diffraction
peaks of the two nanocomposites can be well indexed to
the tetragonal phase SnO, (JCPDS Card No. 41-1445)
with no impurity peaks, indicating high purity.>> The
peaks located at 26.6°, 33.8°, 37.8°, 51.7°, 57.7°, 66°, and
78.8° can be indexed to the (110), (101), (200), (211),
(220), (301), and (312) faces of SnO,, respectively. The
XRD peak at (110) for S-SnO,-CFN-2 slightly shifted to a
low degree after sulfur doping, indicating an expanded d-
spacing of the crystal face which can facilitate ion
insertion and extraction, as displayed in Figure 2B.*
Moreover, the phases of pure SnO, and other
S-Sn0O,-CFNs were also characterized, as shown in
Figure S3. The XRD patterns of pure SnO, and other
S-Sn0,-CFN-3 can be well matched with the tetragonal
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FIGURE 1 (A) Schematic of the preparation process of S-SnO,-CFN composites. SEM images of (B, E) S-SnO,~CFN-1, (C, F) S-SnO,-
CFN-2, and (D, G) S-SnO,-CFN-3 composites. (H, I) TEM, (J) HRTEM (selected area shown in Panel I), and (K) STEM-EDS mapping
images of S-SnO,-CFN-2 composite. Size distribution is inserted in Panel I. CFN, carbon fiber networks.
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FIGURE 2 (A, B) XRD patterns, (C) Raman spectra, (D) FTIR spectra, and (E) Sn 3d XPS spectra of S-SnO,-CFN-2 and SnO,-CFN-2
composites; (F) O 1s, (G) C 1s, (H) S 2p, and (I) N 1s XPS spectra of S-SnO,-CFN-2. CFN, carbon fiber networks.

phase SnO,. However, for the S-SnO,-CFN-1, it was
observed that two impurity peaks appeared at 15.1° and
31.9°. This indicates that the amount of chitosan used
could impact the morphology and composition of the
final product.’

Figure 2C illustrates the Raman spectra of
S-Sn0O,-CFN-2 and SnO,-CFN, in which defect or
disorder-induced D band and the first-order graphite G
band were seen at about 1590cm™' and 1360cm™’,
respectively.”® The intensity ratio of the D band and G
band (I/Ig) bands was increased from 0.95 to 0.98 after S
doping. In general, the intensity ratio of the D and G
bands has been widely used to obtain a quantitative
analysis of graphene materials: the higher the ratio, the
higher the disorder.?® Thus, the more defects of carbon
fiber in the S-SnO,-CFN-2 composite will provide more
active sites for Na/K ions adsorption, leading to better

electrochemical performance. Moreover, the chemical
bond between carbon and SnO, was further demon-
strated by FTIR (Figure 2D). The strong Sn-O-C covalent
bonds (1232 cm™") between SnO, QDs and CFNs enable
SnO, QDs to anchor tightly into the conductive carbon
skeleton, which is conducive to improving structural
stability and electrochemical performance.’**' Besides,
other functional groups are also observed, such as OH
(3390cm™!), C=C (1580cm™ '), C-O (1030cm™), and
Sn-0 (625cm™") groups.*> Moreover, an XPS test was
conducted to verify the chemical and valence state. The
survey XPS spectrum in Figure S4 shows that the
S-Sn0,-CFN-2 contains C, Sn, O, N, and S elements.
Figure 2E compares the Sn 3d spectra of SnO,~CFN-2. It
can be seen that the binding energy of Sn 3d shifted to a
lower binding energy after S doping, which would be
beneficial for the electrochemical reaction.® Note that the
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difference in binding energies of the two Sn oxidation
states for the two samples is 8.4 eV, which was consistent
with the literature. Figure 2F-I shows high-resolution
XPS spectra of O 1s, C 1s, S 2p, and N 1s for the
S-SnO,-CFN-2 composite. The O 1s peak (Figure 2F)
could be deconvoluted into four subpeaks, which can be
assigned to C=0O (530.4eV), Sn-O (531.7¢eV), Sn-O-C
(532.6eV), and C-OH/C-O-C (533.4eV), respec-
tively.>>** The existence of the Sn—-O-C bond is consist-
ent with the result of the FTIR measurement. Sn-O-C
bond can not only efficiently accelerate electron trans-
port and ion transfer but also effectively prevent the
aggregation of Sn particles during cycling. In the high-
resolution C 1s XPS spectrum (Figure 2G), four peaks can
be observed. The remarkable peak at 284.5 eV should be
assigned to the C-C/C=C bond.?® The other three peaks
located at 288.7, 286.1, and 285.0eV correspond to the
0-C=0, C-0, and C-N/C-S bonds, respectively.’® The S
2p core level spectrum (Figure 2H) can be split into four
spin-orbit doublets: S*~ 2p;, (161.9eV), C-S 2pi/»
(163.4eV), S>~ 2p;, (164.68eV), and C-S 2ps;
(164.98 eV), indicating the existence of C-S bond and
$*~.*7 In addition, the presence of the SO, bonds may be
related to their surface oxidation state.>® Moreover, the
carbon materials without Sn (S-carbon) composite and
sulfur-doped SnO, without carbon (S-SnO,) composite
were prepared, and the S 2p XPS spectra of the S-carbon
and S-SnO, were measured, as shown in Figure S5.
Additionally, ICP results showed that the amount of S
doping in the S-SnO,-CFN-2 composite was ~6.1%. The
N 1s spectrum (Figure 2I) contains three peaks at around
398.2, 399.58, and 400.0 eV corresponding to pyridinic N,
pyrrolic N, and graphitic N, respectively, indicating that
N doping can be introduced from chitosan.*® *>*' The
introduction of N and S is expected to not only generate
defects to reserve more Na*/K™ ions but also strengthen
ion reaction kinetics by improving the conductivity of the
S-SnO,-CFN composite.*> Moreover, to obtain the
weight percentage of SnO, in S-SnO,-CFN-2, thermo-
gravimetric analysis (TGA) was carried out with samples
in N, flow, and the resulting profile was presented in
Figure S6. The initial weight loss (~1.55%) was attributed
to the evaporation of the absorbed water. The following
weight loss (~21.30%) was attributed to the evaporation
of carbon. Therefore, based on the TGA data, the weight
ratio of SnO, and carbon in the composite was 21.62%
and 78.38%, respectively.

The electrochemical performance of S-SnO,-CFN
composites as anodes for SIBs was investigated by using
a half-cell at a voltage window of 0.01-3V. Figure 3A
exhibits the CV of S-SnO,-CFN-2 for the first three cycles.
The initial cathodic scan curve exhibits a slightly
dissimilar profile compared to the second and third scans,
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which may be attributed to the formation of the SEI layer
and side reactions.”” The additional cathodic peaks
observed in the potential region ranging from 0.80 to
0.01 V are attributed to the formation of amorphous Na,Sn
and subsequently crystalline Na;sSn, (Sn +xNa™ +xe™ -
Na,Sn).** During the anodic scan, the broad oxidation
peak ranging from 0.01 to 2.0V can be attributed to the
dealloying phenomenon (of Na,Sn) that results in the
formation of Sn.*’ Subsequent CV scans exhibited
significant overlap of the CV curves, which is indicative
of excellent stability and reversibility of the system.
Figure 3B illustrates the GDC curves of S-SnO,~CFN-2
at a current density of 0.1 A g~*. The material displayed an
initial discharge capacity of 906.3 mAhg™" and an initial
charge capacity of 609.1 mAhg™", resulting in an initial
Coulombic efficiency (ICE) of up to 67.1%. The observed
capacity loss during the first cycle is attributed to the
formation of the SEI film and side reactions, consistent
with the findings of the CV experiments. The rate
performance of S-SnO,-CFN-2 was evaluated by varying
the current densities from 0.1 to 20A g™, as shown in
Figure 3C. The material exhibited excellent rate capability,
delivering discharge capacities of 639.5, 540.7, 453.1, 404.6,
343.2, and 266.1 mAh g~ as the current density increased
from 0.1 to 0.2, 0.5, 1, 2, and SAg_l, respectively.
Furthermore, high specific capacities of 203.0 and
141.0mAhg™' were achieved even at high current
densities of 10 and 20 A g™, respectively, which signifi-
cantly  outperformed those of S-SnO,-CFN-1,
S-Sn0O,-CFN-3, SnO,-CFN-2, and pure SnO, (Table S1).
Even after cycling at 20 Ag™" for five cycles, a high
capacity of 532.8mAhg™' was recovered at 0.1Ag ",
retaining 83% of the initial capacity delivered at the same
current density. These results demonstrate the great
potential of S-SnO,-CFN-2 as an anode material in SIBs.
Notably, pure SnO, nanoparticles exhibited the lowest rate
capacity compared with other materials, indicating that
carbon modification can significantly enhance the rate
capability. Furthermore, a direct comparison of the rate
capacities of S-SnO,-CFN-2 and SnO,-CFN-2 reveals that
S doping significantly enhances the rate performance. The
GDC profiles of S-SnO,-CFN-2 at various current
densities from 0.1 to 20 Ag™" are depicted in Figure 3D,
and they demonstrate excellent stability and negligible
capacity fade with increasing current density. This may be
attributed to the enhancement of electrical conductivity
due to sulfur doping. Additionally, the electrochemical
impedance spectroscopy test has also confirmed this point
(Figure S7). The cycle performance of the S-SnO,-CFN-2
was investigated by GDC measurement. As displayed in
Figure 3E, the SnO,, S-SnO,-CFN-1, S-SnO,-CFN-3,
SnO,-CFN-2, and S-SnO,-CFN-2 electrodes all show
excellent cycling stability at 0.2Ag™". The electrode
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composed of S-SnO,—-CFN-2 exhibits the most desirable
capacity, delivering a high reversible capacity of
466.6 mAh g™ after 150 cycles, surpassing the capacities
of Sn0, (89.1 mAhg™"), S-Sn0O,-CFN-1 (368.7 mAhg™),

S-Sn0,-CFN-3  (3359mAhg™), and SnO,-CFN-2
(310.1mAhg™"). Even after 200 cycles, the
S-SnO,-CFN-2 electrode still maintains a high reversible
capacity of 459.5mAh g™*, indicating its excellent cycling

® ®,, ©) -
' j n0,-CFN-1
011 _ $-8n0,-CFN-2
0.0 2 $-Sn0,-CFN-3
I *g SnO,-CFN-2
4
£ 014 ] Sn0O, Pl
£ s "
g -0.24 >
3 —1st ]
o -0.31 o
—2nd| £
-0.4 —3rd S
-0.54
00 05 10 15 20 25 30 “o 200 400 600 800 1000
+ . 1 Cycle number
(D) Voltage (V vs. Na ' /Na) (E) Specific capacity (mAh g™’)
3.0 T T 7 TS 100
' K J /,’ / I,”,’ {.1000.# ° e S-Sn0y-CFN-1 .
0 2.5 P LSS A | o $-8n0,-CFN-2 [gg &
= S ST e 800 -1 oy
VL WS 3 2'2 F T 02Ag o $-Sn0,-CFN-3 g
N B g e -=-=0. - § I §
: W /o T % woih + SnO,-CFN-2  [60 g
S 1SN S ---2 g SnO, e
Y S ---5 8 4004 40 5
g 109X ---10 é E
s ---20 S +20 3
> s 1 @ 2004 o
N \Umt. Ag & 1 Q
0.0 e 0 : T T 0
0 100 200 300 400 500 600 700 0 50 100 150 200
Specific capacity (mAh g‘1) Cycle number
(F)
< 350+ 1 9
o 5 o
< 300 5Ag a0 %
E 250 H
2 L60 G
G 200 $-Sn0,-CFN-1 £
§ 150 o S-Sn0-CFN-2 140 5
& 100] o §-8n0,-CFN-3 5
o] | ]
g 504 m o Sn0,-CFN-2 20 8
? o] + Sno,
v . " : 0
0 2000 4000 6000 8000 10000
Cycle number
(G) (H)
%00 1.0 Peak 1
< This work T =
> Sb-SnO,/N-GCAs(1) ACISnO,@HCHS(1) osl
5 Sn02/NC(1) * _
E <
2201 Sno /G:(O 2) » “ o | & ! 1
S nO2/r . - —0.1mVs~
g SnOz/INSGS(0.5) @ C@Sn0,@C HNSs(4.6) § -05f S
[ = = —03mVs
Sn0,/C(0.5) @ Sn0,/BaTiO3(5 5
g $102@SINGAR) 2/C(0.5) 2 36) | 3 40l  05mvst
G 1004 o Kl
g 100 PCS@SN0,@C(16) @ o @ Sn0,@MWG(5) 1.5f °'7"'VS1
0 ‘ - Sn02-PC(1.6) Peak 2 —09mVs”
. ' i 20bs i i , ; ; ;
100 1000 10000 00 05 10 15 20 25 3.0
Cycle number Voltage (V vs. Na*/Na)
(1 ) (K) 150
0.2+ 0.5 {3 Diffusion Capacitive
< 1 = =
0.0- S = .
: . £ - m
3 0.4 € 5 :
E 4 - =3
© £ -0.59 5
& 061 3 o5mvst| 2
[
_8:'0-3‘ b iea:; 101 [ Diffusion S
0l o Pea o I Capacitive
- T - - T r T T T T T T T 0 5 : 5 5 %
10 -08 -06 04 02 0.0 00 05 10 15 20 25 3.0 0.1 0.3 0.5 07 09
Log (scan rate, mV s™) Voltage (V vs. Na*/Na) Scan rate (mV s)

FIGURE 3 (See caption on next page).

85U80|7 SUOWWIOD 3AIIa.D 3|qeotjdde au A peusenob aJe sajone O ‘88N 4O SajnJ 10} Arlq1T8UlUQ /]I UO (SUOIIPUOD-PUe-SWB}/W0D /B 1M ATe.d 1 [BUI|UO//:SANY) SUORIPUOD Pue SWiB | 841 88S *[202/20/e2] Uo Areiqiauliuo A8|im ‘AisieAlun uepnd Aq 981'z/80/200T 0T/10p/woo A8 | 1M Alelq1jeul |uoj/Sdny woij papeojumoq ‘0 ‘8986292



HE ET AL.

stability and potential for practical application in SIBs. To
assess its long-term cycling stability under high-rate
conditions, the performance of SnO,~CFN-2 was investi-
gated at a high current density of 5A g™, as presented in
Figure 3F. Remarkably, the S-SnO,-CFN-2 electrode
exhibited excellent capacity retention and demonstrated
an exceptionally long cycle life of up to 10,000 cycles
(237.0mAh g~') without any noticeable capacity degrada-
tion. To further comprehend the exceptional electroche-
mical properties of the S-SnO,-CFN-2 electrode, ex situ
TEM was carried out, as shown in Figure S8. It can be
seen that the fiber structures were well preserved during
the discharge and charge process. Besides, the morphology
was also analyzed using SEM after 300 cycles at 5.0 Ag™",
as illustrated in Figure S9. The fiber network structure was
found to be well-preserved even after cycling, indicating
superior structural stability, while the pure SnO, particles
without carbon modification suffered from serious aggre-
gation after 300 cycles at 5.0 Ag™" (Figure S10). This can
be attributed to the repeated expansion and contraction of
the particles during charge and discharge cycles, which
leads to structural instability and a loss of cohesion
between neighboring particles. This aggregation can result
in a decline in electrode performance, including decreased
capacity and lower cycling stability. The outcome reveals
that the distinct carbon configuration effectively hinders
the pulverization and clustering of SnO, particles, thereby
preserving the structural soundness and steadiness of the
entire electrode, which, in turn, guarantees extended
cycling endurance. Such exceptional electrochemical
performance of S-SnO,-CFN-2 in SIBs is one of the best
outcomes reported in the current literature for carbon
fiber structures and tin oxide-based composites
(Figure 3G).'®?%3*%">* In comparison to typical sodium
ion storage systems that display lower capacity and less
favorable cyclability under moderate current densities, the
S-Sn0,-CFN-2 composite demonstrated exceptional cy-
clability and capacity due to its optimized structure that
incorporates S-SnO, QDs and N, S codoped carbon
framework.

To provide further elucidation on the reaction
kinetics of the S-SnO,-CFN-2 electrode, CV
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measurements were conducted at various scanning rates
ranging from 0.1 to 0.9 mV s™" (Figure 3H). The results
reveal that the CV curves exhibit consistent profiles
across different scanning rates, which suggests a typical
pseudocapacitance behavior. The peak current (i) and
sweep rate (v) obey the following equation’:

i=avb, €Y)
log(i) = blog(v) + log(a), 2)

where a and b are parameters. It should be noted that the
value of b can be derived from the slopes of the curves
described in Equation (2), which are plotted by
logarithmically scaling the peak current (log(i)) against
the logarithmically scaled scan rate (log(v)). The Na*
storage mechanism can then be discerned based on the
resulting value of b: b value of 0.5 indicates that the
charge-discharge process is governed by the diffusion
mechanism, whereas b value of 1.0 implies a pseudoca-
pacitive behavior.”® The calculated b values (Figure 3I)
for Peak 1 and Peak 2 are roughly 0.90 and 0.93,
respectively, suggesting a significant presence of Faradaic
pseudocapacitance in the kinetics of each peak, coupled
with a diffusion-controlled mechanism. The contribu-
tions of the capacitance effect (k,v) and the ion-diffusion
process (k,v'?) to the current can be determined at a
constant scan rate using the following equation®’:

i) = kv + kv'/? (3)

where k; and k, are constants. Figure 3J illustrates that
72% of the capacitive contribution arises from pseudoca-
pacitive processes at the rate of 0.5 mV s™'. Moreover, it
was observed that the capacitance contribution rates
exhibited a gradual rise from 58%, 68%, 72%, 76%, and
81% with the escalation of scan rates from 0.1, 0.3, 0.5,
0.7, and 09mVs™', respectively, as depicted in
Figure 3K. This trend indicates that the capacitive-
controlled process overwhelmingly governs the Na*
storage capacity in S-SnO,—CFN-2. Such a high capaci-
tive contribution could be ascribed to the synergistic

FIGURE 3 Electrochemical sodium storage performances of S-SnO,-CFN, SnO,-CFN-2, and pure SnO, anodes. (A) CV curves of
S-Sn0,-CFN-2 at a scan rate of 0.1 mVs™" in a potential range of 0.01-3.0 V. (B) GDC profiles of S-SnO,~CFN-2 at a current density of
0.1 Ag™". (C) Rate performance of S-SnO,-CFN, Sn0O,-CFN-2, and pure SnO, anodes with current densities ranging from 0.1 to 20 Ag™".
(D) Charge and discharge profiles at current densities ranging from 0.1 to 20 A g*. (E) Cycling performance of S-Sn0O,-CFN, SnO,-CFN-2,
and pure SnO, anodes at a current density of 0.2 A g™". (F) Cycling performance of S-Sn0,-CFN, SnO,-CFN-2, and pure SnO, anodes at a
current density of 5A g™, (G) Comparison of cycling performance between S-SnO,-CFN-2 and other representative SnO,-based anodes for
SIBs. (H) CV curves of S-Sn0,-CFN-2 under various sweep rates from 0.1 to 0.9 mVs™. (I) b Values calculated according to the slope of
fitted log(i) against log(v) plots. (J) The capacitive and diffusive contributions of the S-Sn0,-CFN-2 composite at 0.5mVs™". (K) The
capacitive contribution ratio at different scan rates for the S-SnO,~CFN-2 composite. CFN, carbon fiber networks.
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effect of S-SnO, QDs and N, S codoped carbon fiber
network which can provide rough surfaces, plentiful
contact areas, and high conductivity and thus facilitate
fast charge storage and, consequently, yields superior
rate capability.

Motivated by the exceptional sodium ion storage
capabilities, the electrochemical behavior of the
S-SnO,-CFN-2 composite in potassium half-cells was
investigated at a voltage range of 0.01-3.0 V. The first
three cycles of the S-SnO,-CFN-2 composite were
evaluated through CV at a scanning rate of 0.1 mVs™,
as presented in Figure 4A. The initial CV curve profile
differed from the subsequent two curves, which could be
attributed to the formation of SEI film and other
irreversible side reactions. However, the CV curves of
the second and third cycles exhibited similar profiles,
indicating good electrochemical reversibility of the
S-SnO,-CFN-2 composite. During the first cathodic
scan, two cathodic peaks are observed at approximately
0.01 and 0.6V. The peak at 0.6V is a result of the
conversion reaction (4K*+ SnO,+4e” - Sn + 2K,0),
which causes the phase change of SnO, to Sn and K*
to K,O, and the irreversible reaction that leads to the
formation of the SEI and moves to the range of 0.6-1.1V
upon the second cathodic scan.® The cathodic peak
emerges at a potential around 0.01V, which can be
attributed to the formation of K-Sn alloy (xXK* + Sn +
xe~ +K,Sn) and the intercalation of K ion into the
amorphous carbon layer (xXK* 4 C +xe™ < K,C).”® Dur-
ing the subsequent anodic scan, the broad peak located at
~0.5V is related to the deintercalation of K ion from
amorphous carbon, and a series of minor peaks was
detected at 1.02, 1.30, and 1.5V, which can be attributed
to progressive dealloying phenomena.’® Figure 4B
depicts the first three GDC profiles of S-SnO,-CFN-2
recorded at a current density of 0.1 Ag™'. The electrode
exhibits an initial discharge capacity of 889 mAhg™',
along with a high reversible charge capacity of 490 mAh
g, leading to an ICE of 55%. To assess the long-term
cycling performance of S-SnO,-CFN-2, we conducted
cycling tests at a current density of 0.2 A g%, as shown in
Figure 4C. The electrode exhibited a high and stable
reversible capacity of 394.1 mAhg™" after 100 cycles. In
contrast, SnO,-CFN-2 suffered from severe capacity
fading during cycling and showed a low capacity of
97.7 mAh g_1 after 100 cycles, while SnO, exhibited an
even lower reversible capacity, with a capacity of
47.3mAhg™" after 100 cycles. In addition, the rate
capability of S-SnO,-CFN-2, SnO,-CFN-2, and SnO,
was evaluated and displayed in Figure 4D. SnO,—-CFN-2
and SnO, exhibited a less desirable rate capability,
whereas S-SnO,-CFN-2 demonstrated exceptional sta-
bility at various current densities. Specifically, the

discharge capacities achieved at current densities of 0.1,
0.2, 0.5, 1.0, 2.0, and SAg_1 were 520.8, 423.6, 365.5,
322.4, 269.5, and 162.5mAh g™, respectively. Notably,
even at a high current density of 10 A g™, the electrode
delivered a capacity higher than 102.8 mAh g™'. Encour-
aged by the remarkable rate capability, we further
evaluated the long-term cycling stability of
S-Sn0,-CFN-2 at a higher current density of 2Ag™"
using GDC measurement. As depicted in Figure 4E, the
specific capacity of S-SnO,—-CFN-2 initially decreased
during the first 300 cycles but then recovered to
266 mAh g™ at around the 390th cycle. Subsequently,
the capacity remained stable around 145.5 mAh g~ until
the 5000th cycle, with a Coulomb efficiency close to
100%. This phenomenon can be attributed to the
formation and stabilization process of the SEI. During
the initial cycles, the electrode materials, especially tin
oxide (Sn0O,), can react with the electrolyte components,
leading to the formation of an SEI layer on the electrode
surface. This SEI layer can impede the flow of sodium
ions, resulting in a slight decrease in discharge capacity.
However, with continued cycling, the SEI layer may
stabilize and become more permeable, allowing im-
proved sodium ion transport and enhancing the dis-
charge capacity. In contrast, SnO, and SnO,-CFN-2
electrodes displayed poor cycling stability, delivering low
capacities of 21.2 and 2.3mAhg™' after 5000 cycles,
respectively. The enhanced cycling performance of
S-Sn0O,-CFN-2 can be attributed to the formation of
S-doped SnO, and N, S codoped carbon, which can
improve ion and electron transport efficiency. To gain
insight into the excellent electrochemical properties of
the S-SnO,-CFN-2 electrode, ex situ TEM was carried
out, as shown in Figure S11. It can be seen that the fiber
structures were well preserved during the discharge and
charge process. Besides, we also conducted SEM analysis
(Figure S12) on the electrode material after 300 cycles at
2.0Ag'. The analysis revealed that the carbon fiber
network structure remained intact even after repeated
charge and discharge cycles, indicating a high degree of
structural stability, while the pure SnO, particles without
carbon modification suffered from serious aggregation
after 300 cycles at 2.0 Ag™" (Figure S13). The electro-
chemical performance of the S-SnO,-CFN-2 electrode in
PIBs was found to be one of the best among SnO,-based
composites in existing literature (Figure 4F).'h1349-°8767
These findings suggest that the S-SnO,-CFN-2 electrode
has significant potential as an anode material in PIBs.
To investigate the exceptional rate performance of the
material, we calculated the contribution of capacitance
based on CV measurements conducted at different scan
rates. Figure 4G shows the CV curves obtained at scan
rates ranging from 0.1 to 0.9mVs™, which exhibited
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FIGURE 4 Electrochemical potassium storage performances of S-SnO,-CFN-2 SnO,-CFN-2, and pure SnO, anodes. (A) CV curves of
S-Sn0,-CFN-2 at a scan rate of 0.1 mVs™" in a potential range of 0.01-3.0 V. (B) GDC profiles of S-SnO,~CFN-2 at a current density of
0.1Ag™". (C) Cycling performance of S-Sn0O,-CFN-2, Sn0,-CFN-2, and pure SnO, anodes at a current density of 0.2 A g™". (D) Rate

performance of S-SnO,~CFN-2, SnO,-CFN-2, and pure SnO, anodes with current densities ranging from 0.1 to 10 A g™". (E) Cycling

performance of S-Sn0,-CFN-2, SnO,-CFN-2, and pure SnO, anodes at a current density of 2 A g~*. (F) Comparison of cycling performance
between S-SnO,—-CFN-2 and other representative SnO,-based anodes for PIBs. (G) CV curves of S-SnO,-CFN-2 under various sweep rates
from 0.1 to 0.9 mV s™". (H) b Values calculated according to the slope of fitted log(i) against log(v) plots. (I) The capacitive contribution ratio
at different scan rates for the S-SnO,-CFN-2 composite. CFN, carbon fiber networks.

similar profiles and minimal polarization. The calculated
b values (Figure 4H) for Peak 1 and Peak 2 are roughly
0.89 and 0.95, respectively, suggesting a significant
presence of Faradaic pseudocapacitance in the kinetics
of each peak, coupled with a diffusion-controlled

mechanism. A representative CV curve obtained at a
scan rate of 0.5mVs~" is shown in Figure S14, with a
calculated capacitive contribution of 74%. Figure 4I
illustrates that the capacitance contribution ratios
increased from 59% to 81% with an increase in scan rate
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from 0.1 to 0.9mVs™'. These results suggest that the
exceptional rate performance of the material can be
attributed to its high capacitance contribution, which
increases with scan rate. Additionally, the structural
stability of electrode materials during discharge and
charge is a crucial factor in determining their electro-
chemical performance.

DFT calculations were implemented to gain further
insight into the extraordinary electrochemical perform-
ance of the S-SnO,-CFN anode. The adsorption energies
(Eags) were employed to compare the energy change. As
present in Figure 5A-D, the E,4s values of Na/K atoms
with S-Sn0O,-CFN and SnO, were calculated to be —0.51/
—1.47eV, and —0.40/—1.39eV, respectively, suggesting
stronger interaction between the Na/K atom and

(A)

S-SnO,-CFN. Figure 5E-H displays the charge density
differences of SnO, and S-SnO,-CFN systems, in which
the charge accumulation region (green parts) and charge
depletion region (blue parts) showed the charge transfer
from the Na/K atom to the samples. In the S-SnO,-CFN
system, the charge accumulation regions exist not only
between the Na/K atom and S-SnO, but also between the
Na/K atom and carbon layers. Note that the charge
accumulated around N and S atoms in the carbon layer
was observed, indicating partial charge transfer from Na/
K to N and S. Moreover, the charge accumulation regions
around the S-SnO,-CFN interface are larger than that of
pure SnO, surfaces, suggesting the strong binding energy
between the Na/K atom and S-SnO,-CFN. These results
indicate that the N, S codoped carbon modification can
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FIGURE 5 The DFT calculation models with a Na or K atom adsorbed on (A, C) SnO, and (B, D) S-SnO,-CFN composite. The
corresponding adsorption energies are presented under the model. Charge density differences with a Na or K atom adsorbed on (E, G) SnO,
and (F, H) S-SnO,-CFN composite (top view and side view), green region and blue region represent the charge accumulation and loss,
respectively. DOS of Sn0,(110) surface before (I) and after (J) S doping. (K) DOS of S-SnO,-CFN. CFN, carbon fiber networks.
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strengthen the Na/K atom adsorption ability of S-SnO,,
thus enhancing ion storage capacity. Additionally, the
density of states (DOS) of SnO, and S-SnO, are
calculated to discuss their electrical properties.
Figure 51 illustrates the DOS of pure SnO,, where the
valence band primarily comprises O 2p states. Within the
conduction band, four distinct regions can be identified
where the contribution from Sn 2p and O 2p states are
comparable. The band gap of SnO, is approximately
0.900 eV. Figure 5J depicts the DOS of S-SnO,. The plot
reveals a downward shift in the DOS, the emergence of
new doping levels near the Fermi level, and a reduction
in the nanoparticle's band gap from 0.900 eV (pure SnO,)
to 0.59 eV (S-Sn0.,). Consequently, S doping can enhance
the conductivity properties of SnO, by facilitating
electron transfer from the top to the bottom of the
valence band. Moreover, the S-SnO,-CFN composite
manifests conductive properties, as evidenced by
Figures 5K and S15. The computational results reveal
that adding an N, S codoped carbon layer and S doping
can significantly enhance the ion adsorption ability and
electrical conductivity of SnO, anodes. As a result,
S-SnO,-CFN exhibits significantly improved electroche-
mical performance in both SIBs and PIBs compared to
pure SnO, anodes.

4 | CONCLUSION

In conclusion, S-SnO, QDs (=3 nm) encapsulated in N, S
codoped carbon fiber network are successfully synthesized
using a simple freezing-dry method followed by the
carbonization and S-doping process. The introduction of
S-SnO, QDs can offer several advantages, including the
reduction of absolute volume change, the decrease of ion
diffusion length, and the improvement of electrical conduc-
tivity. Moreover, compared to Sn-O bonds in SnO,, the
relatively weaker Sn—-S bonds in S-SnO, QDs benefit the
insertion and extraction of Na*/K* ions. The N, S codoped
carbon fiber network structure can enhance electronic
conductivity, provide numerous active sites and electron/
ion transport channels, and create internal void spaces
between fibers to accommodate volume expansion. DFT
calculations further confirmed that the integration of SnO,
with N, S codoped carbon fiber network can significantly
lower the adsorbed energies of Na/K atoms in the interlayer
of Sn0,-CFN, and S doping can increase the conductivity of
SnO,, thereby enhancing ion transfer kinetics. As
SIBs anode, the S-SnO,-CFN-2 composite exhibited a
maintainable capacity (237.0mAhg™' at 5Ag~' upon
10,000 cycles) and outstanding rate behavior (141.0 mAh g~*
at 20Ag_1). As PIB's anode, the S-SnO,—CFN-2 composite
also exhibited a maintainable capacity (145.5mAhg™" at

CARBON ENERGY-WI LEY—L 2o

2Ag™" upon 5000 cycles) and remarkable rate capability
(1028 mAh g™ at 10Ag™"). The excellent electrochemical
performance could be assigned to the synergistic effect of
S-Sn0O, QDs and N, S codoped carbon framework, which
could effectively prevent the aggregation and pulverization of
SnO, QDs, ensure structural stability, enhance
electronic-ionic conductivity, and offer large contact area
between active materials and electrolytes. Our synthetic
protocol proposed here may be potentially used for
fabricating novel metal oxide-based nanostructures and
nanocomposites for SIBs/PIBs.
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