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Unleashing the Power of Sn,S; Quantum Dots: Advancing
Ultrafast and Ultrastable Sodium/Potassium-lon Batteries
with N, S Co-Doped Carbon Fiber Network

Hui Wu, Shuang Li, and Xuebin Yu*

Tin sulfide (Sn,S;) has been recognized as a potential anode material for
sodium-ion batteries (SIBs) and potassium-ion batteries (PIBs) due to its high
theoretical capacities. However, the sluggish ion diffusion kinetics, low
conductivity, and severe volume changes during cycling have limited its
practical application. In this study, Sn,S; quantum dots (QDs) (~1.6 hm)
homogeneously embedded in an N, S co-doped carbon fiber network
(Sn,S;-CFN) are successfully fabricated by sequential freeze-drying,
carbonization, and sulfidation strategies. As anode materials, the Sn,S;-CFN
delivers high reversible capacities and excellent rate capability (300.0 mAh g~!
at 10 A g~" and 250.0 mAh g~ at 20 A g~ for SIBs; 165.3 mAh g~' at5 A g™!
and 100.0 mAh g=" at 10 A g' for PIBs) and superior long-life cycling
capability (279.6 mAh g~ after 10000 cycles at 5 A g~ for SIBs; 166.3 mAh
g~ after 5000 cycles at 2 A g=! for PIBs). According to experimental analysis
and theoretical calculations, the exceptional performance of the Sn,S;-CFN
composite can be attributed to the synergistic effect of the conductive carbon
fiber network and the Sn,S; quantum dots, which contribute to the structural
stability, reversible electrochemical reactions, and superior electron

transportation and ions diffusion.

1. Introduction

The escalating global demand for energy, coupled with growing
concerns about environmental degradation due to fossil fuel con-
sumption, has fueled a pressing need for advanced electrical en-
ergy storage systems in recent decades.!! In response to these
challenges, lithium-ion batteries (LIBs) have gained widespread
adoption in energy storage applications.!?) However, the inherent
limitations arising from the scarcity and uneven distribution of
lithium resources pose a significant barrier to the large-scale ap-
plication of LIBs.I* This has spurred an exploration of alternative
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rechargeable battery systems, with sodium-
ion batteries (SIBs) and potassium-ion bat-
teries (PIBs) emerging as promising can-
didates due to their abundance and cost-
effectiveness. Despite their potential, SIBs
and PIBs face challenges related to signif-
icant electrode volume variation and slug-
gish reaction kinetics, attributed to the
larger cation radius of Na* and K* com-
pared to Li*. This results in lower capac-
ity and poor cyclic stability, hindering prac-
tical applications. To address these chal-
lenges, extensive research has been con-
ducted on various anode materials, in-
cluding carbonaceous materials, alloys, and
metal oxides/sulfides.[*]

Among metal sulfides, Sn-based sulfides
compounds, such as SnS, SnS,, and Sn, S;,
stand out as promising anode materials
for SIBs and PIBs, owing to their unique
layered structures and high theoretical ca-
pacity (e.g., 1022 mAh g! for SnS and
1136 mAh g! for SnS,).5! In compari-
son to the widely studied SnS and SnS,
electrode materials, Sn,S; not only has an
intrinsically higher theoretical capacity (1189 mAh g=') but also
possesses higher electrical conductivity (4.35 x 107 S cm™), rep-
resenting its great potential as a promising anode candidate for
both SIBs and PIBs.I°! Additionally, DFT calculations have veri-
fied that the diffusion energy barrier of Na* transition in Sn, S,
was lowest, compared with that of SnS and SnS,, and the Sn—S
bonds could be rebuilt during the discharge/charge process.[®!
However, there have been few reports on the application of Sn, S,
electrodes in SIBs so far. The paucity of research on the utiliza-
tion of Sn,S; electrodes in SIBs and PIBs may be ascribed to
the significant volumetric changes and incomplete Na ;Sn, al-
loy formation during the repetitive discharge processes.”] These
drawbacks result in significant degradation of the electrochem-
ical performance, manifesting as poor rate capability, rapid ca-
pacity fading, and inferior reversible capacity that falls substan-
tially short of the theoretical capacity.l”! To overcome these issues,
several approaches such as nanosizing, hollow microparticle de-
sign, integration with Ti, C, sheets, and heterostructure construc-
tion have been proposed by different research groups,[®® and
the electrochemical performance of Sn,S; in SIBs has been im-
proved to a certain extent. However, the electrochemical perfor-
mance of Sn,S; still lags behind other tin sulfide anodes, i.e.,

© 2024 Wiley-VCH GmbH


http://www.small-journal.com
mailto:yuxuebin@fudan.edu.cn
https://doi.org/10.1002/smll.202311196
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fsmll.202311196&domain=pdf&date_stamp=2024-02-02

ADVANCED
SCIENCE NEWS

Juill

www.advancedsciencenews.com

SnS,!°I SnS,.11% These suboptimal electrochemical performances
of modified Sn,S; anodes may be ascribed to unresolved is-
sues, such as the evitable pulverization problems induced by
the conversion and alloying reaction, insufficient conductivity
of the modified composite, and incomplete Na—Sn alloying re-
action. Recent reports suggest that downsizing metal sulfides
to quantum dots (QDs) with diameters below 10 nm can over-
come kinetic and thermodynamic constraints, enhancing elec-
trochemical reactions and achieving higher specific capacity.['!]
The integration of Sn,S; QDs into a well-designed carbon ma-
trix, with heteroatom doping, has been proposed to mitigate side
effects such as increased solid-electrolyte interphase (SEI) layer
and particle aggregation.[?l However, the design of Sn,S; QDs
composited with a heteroatom-doped carbon matrix remains a
formidable challenge.

Herein, we identified an opportunity to develop an advanced
Sn,S;-based anode by integrating the Sn,S; QDs and the N, S
co-doped carbon fiber network structure to significantly enhance
the electrochemical performance of Sn,S;. Apart from the afore-
mentioned merits of carbon matrix, the introduction of a carbon
fiber network structure with heteroatom doping could not only
offer abundant ion/electron transport channels but also gener-
ate internal void space between fibers to buffer the volume vari-
ation, which plays a key role in further improving the whole
electrochemical performance of Sn,S;. In this work, Sn,S; QDs
(~1.6 nm) embedded in an N, S co-doped carbon fiber network
(Sn,S;-CFEN) were synthesized by sequential freeze-drying, car-
bonization, and sulfidation strategies. During the synthesis pro-
cess, the chitosan fibrous 3D network structures were formed
during the freeze-drying process and were used as the precursor
of the carbon framework, which could effectively limit the aggre-
gation and growth of the Sn,S; QDs during high-temperature
treatment. The Sn,S; QDs can remarkably decrease the ion dif-
fusion length, effectively buffer the volume expansion, and help
overcome the kinetic and thermodynamic barriers of electro-
chemical reactions. The N, S co-doped carbon fiber network in
Sn,S;-CFN serves as a conductive framework, provides 3D paths
for ion/electron delivery, and maintains structural stability. The
existence of N, S co-doped carbon modification can effectively
hamper the aggregation and growth of Sn,S; QDs, and signif-
icantly reduce both the adsorbed energies and diffusion energy
barriers of Na/K atom in the interlayer of Sn, S,-CFN, enhancing
the reactivity for sodium/potassium storage. Benefiting from the
synergistic interactions between Sn,S; QDs and N, S co-doped
carbon fibers network, the as-prepared Sn,S;-CFN exhibits sig-
nificantly enhanced rate capability and cyclic stability as an an-
ode material for SIBs and PIBs. When used as the anode material
for SIBs, it exhibited excellent electrochemical performance, ev-
idenced by the ultralong cycle life of up to 10000 cycles (279.6
mAh g™') at 5 A g7! and the excellent rate capability of 300.0
and 250.0 mAh g=! at high current densities of 10 and 20 A
g1, respectively. Moreover, Sn,S;-CFN-2 delivered an impres-
sive electrochemical performance in PIBs, demonstrated by the
long-term cycling stability of more than 5000 cycles with a high
specific capacity of 166.3 mAh g = at 2 A g~! and the excellent
rate capability of up to 100 mAh g™! at a current density of 10
A g1 This work provides meaningful insights into the develop-
ment of advanced electrode materials for electrochemical energy
storage.
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2. Results and Discussion

Figure 1a shows a typical preparation process of Sn, S;-CFN com-
posites. Initially, an SnCl, solution was incrementally added to
the chitosan solution with continuous stirring to achieve a ho-
mogenous mixture, which was then freeze-dried. The resulting
product was a chitosan fiber composite material with a uniform
distribution of Sn?* ions throughout the mixed powder.*3] The
Sn,S; QDs embedded in the N, S co-doped carbon nanofiber
network were obtained by carbonizing freezing-dried samples,
followed by the sulfidation under an Ar atmosphere. The mi-
crostructure and morphology of the as-prepared Sn, S,-CFN com-
posites were investigated by field-emission scanning electron
microscopy (FESEM), transmission electron microscopy (TEM),
high-resolution TEM (HRTEM), and scanning transmission elec-
tron microscopy (STEM). Figure 1b,e shows the FESEM im-
ages of Sn,S;-CFN-1, in which the composite showed carbon
nanofibers with some irregular segments formed and attached
to the surface of carbon fibers. Smooth carbon fibers without
any associated particles were obtained by increasing the chi-
tosan quantity to 0.33 g, as displayed in Figure 1cf. The fibers
in the Sn,S;-CFN-2 composite have a uniform diameter of ap-
proximately 100 nm and form an interconnected fiber network
architecture. As the chitosan quantity was increased to 0.66 g,
no carbon nanofibers were observed in the final composite, as
illustrated in Figure 1d,g, in which the Sn,S,-CFN-3 composite
is highly irregular in shape and size. Additionally, the bulk Sn, S,
sample also presents an irregular morphology with large size dis-
tribution over a range of 10 um, as shown in Figure S1, Support-
ing Information. Moreover, the more detailed microscopic struc-
ture of the Sn, S;-CFN-2 composite was investigated by the TEM
and HRTEM (Figure 1h—j), revealing that Sn,S; QDs were uni-
formly and tightly embedded in the carbon fiber, with average
diameters of ~1.6 nm. Moreover, Figure 1j shows the clear lat-
tice fringes with a d-spacing of ~0.335 nm, which are consistent
with the (111) crystal face of Sn,S;. The STEM energy-dispersive
spectroscopy (EDS) mapping images suggest that the C, Sn, S,
and N elements of the Sn, S;-CFN-2 composite are uniformly dis-
tributed in the carbon framework (Figure 1Kk).

As depicted in Figure 2a, the XRD patterns revealed that the
diffraction peaks of the Sn,S;-CFN-2/3 composites were con-
sistent with the orthorhombic Sn,S; having the Pnam space
group (JCPDS Card No. 72-0031), indicating their high purity
with no detectable impurity peaks. The Sn,S;-CFN-1 compos-
ite displayed a small peak at 15.1°, attributable to the formation
of SnS,, implying a different composition or impurities in this
composite.['*] Furthermore, the XRD pattern of the commercial
Sn, S, sample was also obtained and is presented in Figure S2,
Supporting Information. This additional analysis provides a basis
for comparison and confirms the structural similarity of the syn-
thesized Sn,S;-CFN composites to the commercial Sn,S; sam-
ple. The Raman spectrum of the Sn,S,-CFN composite was pre-
sented in Figure 2b revealing two significant peaks at around
1360 and 1580 cm™!, corresponding to the D-bands and G-bands
of carbon materials, respectively.[’>] The intensity ratios of D/G-
bands (Ip/I;) for Sn,S;-CFN-1, Sn,S;-CFN-2, and Sn, S;-CFN-3
composites were calculated as 0.94, 0.97, and 0.93, respectively.
Typically, the I,/I; values reflect the disordered structure and
defect density of carbon materials, where higher values indicate
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Figure 1. a) Schematic illustration of the synthesis process of Sn,S;-CFN composites. SEM images of b,e) Sn,S;-CFN-1, ¢,f) Sn,S;-CFN-2, and
d,g) Sn,S;-CFN-3 composites. h,i) TEM, j) HRTEM, and k) STEM-EDS mapping images of Sn,S;-CFN-2 composite, and size distribution is inserted in
panel i.
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Figure 2. a) XRD patterns and b) Raman spectra of the as-prepared Sn,S;-CFN composites. c) C 1s, d) Sn 3d, €) S 2p, and f) N 1s XPS spectra of

Sn,S;-CFN-2 composite.

more disordered structures and defects. The change in the I, /I
ratio observed in the Raman spectra from Sn,S;-CFN-1 to Sn, S;-
CFN-3 indicates variations in the structural and compositional
properties of the samples. Changes in precursor ratios of Sn and
chitosan might play a crucial role in leading to variations in the
arrangement of carbon atoms and the development of defects, in-
fluencing the Raman spectra. These results provide insights into
the structural properties of the Sn,S;-CFN composites and high-
light the potential of these materials for various applications.['¢!
To gain further insight into the composition of the Sn,S,-CFN-
2 composite, an XPS analysis was conducted. XPS survey spec-
trum shows that the as-prepared Sn, S,-CFN-2 composite mainly
contains C, Sn, S, and N elements (Figure S3, Supporting Infor-
mation). The high-resolution C 1s spectrum (Figure 2c) revealed
that the peaks of the C 1s can be deconvoluted into four com-
ponent peaks. The main peak observed at 284.5 eV can be at-
tributed to C—C/C=C, while the other three minor peaks located
at 288.7, 286.4 eV, and 285.0eV, were assigned to the O=C—O
bond, C—O bond, and C—N/C—S bond, respectively.'’ The high-
resolution Sn 3d spectrum presented in Figure 2d showed the
binding energies of Sn 3ds, and Sn 3d;, at approximately 486.38
and 494.78 eV, respectively. The observed difference in the bind-
ing energy between the two Sn oxidation states was 8.4 eV, which
is consistent with the reference values reported by Avellaneda
et al.l'® Figure 2e shows the high-resolution S 2p spectrum. The
two peaks at around 161.38and 166.78 eV can be assigned to
S 2p;, of 87, and another peak located at 163.18 eV is consis-
tent with the S 2p, , of $?.1"%l The peak observed at 164.68 eV
was attributed to the S—C bond.[?] Two additional peaks at 168.0
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and 169.38 eV were also observed, which could be attributed to
the partial surface oxidation of the samples and the formation
of SO,.[?!l Furthermore, the high-resolution N1s spectrum in
Figure 2f can be convoluted in graphitic N (399.0 eV), pyrrolic N
(400.2 eV), pyridinic N (397.68 eV), and Sn—N (402 eV).['%] The
self-doped nitrogen species in the Sn,S;-CFN-2 composite con-
tribute a significant number of electrons to the z-conjugated sys-
tem of carbon, which can enhance the electronic conductivity of
the material.[?”) Moreover, the presence of pyrrolic and pyridinic
nitrogen species can introduce defects in carbon and create ac-
tive sites for the storage of Na* and K* ions. Moreover, in order
to obtain the weight percentage of Sn,S; in Sn,S;-CFN-2, ther-
mogravimetric analysis (TGA) was carried out with samples in
Air flow, and the resulting profile was presented in Figure S4,
Supporting Information. The initial weight loss (~0.3%) was at-
tributed to the evaporation of the absorbed water. The weight ratio
of 24.8% can be attributed to carbon and the oxidation of Sn,S,.
Therefore, the ratio of carbon and Sn,S; in the composite was
calculated to be 83.2% and 16.8%, respectively.

To evaluate the Nat storage behavior of the as-synthesized
Sn,S;-CEN composites and bulk Sn,S; sample, their electro-
chemical performances were evaluated through CV and galvano-
static discharge-charge (GDC) in half-cell configurations by as-
sembling CR2032-type coin cells. The CV curves of the Sn,S;-
CFN-2 electrodes for the first three cycles were measured from
0.01 and 3 V with a slow scan rate of 0.1mV s~ (Figure 3a).
In the initial cathodic sweep, there is a small reductive peak
at 1.05 V which could be attributed to the insertion of Na*
with the formation of Na,Sn,S, (xNa + Sn,S; — Na,Sn,S,).[5
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Figure 3. Electrochemical sodium storage performances of Sn,S;/C composites and pure Sn,S; anodes. a) CV curves of Sn,S;-CFN-2 at a scan rate of
0.1 mV s~ in a potential range of 0.01-3.0 V. b) GDC profiles of Sn,S;-CFN-2 at a current density of 0.1 A g~'. ¢) Cycling performance of Sn,S;-CFN,
bulk Sn,S; and carbon electrodes at a current density of 0.2 A g~'. d) Rate performance of Sn,S;-CFN and bulk Sn,S; electrodes with current densities
ranging from 0.1to 20 A g™'. e) Charge and discharge profiles at current densities ranging from 0.1to 20 A g~'. f) Cycling performance of Sn,S;-CFN
and bulk Sn,S; electrodes at a current density of 5 A g~'. g) Comparison of cycling performance between Sn,S;-CFN-2 and all previously reported

Sn,S;-based anodes and other representative Sn-S-based anodes for SIBs.

Additionally, a broad peak below 0.6 V may correspond to the ir-
reversible electrolyte decomposition, formation of the SEI layer,
and the reaction between the Na* and Sn,S; accompanied by
the generation of sodium-rich Na,Sn phase and sodium sulfide
(Na,S) with ((6+2p-x)Na + Na,Sn,S; — 3Na,S+ 2Na Sn).[°) In
the following anodic sweep, the reversible process occurred, and
several minor peaks located at 1.34, 2.00, and 2.44 V, were ob-
served as a result of the multistep desodiation process (3Na,S+
2Na,Sn—Sn,S;+(6+2y) Na). In subsequent cycles, the minor
peaks shift to a higher potential, which may be attributable to the
reduced electrode polarization after the initial activation of the
Sn,S;-CFN-2 electrode. Figure 3b displays the first three GDC
profiles of the Sn,S;-CFN-2 electrode at a low current density of
100 mA g~! while no obvious plateaus were observed. Besides,
the first discharge and charge profiles of the Sn,S;-CFN-2 elec-
trode exhibited capacities of 941 and 616 mAh g!, respectively,
resulting in an initial Coulombic efficiency (ICE) of up to 65.4%.
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This initial capacity loss was mainly due to the formation of SEI
film on the electrode. which were commonly observed in the
nanostructured anodes for SIBs. Figure 3¢ compares the cyclic
performances of Sn, S,-CFN composites and bulk Sn,S; ata cur-
rent density of 0.2 A g71. It can be seen that Sn, S;-CFN electrodes
exhibit better cycling stability than bulk Sn, S, electrodes. As for
bulk Sn, S;, it suffers from severe capacity fading, which delivers
alow reversible capacity of 66.8 mAh g~! after 100 cycles. Besides,
noted that among the Sn,S,;-CFN composites, the Sn,S,-CFN-2
electrode achieves the most appreciable capacity and cycling sta-
bility. After 100 cycles, the Sn,S;-CFN-2 electrode delivers a high
reversible capacity of 462.1 mAh g™', which is higher than that
of Sn,S;-CFN-1 electrode (461 mAh g™') and Sn,S;-CFN-3 elec-
trode (443 mAh g™1).

Furthermore, benefiting from the synergistic effect of Sn,S,
QDs and N, S co-doped carbon framework, the Sn,S;-CFN com-
posites demonstrated better rate capability than that of bulk
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Sn,S, electrodes (Figure 3d). Especially for the Sn,S;-CFN-2
composite, the high reversible capacity of 676.0, 591.6, 513.1,
464.3,415.2, 348.7, and 300.0 mAh g~! can be achieved at current
densities of 0.1, 0.2, 0.5, 1.0, 2.0, 5.0, and 10 A g!, respectively.
It is noteworthy that even at an extremely high specific current of
20 A g7, a capacity of 250.0 mAh g is still achieved. In compar-
ison, other prepared electrodes delivered inferior rate capability,
as listed in Table S1, Supporting Information. the Sn,S,-CFN-3
electrode exhibited a fast capacity fade, which could be mainly
ascribed to the existence of segments attached to the 3D CFN
framework. The inferior capacity retention of the Sn,S,-CFN-3
electrode can be attributed to the absence of a well-designed car-
bon fiber network architecture. In contrast, bulk Sn,S,; without
modification showed poor rate capability. The GDC voltage pro-
files of Sn, S;-CFN-2 at various current densities ranging from 0.1
to 20 A g~! are presented in Figure 3e. The GDC profiles of Sn, S;-
CFN-2 remain stable upon gradually increasing the current den-
sity. To evaluate the long-term and high-rate cycling stability, the
Sn,S;-CEN composites and pure Sn, S, were further evaluated
by GDC measurement at a larger current density of 5.0 A g7!,
as shown in Figure 3f. It can be seen that the Sn,S;-CFN com-
posites all exhibited excellent cycling stability, while bulk Sn,S,
material suffered from serious capacity fade. Impressively, after
10 000 cycles, the Sn,S;-CFN-2 electrode shows a high reversible
capacity of 279 mAh g~!, which is higher than that of the Sn,S,-
CFN-1 electrode (212 mAh g=!) and Sn,S;-CFN-3 electrode (187
mAh g!). These results further demonstrate the high sodium-
ion storage capability and superior cycling stability of Sn, S;-CFN-
2 composites. As for bulk Sn,S;, it suffers from severe capacity
fading, which delivers a low reversible capacity of 31.9 mAh g~!
after 1000 cycles. Moreover, to clarify the relationship between
the structure and electrochemical performance, the morphology
of the Sn,S;-CFN-2 upon cycling was examined. As shown in
Figures S5 and S6, Supporting Information, it can be seen that
the 3D CFN framework structure of Sn,S;-CFN-2 is well main-
tained after testing at 5 A g! for 300 cycles. While the pure
Sn, S, particles without carbon modification suffered from seri-
ous pulverization and aggregation after 300 cycles at 5.0 A g™!
(Figure S7, Supporting Information). This result demonstrates
that the unique structure efficiently suppresses the particle pul-
verization and aggregation of Sn,S;, thus keeping the struc-
tural integrity and stability of the whole electrode and ensuring
long-term cycling stability.[”*] Additionally, a comparison of the
cycling performance of the Sn,S;-NFC-2 and all previously re-
ported Sn,S,-based anodes and other representative Sn-S-based
anodes for SIBs were summarized (Figure 3g).[°2*] In contrast
to the inferior capacity and cyclability at moderate current den-
sities delivered in representative sodium ion storage, the Sn,S;-
NFC-2 exhibited remarkable cyclability and capacity, which can
be attributed to the optimized structure achieved by the integra-
tion of Sn,S; QDs and N, S co-doped carbon framework.

In addition, our results showed that the Sn,S;-CFN compos-
ite can also be utilized as an anode material for PIBs. To explore
the potassium storage properties of the Sn,S;-CFN electrodes,
various measurements including CV, GDC, rate capability, and
cycling stability were performed by constructing half-cells with
metallic potassium used as counter electrodes. Figure 4a shows
the CV curves of the Sn,S;-CFN-2 electrode for the first three
cycles measured at 0.1 mV s™" within 0.01-3 V, suggesting a stor-
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age mechanism analogous to SIBs. During the first discharge
process, a small peak at 1.6 V could be attributed to the initial
intercalation of K* into Sn,S; with the formation of K,Sn,S,
(xK + Sn,S; — K,Sn,S;). Moreover, the pronounced peak be-
low 1.1 V was generally ascribed to the formation of SEI film
and the occurrence of conversion and alloying reactions ((6+2y-
%) K+ K,Sn,S; — 3K,S+ 2K, Sn), and the intercalation of K ion
into the amorphous carbon layer (xK* + C + xe~ —» K,C). In
the following anodic sweep, the reversible process occurs, and
a small peak located at ~0.6V is related to the deintercalation of
K ion from amorphous carbon. Moreover, two minor peaks lo-
cated at 1.02 and 2.35 V were observed, due to the multistep de-
potassiation process of K—S compounds to Sn, ;.18 In addition,
the shapes of the 2nd and 3rd CV plots were nearly coincident,
indicating superior reversibility and cycling stability. Figure 4b
presents the GDC profiles of the Sn, S;-CFN-2 electrode at a cur-
rent density of 100 mA g~!. Notably, the profiles for the 2nd
and 3rd cycles almost overlap, indicating excellent cycle stabil-
ity, which is consistent with the CV measurements. The cycling
performance of the Sn,S;-CFN-2 and bulk Sn, S, electrodes was
studied at a low current density of 0.2 A g~!. Figure 4c reveals the
outstanding cyclic performance of the Sn,S;-CFN-2 electrode.
Compared to bulk Sn,S;, the Sn,S;-CFN-2 electrode achieves a
high discharge capacity of 361.8 mAh g~! after 50 cycles, indicat-
ing the good electrochemical reversibility of the electrode. While
bulk Sn,S; suffers from severe capacity fading, which only de-
livers a low reversible capacity of 93.0 mAh g1 after 50 cycles.
Figure 4d displays the rate performance of the Sn,S;-CFN-2 and
bulk Sn, S, electrodes, in which the current density was increased
stepwise from 0.1 to 10 A g™! and returned to 0.1 A g=!. The
Sn, S;-CFN-2 electrode delivers the discharge capacities of 539.3,
388.3,329.3,292.8,236.1, and 165.3 mAh g~! under current den-
sities 0f 0.1, 0.2, 0.5, 1, 2, and, 5 A g™, respectively. It is notewor-
thy that even at an extremely high specific current of 10 A g1, a
capacity of 100.0 mAh g' is still achieved. Notably, the capacity
can be almost fully recovered as the current density gradually re-
turns to 0.1 A g=! and the Coulombic efficiency is close to 100%,
indicating superior electrochemical reversibility. In comparison,
the bulk Sn, S, electrode exhibited a fast capacity fade, which de-
livers the discharge capacities of 322.8, 198.3, 120.4, 86.11, 66.1,
44.4, and 36.1mAh g™' under current densities 0f 0.1, 0.2, 0.5, 1,
2,5,and 10 A g7, respectively. Moreover, the GDC voltage pro-
files of Sn,S;-CFN-2 at various current densities from 0.1 to 10
A g™ were presented in Figure 4e. It can be seen that the GDC
profiles of Sn,S;-CFN-2 remain stable with gradually increasing
current density. The Sn,S;-CFN-2 displayed an initial discharge
capacity of 853.3 mAh g~! and an initial charge capacity of 489.6
mAh g1, resulting in an ICE of up to 57.3%.

Inspired by the excellent rate capability, Sn,S;-CFN-2 was also
expected to exhibit excellent long-term cycle stability at higher
current densities. Thus, the long-term cycling performance of
Sn,S;-CEN-2 and bulk Sn,S; electrodes at a high current den-
sity of 2 A g~! was investigated, as recorded in Figure 4f. It can
be seen that the bulk Sn,S,; electrode suffers from severe ca-
pacity fading during cycling at 2 A g=!. While for the Sn,S,-
CFN-2 electrode, it exhibits an ultrastable cycling behavior at
the same current density, which maintained capacities of 184.3,
186.2, 197.7, 173.7, and 166.3 mAh g=! after 1000, 2000, 3000,
4000, and 5 000 cycles. The average capacity fading was only
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Figure 4. Electrochemical potassium storage performances of Sn,S;-CFN-2 and pure Sn,S; anodes. a) CV curves of Sn,S;-CFN-2 at a scan rate of
0.1 mV s~ in a potential range of 0.01-3.0 V. b) GDC profiles of Sn,S;-CFN-2 at a current density of 0.1 A g~". c) Cycling performance of Sn,S;-CFN,
bulk Sn,S; and carbon electrodes at a current density of 0.2 A g~". d) Rate performance of Sn,S;-CFN-2 and bulk Sn,S; electrodes with current densities
ranging from 0.1to 10 A g~'. e) Charge and discharge profiles at current densities ranging from 0.1to 10 A g~'. f) Cycling performance of Sn,S;-CFN-2
and bulk Sn,S; electrodes at a current density of 2 A g~'. g) Comparison of cycling performance between Sn,S;-CFN-2 and other representative Sn-S-
based anodes for PIBs. h) CV curves of Sn,S;-CFN-2 under various sweep rates from 0.1to0 0.9 mV s~'. i) b values calculated according to the slope of
fitted log(i) against log(v) plots. j) The capacitive contribution ratio at different scan rates for Sn,S;-CFN-2.

0.45% per cycle, indicating its superior electrochemical cycle sta-
bility. To understand the superior electrochemical properties of
Sn,S;-CFN-2 nanocomposites, the electrode morphology after
300th charge/discharge cycles at the current of 2.0 A g~! was char-
acterized by SEM and TEM (Figures S8 and S9, Supporting Infor-
mation). The structure of Sn,S;-CFN-2 can still retain the orig-
inal morphology upon repeated potassium insertion/extraction,
demonstrating good structural stability and cycling performance.
While the pure Sn, S, particles without carbon modification suf-
fered from serious pulverization and aggregation after 300 cycles
at2.0 A g7! (Figure S10, Supporting Information). For the Sn, S,-
CFN-2 anode, the outstanding cycling retention was mainly at-
tributed to its 3D network structure for the accommodation of
volume variation, as well as abundant active sites and Sn,S; QDs
for highly efficient electron and ion transport during cycles, thus
giving rise to superior cycling stability with high capacities. Such
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electrochemical performance in PIBs is one of the best results
for tin sulfide-based anodes in the literature (Figure 4g).>°]

In order to gain deeper insights into the exceptional rate per-
formance of the Sn,S;-CFN-2 electrode in SIBs, we performed
a kinetic reaction analysis by measuring CV curves at various
scan rates ranging from 0.1 to 0.9 mV s™' (Figures S11 and
S12, Supporting Information). The CV curves obtained from the
Sn,S;-CFN-2 electrode demonstrate excellent reversibility and a
negligible degree of polarization, with similar shapes and slight
peak shifts. However, at higher scan rates, the anodic peak shifts
slightly to a positive potential, while the cathodic peak shifts to a
negative potential, which is attributed to increased polarization in
the electrode under these conditions. Generally, the peak current
(i) and sweep rate (1) obey the following equation:[2°]

i=a’ 1)
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Figure 5. a,d) b values calculated in SIBs and PIBs according to the slope of fitted log(i) against log(v) plots. b,e) The capacitive contribution ratio in
SIBs and PIBs at different scan rates for the Sn,S;-CFN-2 composite. ¢,f) The variation of Nat and K* diffusion coefficients with the voltage at the first

discharge process. g—i) DOS of Sn,S; and Sn,S;-CFN-2.

log (i) = blog (v) + log (a) (2)

where a and b are parameters. Note that the b value can be cal-
culated from the slope of the curves of Equation (2) by plot-
ting the logarithm of the peak current (log (i)) versus the loga-
rithm of the scan rate (log (v)). The Na* /K" storage mechanism
can be determined by the value of b:b = 0.5 suggests that the
charge/discharge process is controlled by the diffusion mech-
anism, while b = 1.0 indicates a pseudo-capacitive behavior.!?’]
The calculated b values ((Figure 5a) are approximately 0.89 (peak
1) and 0.81 (peak 2), indicating the prominent contribution of
Faradaic pseudo-capacitance in the kinetics of each peak con-
comitant with a diffusion-controlled mechanism. The calculated
b-values in PIBs of peak 1 and peak 2 (Figure 5d) were 0.84 and
0.98, respectively. Moreover, the capacitive contribution can be
quantitatively calculated using the following equation:(?®]

i) = kv + k,pt/? (3)
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where k, and k, are adjustable values, and k,v and k,v'/? are the

pseudo-capacitance-controlled and diffusion-controlled, respec-
tively. The contribution of capacitive behavior in SIBs increases
significantly from 43% to 69% as the scan rate is increased from
0.1 to 0.9 mV s7!, leading to an improvement in capacity and
rate performance (Figure 5b). The contribution ratios of capaci-
tive behavior in PIBs for the Sn,S,-CFN-2 electrode also increase
with an increase in scan rate. At scan rates 0 0.1, 0.3, 0.5, 0.7, and
0.9 mV s7!, the capacitive contributions are 45%, 53%, 61%, 66%,
and 71%, respectively (Figure 5e). This gradual increase in capac-
itive behavior demonstrates the electrode’s ability to maintain its
high performance at higher scan rates. Figures S13 and S14, Sup-
porting Information, illustrate examples of the separated pseudo-
capacitive contribution in SIBs and PIBs of the Sn,S;-CFN-C
electrode at a scan rate of 0.5 mV s7!, with pseudo-capacitive
contributions of 59% and 61%, respectively. The high percent-
age of the capacitive contribution from the mixed behaviors sug-
gests that pseudo-capacitance plays a crucial role in the Na/K ion
storage.
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To further understand the improved electrochemical perfor-
mance of Sn,S;-CFN-2, Na*/K* diffusion coefficient in dif-
ferent stages of the first discharge process and conductivity
properties were evaluated by galvanostatic intermittent titration
(GITT) and density of states (DOS). The Na/K ion diffusion
coefficient of Sn,S;-CFN-2 was determined by the following
equation:?]

DGITT=i<mBVM>2(ﬂ>Z “
T \ MgS AE,

The equation involves various parameters, such as the relax-
ation time (), the mass of the active materials (m;), molar mass
(Mg), molar volume (V,,), geometric area of the electrode (S), volt-
age change caused by a pulse (AE,), and constant current charg-
ing/discharging (AE,). The sodium and potassium diffusion co-
efficients at the first discharge states were evaluated and com-
pared with those of bulk Sn, S,. As shown in Figure 5c and Figure
S15, Supporting Information, the sodium-ion diffusion coeffi-
cient of Sn, S;-CFN-2 is on the order of 10712 cm? s™! during the
sodiation process. While undergoing sodiation, the sodium-ion
diffusion coefficient gradually decreases until it reaches a demar-
cation point at around 0.8 V. However, as the cell voltage drops to
approximately 0.1V, there is a sudden and notable increase in the
sodium-ion diffusion coefficient, indicating a novel electrochem-
ical phenomenon—sodium metal-nanovoids filling at this partic-
ular point.’) In contrast, the pure Sn, S, displays an inferior dif-
fusion coefficient. In comparison to the pure Sn,S; system, the
incorporation of a carbon nanofiber network into the Sn, S; quan-
tum dots system seems to mitigate the significant decrease in the
diffusion coefficient of Na* around 0.25 V. This effect can be at-
tributed to enhanced conductivity, facilitated electron transport,
mitigation of structural changes, and the establishment of a con-
ductive network facilitated by the carbon nanofibers and Sn,S,
quantum dots. The potassium diffusion coefficients of Sn,S;-
CFN-2 are also higher than those of bulk Sn,S;. The plateau re-
gion of discharge profiles showed the lowest Na/K ion diffusion
coefficient, indicating sluggish electrochemical reactions due to
the high kinetic barriers associated with the simultaneous inser-
tion of Na/K ion and structural development. The higher ionic
conductivity observed in the presence of carbon modification,
when compared to Sn, S;, is the primary contributing factor. Ad-
ditionally, the porous carbon fiber network framework creates
channels that facilitate the permeation of electrolytes and en-
hance sodium ion accessibility. To investigate the effect of N, S co-
doped carbon on the conductivity of Sn,S;, DOS calculation was
performed. As seen from Figure 5g, the pure Sn,S; exhibits cer-
tain metallic conductivity properties with a bandgap of 0.775 eV.
After integration with N, S co-doped carbon, the Sn,S;-CFN-2
composite become conductive, and a downward shift in the con-
duction band was observed (Figure 5h). The DOS distribution
of N, S co-doped C/Sn,S; reveals that C, N, and S atoms intro-
duce additional energy levels into the Sn,S; matrix, resulting in
changes in the electronic properties of the material. Specifically,
they introduce new energy states near the Fermi level, which can
increase the density of states in the conduction band and thus
enhance the material’s electrical conductivity (Figure 5i). These
DOS results reveal that the addition of a carbon layer and S, N
co-doping can significantly enhance the electrical conductivity of
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Sn, S, anodes, offering more possibilities for charge transfer and
leading to the improvement of sodium storage capacity.

To delve deeper into the Na/K ion storage mechanism of Sn, S,
ex situ XRD was employed in conjunction with ex situ TEM
to characterize the potential phases at various charge—discharge
states. First, focusing on the Na ion storage mechanism, the
XRD and TEM characterizations are presented in Figure S16,
Supporting Information). In Figure S16a, Supporting Informa-
tion, upon discharging to 0.01 V, the distinctive peaks associ-
ated with Sn,S; completely vanish. Instead, characteristic peaks
of metallic Sn (JCPDS no. 65-7657) emerge at 30.6°, 31.9°, and
44.9°. Simultaneously, two peaks at 31.9° and 33.3° appear, cor-
responding to Na;sSn, (JCPDS no. 65-2166), affirming the for-
mation of Sn and Na,;Sn, and the involvement of a conversion
reaction during sodium ion storage. Upon charging the cell to
3V, the weak peaks of Sn,S; are observed, indicating the re-
versible conversion and alloying reactions of Sn, S,, thereby sug-
gesting the amorphization of Sn, S; following sodium ion extrac-
tion. Furthermore, the characteristic peak of Sn weakens, sug-
gesting the presence of trace amounts of metallic Sn remaining
after charging to 3 V. Ex situ HRTEM measurements was used
to further verify the above phase transformation. At discharged
to 0.01 V, the lattice spacing of 0.468 nm can be indexed to the
(220) plane of Na,5Sn,, and the lattice fringe of 0.278 nm corre-
sponds well with the (1 0 1) facet of metallic Sn (Figure S16b,
Supporting Information). When charged to 3V, the distinct lat-
tice spacing observed in Figure S16¢, Supporting Information,
can be attributed to the (222) crystallographic plane of Sn,S,
with interlayer distances of 0.332 nm. Simultaneously, the lat-
tice fringe of 0.279 nm corresponds to the (101) facet of metallic
Sn.

Secondly, in order to further investigate the K ion storage
mechanism, ex situ XRD was also measured to characterize the
possible phases at fully discharge state (0.01 V) and fully dis-
charge state (3 V). As shown in Figure S17a, Supporting Informa-
tion. When discharged to 0.01V, the distinctive peaks associated
with Sn, S, vanish completely. Meanwhile, characteristic peaks of
metallic Sn (JCPDS no. 65-7657) are evident at 30.6°, 31.9°, and
44.9°. At the same time, a peak emerges at 31.0°, identified as
K,S¢ (JCPDS no. 31-1096). another peak at 43.8° appear, corre-
sponding to K, Sn;; (JCPDS no. 65-3351). After charging the cell
to 3V, faint peaks of Sn,S; become apparent, signifying the re-
versible conversion and alloying reactions of Sn, S,. This observa-
tion implies the amorphization of Sn, S, following the extraction
of potassium ions. Additionally, the distinctive peak of Sn dimin-
ishes, indicating the existence of trace amounts of metallic Sn
that persist after charging to 3 V. Ex situ HRTEM measurements
were applied to further confirm the mentioned phase transfor-
mation. Upon discharging to 0.01 V, the interlayer distances of
0.528 and 0.279 nm remain consistent with the (111) and (101)
crystallographic planes of K, S, and Sn, respectively (Figure S17b,
Supporting Information). Notably, the lattice spacing of 0.351 nm
is attributed to the (222) plane of K,Sn,;. Upon charging to 3V,
the distinct lattice spacing depicted in Figure S17c, Supporting
Information, is associated with the (222) crystallographic plane
of Sn,S;, featuring interlayer distances of 0.332 nm. This ob-
servation clearly illustrates the reversibility of Sn, S;-CFN-2 com-
posites in electrochemical reactions. Simultaneously, the lattice
fringe of 0.279 nm corresponds to the (1 0 1) facet of metallic Sn.
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Figure 6. a) The first-principles calculation models with one Na atom adsorbed on Sn,S; (side view and top view). b,c) Charge density differences with
one Na atom adsorbed for Sn,S; and Sn,S;-CFN (side view and top view). d) Calculation models with one K atom adsorbed on Sn,S;. e) and f) Charge
density differences with one K atom adsorbed for Sn,S; and Sn,S;-CFN. For charge density differences, green and blue areas represent the charge
accumulation and loss, respectively. In addition, the corresponding adsorption energy is marked under the model. g,i) Side and h,j) top views of the K
atom migration path and k) K atom diffusion energy barrier on g,h) the Sn,S; surface and i,j) Sn,S;-CFN heterointerface, disclosing the lower diffusion

barrier in the Sn,S;-CFN interface than that of the Sn,S; surface.

To further elucidate the influence of the N, S co-doped carbon
matrix on the ion storage/diffusion capacity of Sn,S;-CFN com-
posites, we conducted adsorption energy and ion migration cal-
culations. The adsorption energies (E,,) were first utilized to an-
alyze the energy variations. As illustrated in Figure 6a,c,d,f, the
E, 4 values between the Na/K atom and the (111) surface of Sn, S
or the interface of Sn,S; and N, S co-doped carbon were deter-
mined to be —0.63 eV/—1.57 eV and —0.55 eV/—1.29 eV, respec-
tively, indicating stronger interactions between the Na/K atom
and Sn,S;-CEN. Figure 6b,c exhibits the charge density differ-
ences with one Na atom adsorbed for Sn,S; and Sn,S,-CFN sys-
tems, respectively. The green and blue regions represent charge
accumulation and depletion, respectively, revealing the transfer
of charge from the Na atom to the samples. In the Sn,S,-CFN-
2 system, the charge accumulation happened not only between
the Na atom and Sn, S, but also between the Na atom and N, S
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co-doped carbon layer. Notably, the charge accumulation region
around Sn, S;-CFN heterointerface is larger than that of the pure
Sn, S, surface, suggesting a strong binding energy between the
Na atom and Sn,S,-CFN, which is consistent with the E,; cal-
culation. Additionally, the charge accumulated around N and S
atoms in the carbon layer was observed, indicating partial charge
transfer from Na to N and S atoms. A similar charge transfer and
accumulation phenomenon was observed between K atom and
Sn, S, and Sn, S;-CFN systems (Figure 6e,f, and Figure S18, Sup-
porting Information). These results demonstrate that the N, S
co-doped carbon coating can enhance the Na/K atom adsorption
ability of Sn, S;-CFN, thereby enhancing the ion storage capacity.
Furthermore, another vital factor that determines the suitability
of anode materials for practical applications is the mobility of ad-
sorbed atoms on the Sn,S; surface, which is closely related to
cycling performance. Since there has been no previous research

© 2024 Wiley-VCH GmbH
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on the diffusion of K atoms in the Sn, S, system, and Sn, S;-CFN
exhibits a similar ion storage mechanism in both SIBs and PIBs,
it is important to investigate the diffusion energy barriers of K
atoms to assess the potential of Sn,S;-CFN as an anode mate-
rial for both battery systems. The K-ion migration paths are illus-
trated in Figure 6g,h for the Sn, S, surface and Figure 6i,j for the
Sn,S;-CEN system. The diffusion energy barriers for Sn,S,-CFN
were much lower than those for Sn, S, indicating that the N, S co-
doped carbon layer can facilitate the K-ion diffusion kinetics. The
results of these calculations indicate that the addition of a carbon
layer can significantly improve the ion transport/adsorption abil-
ity of Sn,S; anode material. Consequently, Sn,S,;-CFN anodes
display greatly enhanced electrochemical performance compared
to pure Sn,S; anodes.

3. Conclusion

In summary, Sn,S; QDs with a size of approximately 1.6 nm
embedded in N, S co-doped carbon fiber networks were suc-
cessfully synthesized involving sequential steps of freeze-drying,
carbonization, and sulfidation. The Sn,S; QDs can shorten the
ion diffusion distance, buffer the volume change, and facili-
tate the overcoming of the kinetic and thermodynamic barri-
ers of electrochemical reactions. In addition, the N, S co-doped
carbon fiber network structure exhibits the ability to accom-
modate volume change, offer more reversible active sites for
sodium/potassium ions storage, and enhance electrical conduc-
tivity. Experimental results and DFT calculations indicated that
the N, S co-doped carbon modification prevented Sn,S; QD ag-
gregation and growth, while also reducing both the adsorbed en-
ergies and diffusion energy barriers of Na/K atoms in the inter-
layer of Sn,S;-CFN, thereby enhancing the reactivity of the ma-
terial for sodium/potassium storage. As a result, the Sn,S,-CFN
composite exhibited excellent battery performance. As anode ma-
terials, it displayed high reversible capacities and excellent rate
capability (250.0 mAh g=! at 20 A g~! for SIBs and 100.0 mAh g~!
at 10 A g~! for PIBs), as well as superior long-term cycling stabil-
ity (279.6 mAh g~! after 10000 cycles at 5 A g~* for SIBs and 166.3
mAh g! after 5000 cycles at 2 A g=! for PIBs). This work may
pave the way for the design and fabrication of high-performance
electrode materials for SIBs and PIBs, with potential applications
extending to other rechargeable battery systems.

4. Experimental Section

Chemical:  The raw materials of tin (I) chloride dihydrate (SnCl, -
2H,0, ACS reagent, 98%), chitosan ((C¢H1;NO,) ,, medium molecu-
lar weight), tin sulfide (Sn,S3, 99.95%), and sulfur (S, 99.99%) were pur-
chased and used without further purification.

Material Synthesis: In a typical synthesis, 0.33 g of chitosan powder
was completely dissolved in 100 mL acetic acid solution. Subsequently,
5 mL of 0.886 m SnCl,-2H, O solution was added dropwise into the chi-
tosan solution with stirring. The solution was allowed to be stirred for an-
other 1h to ensure the formation of a homogeneous solution. The mixture
solution was rapidly frozen and subsequently freeze-dried to remove wa-
ter at =50 °C for 72 h. The as-prepared Sn-chitosan precursors were then
heated to 600 °C for 4 h with a heating rate of 2 °C min~" under Ar flow.
Subsequently, the pretreated samples were further sulfurized in a tube fur-
nace (in a weight ratio of 1:2) and heated to 450 °C in Ar flow (2 °C min~")
and kept at 450 °Cfor 3 h, yielding 3D architecture Sn,S; /C composite (do-
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nated as Sn,S;-CFN-2). For comparison, Sn,S;-CFN-1 and Sn,S;-CFN-3
were fabricated under the similar preparation procedures, differing only
in the amount of chitosan used as precursors—0.165 g for Sn,S;-CFN-1
and 0.66 g for Sn,S;-CFN-3, respectively. Furthermore, carbon materials
doped solely with N and S (referred to as Carbon) were also prepared using
the same procedure, omitting the inclusion of a Sn source.

Materials Characterization: The material phases were analyzed by X-
ray diffraction (XRD, Rigaku D/max 2000 diffractometer) operating at
Cu Ka radiation. The microstructure and morphology of the samples
were investigated by a field-emission scanning electron microscope (FE-
SEM-4800-1, Japan) and transmission electron microscopy (TEM, Thermo
Fischer Talos F200x) coupled with an EDX spectrometer. The element
chemical states were analyzed by X-ray photoelectron spectroscopy (XPS,
Thermo Scientific K-Alpha™). Raman spectra were recorded by an Xplora
Raman spectrometer (Xplora, France).

Electrochemical Measurements: In this study, the sodium- and
potassium-ion storage properties of Sn,S;-CFN composites and pure
Sn,S; were investigated. To prepare the working electrodes, a mixture
of active materials, acetylene black, and binder carboxymethyl cellulose
(CMC) (in a weight ratio of 7:2:1) was homogeneously dispersed in wa-
ter and coated onto a copper foil, which was then vacuum dried at 80 °C
for 12 h. The mass loading per electrode was approximately 0.7—1.0 mg
cm™2. The CR2032 coin cells were assembled in an argon-filled glove box,
with sodium metal and potassium metal used as counter electrodes for
SIBs and PIBs, respectively. Glass fiber paper was used as the separa-
tor. The electrolyte for SIBs was composed of 1 M NaClO, dissolved in
ethylene carbonate (EC) and diethyl carbonate (DEC) (in a 1:1 volume ra-
tio) with 10 wt% fluoroethylene, while the electrolyte for PIBs was 0.8 m
KPF¢ dissolved in EC/DEC (in a 1:1 volume ratio). The galvanostatic dis-
charge/charge (GDC) tests of SIBs and PIBs were conducted on the NET-
WARE BTS-5 V battery test system, with voltage ranges of 0.01-3.0 V. Cyclic
voltammetry (CV) curves were measured using a CHI 660D electrochem-
ical workstation.

First-Principles Calculations: The Perdew-Burke-Ernzerhof (PBE) for-
mulation within the generalized gradient approximation (GGA) was em-
ployed for DFT calculations.[*"] The interactions between valence elec-
trons and ionic cores were described using the projector augmented wave
(PAW) method.[*2] Partial occupancies of the Kohn—Sham orbitals were al-
lowed using the Gaussian smearing method, with a width of 0.05 eV. The
electronic energy was considered self-consistent when the energy change
was less than 107> eV, while the geometry optimization was considered
convergent when the energy change was less than 0.03 eV A='. T An en-
ergy cutoff of 450 eV was set, and 2 X 2 X 1 Monkhorst-Pack k-point sam-
pling was performed for Brillouin zone integration of the structure. The
adsorption energies (E,g;) were calculated as E,qs = E,d/sup — Ead — Esubs
where E,q/qup, Eagr and Egyp are the total energies of the optimized ad-
sorbate/substrate system, the adsorbate in the structure, and the clean
substrate, respectively. The Climbing Image-Nudged Elastic Band meth-
ods had been employed to calculate the K ions migration barriers in the
structures.
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