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Tin-based chalcogenides have attracted tremendous attention as an anode material for sodium storage
owing to their unique structure and high theoretical capacity. Unfortunately, the large volume change
and poor conductivity lead to sluggish reaction kinetics and poor cycling performance. Herein, SnSys5Seq s
nanoparticles coupled with N/S/Se triple-doped carbon nanofibers (SnSysSeos@NSSe-C) are designed and
synthesized through electrospinning and annealing process. Benefiting from the synergistic effects of

Keywords: SnSgs5Seqs and NSSe-C, the SnSg5Seq s @NSSe-C nanofibers exhibit a high reversible capacity and ultralong
SnSg5S€ps cycle life at higher current density for sodium-ion batteries. Furthermore, the sodium storage mechanism
Carbon nanofibers and electrochemical reaction kinetics of the SnSys5Seys@NSSe-C composite are characterized by the in-situ
Doping measurements. The theoretical calculations further reveal the structural advantages of SnSgsSeqs @NSSe-

Density functional theory

DY ) C composite, which exhibits a high adsorption energy of Na*. This work can provide a novel idea for
Sodium ion batteries

the synthesis of ternary tin-based chalcogenides and is beneficial for the investigation of their reaction

kinetics.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Transition metal chalcogenides (TMCs) have attracted extensive
scientific interest in the fields of electrochemical energy storage
and conversion due to their unique chemical and physical prop-
erties [1-3]. In particular, ternary tin-based chalcogenides (SnSSe)
deliver the high theoretical capacity based on the multiple ion
storage mechanisms and appropriate voltage plateaus, and their
layered structure with large interlayer spacing is conducive to the
insertion of alkali (Li, Na, K) ion storage and alleviate volume ex-
pansion [4-6]. However, SnSSe exhibits the deficient kinetics and
fast capacity decay during the discharge and charge process, ow-
ing to its unsatisfactory electronic/ionic conductivity, and serious
structural degradation and volume change. Therefore, many strate-
gies including nanostructure design, nanocomposite optimization,
doping and heterojunction etc. have been designed to enhance the
ion storage performance of anode materials [7-10]. Specially, var-
ious carbon substrates with different morphologies are often used
to improve conductivity, reduce diffusion distance, sustain struc-
tural strain and accommodate volume expansion of electrodes.
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njgb@cslg.edu.cn (B. Qian).
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As a kind of carbon substrates, carbon nanofibers (CNF) with
one-dimensional structure, good electrical conductivity, high me-
chanical strength and low density, have been applied to enhance
the sodium storage performance of TMCs [11,12]. The unique struc-
ture of CNF can provide high surface-volume ratios, facilitate rapid
electron/ion transport and enhance the stability of electrodes. Al-
though CNF can improve the electrochemical performance of tin-
based electrodes, designing the ternary tin-based chalcogenides
coupled with CNF is rarely reported, many works do not pay at-
tention to the synergistic effects and reaction mechanism on the
hybrid composites. Meanwhile, heteroatom doping has been ex-
plored to be an effective method to introduce external defect, gen-
erate rich active sites and further optimize electronic conductivity
of CNF [13].

Herein, we designed and prepared the ternary tin selenium
sulfide (SnSgsSeps) nanoparticles coupled with N/S/Se triple-
doped carbon nanofibers (NSSe-C) through a facile strategy for
the first time. Combined the merits of high theoretical capac-
ity of SnSys5Seps, and high conductivity and stability of NSSe-C,
SnSg 5Seq s @NSSe-C nanofibers display the improved sodium stor-
age performance. Moreover, the reaction mechanisms and kinetics
of SnSy 5Seq s @NSSe-C nanofibers are investigated in detail though
in situ methods and theoretical calculations.

1001-8417/© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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The two-step preparation of SnSgsSeqs@NSSe-C composite is
illustrated in Fig. 1a. In the synthesis process of SnSgpsSegs ac-
tive material, multi-element doping of carbon fiber were achieved.
Fig. 1b shows XRD patterns of SnSy5Seqs prepared by solid state
method, and SnSy5Seqs@NSSe-C and NSSe-C prepared by electro-
spinning and heat treatment process. The characteristic diffraction
peaks of SnSy5Segs and SnSy 5Seq s @NSSe-C are corresponding ex-
actly to the indexed SnSgsSeps (PDF#48-1225 [14]), suggesting
good crystallinity and high purity. In Fig. S1 (Supporting informa-
tion), the synthesis of SnSy5Segs@NSSe-C nanofibers require more
sulfur and selenium powders to avoid the formation of Sn impu-
rity, and additional sulfur and selenium powders can be doped
into the N-CNF, creating more defects. The two definite peaks
between 1200 cm~! and 1700 cm~! are observed in the Raman
spectra of N—CNF and SnSgs5Seqs@NSSe-C (Fig. 1c). The peak in-
tensity ratio of disordered amorphous carbon (D bond) and crys-
talline graphic carbon (G bond) (Ip/Ig) value of SnSy5Seqs@NSSe-
C (1.39) is higher than that of pure N—CNF (1.15), indicating that
the S/Se doping can create more structural defects and vacancies in
N—CNF, which can provide additional electrochemical action sites
and help to accelerate sodium diffusion. The two peaks at 190
and 780 cm~! for SnSg5Seq5@NSSe-C correspond to the C-Se and
C-S bonds, respectively, which suggesting the existence of S/Se
doping into the N—CNF [15,16]. Fig. S2 (Supporting information)
shows the TGA/DSC curves of the SnSys5Segs@NSSe-C and two
exothermic peaks at 123 and 512 °C are observed, which are re-
lated to the evaporation of physically adsorbed water and the
oxidation of SnSgsSeps@NSSe-C, respectively. Based the residual
mass, the carbon content in SnSysSeps@NSSe-C can be calcu-
lated to 45.63%. The XPS characteristic peaks corresponding Sn, S,
Se and N elements are observed in Fig. S3 (Supporting informa-
tion) and the N element is mainly produced by carbonization of
polypropylene. As shown in Fig. S4 (Supporting information), the
three fitted peaks located at 398.4, 399.8 and 400.5eV correspond
to pyridinic-N, pyrrolic-N and graphitic-N, respectively [17,18]. The
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Fig. 1. (a) Schematic illustration of the preparation of SnSgs5Seqs@NSSe-C. (b) XRD patterns of SnSgsSeqs, NSSe-C and SnSg5Seqs@NSSe-C. (¢) Raman spectra of N—CNF and
SnSg5Seqs@NSSe-C. XPS spectra of the SnSgs5Seqs@NSSe-C: (d) S 2p and (e) Se 3d, (f) TEM and (g, h) HRTEM images of SnSy5Seq s @NSSe-C.

high-resolution C 1s spectrum in Fig. S5 (Supporting information)
can be fitted and separated into five peaks at 284.5, 284.9, 285.7,
286.5 and 288.6 eV, attributing to C—C/C=C, C-0, C—N, C-S/Se and
0-C=0 bonds, respectively [19]. The C-S/Se bond can prove the
partial substitution of carbon with S and Se elements, increasing
the disorder degree of graphitization. The two peaks at 161.6 and
164.9eV in Fig 1d correspond to S 2p;p, and S 2py),, respectively,
and the other peaks at 164.1 and 167.8 eV are ascribed to the C-S
bond and satellite peak [20]. In the Se 3d spectra (Fig. 1e), three
peaks are observed at 54.6, 55.3 and 56.1eV, ascribed to the Se
3ds), Se 3d3), and C-Se bond, respectively [21].

Fig. S6 (Supporting information) shows the morphology of
SnSg5Segs prepared by solid state method, which displays the
irregular shape of several microns. Benefiting from the continu-
ous frame structure of NSSe-C (Fig. S7 in Supporting information),
the SnSy5Seps@NSSe-C can maintain the fibrous structure mor-
phology in Fig. 1f and SnSpsSeqs particles with several hundred
nanometers are embedded into the N/S/Se triple-doped carbon
nanofibers in Fig. S8 (Supporting information). The microstructure
of SnSy 5Sep s@NSSe-C nanofibers is exhibited in Fig. 1g and the in-
terior are solid structure. In the HRTEM image of SnSg 5Seq s @NSSe-
C nanofibers (Fig. 1h), the clear lattice fringe of 3.26 A is observed,
which is related to the (210) plane of SnSgsSeps. Moreover, the
TEM elemental mapping images of SnSy5Seps@NSSe-C nanofibers
in Fig. S9 (Supporting information) illustrate the homogeneous dis-
tribution of Sn, S, Se, N and C elements, further confirming the
successful formation of the SnSy5Seps@NSSe-C nanofibers.

The in-situ XRD tests were carried out to reveal the sodium
storage mechanism of SnSgsSeqs@NSSe-C nanofibers. In Fig. 2a,
the intensity of the diffraction peak increases as the color changes
from purple to red. The diffraction peaks corresponding to the
(111) and (400) planes significantly shift to higher angles at ini-
tial discharge states (Fig. S10 in Supporting information), indicat-
ing the sodium ions insertion into the lattice with formation of
Na,SnSy5Seq 5. As continuous discharge, the characteristic peaks of
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Fig. 2. (a) In-situ XRD patterns of SnSgsSeqs@NSSe-C nanofibers in the first cycle
and (b) the schematic diagram of sodium storage mechanism of SnSgpsSeqs elec-
trode.

Sn, Na,S and Na,Se phases are observed, corresponding to the con-
version reaction of NaxSnSysSegs. When discharged to the 0.1V,
the formation of Nas-5Sn is related to the alloying reaction of Sn
and observed in the HRTEM image (Fig. S11 in Supporting informa-
tion) [22]. During the charge process, the weak diffraction peaks
of SnSysSeps gradually appear, implying a certain reversibility of
the structure. The characteristic planes of Na,S and Na,Se inter-
mediates still exist after the charge process, which is attributed to
the loss of electrochemical activity of some sodium ions to main-
tain structural stability. Thus, the sodium storage mechanism of
SnSpsSeps can be summarized as Fig. 2b, which is composed of
insertion, conversion and alloying reactions.

As shown in Fig. S12 (Supporting information), the three re-
duction peaks in the initial scan for SnSysSegs are observed at
1.01, 0.65 and 0.14V, corresponding to the Na* insertion into the
SnSy5Seps layer, the conversion reaction of NaxSnSgpsSegs and
structural activation process, and the alloying reaction of Sn, re-
spectively. Meanwhile, the three oxidation peaks at 0.28, 0.91
and 1.04V in the anodic scan are attributed to the desodiation
process (Nas755n — Sn— NaxSnSg5Seqs — SnSps5Seqs). Compared
with curves of SnSypsSeg s, the redox process of SnSgsSeqs@NSSe-
C nanofibers is relatively gentle in the presence of NSSe-C, sug-
gesting that the NSSe-C can prevent the large volume changes of
active materials. In Fig. S13 (Supporting information), the subse-
quent CV curves (2" to 5™) of SnSy5Seqs are completely differ-
ent, and some redox peaks shift or even disappear, which is as-
cribed to the irreversible decomposition of SnSgpsSegs caused by
the volume changes. On the contrary, the following CV curves
of NSSe-C almost coincide in Fig. S14 (Supporting information)
with excellent electrochemical reversibility. Meanwhile, Fig. 3a
presents the reproducible curves of SnSy5Sey s @NSSe-C nanofibers,
demonstrating the superior reversibility of sodiation/desodiation
behavior of SnSgs5Seqs@NSSe-C nanofibers. As displayed in Fig.
S15 (Supporting information), the initial discharge and charge ca-
pacities of SnSgsSeqps, NSSe-C and SnSgs5Seqs@NSSe-C nanofibers
are 794.5/566.4, 448.8/214.8 and 1123.8/676.7 mAh/g at 0.1 A/g,
respectively. The high discharge capacity of SnSgsSeqgs@NSSe-
C nanofibers is attributed to multiple reaction mechanisms of
SnSy5Sep s and the generation of solid electrolyte interphase (SEI)
with more sodium ions consumption [23]. In addition, the ir-
reversible capacity loss is mainly owing to some irreversible
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structural changes of SnSysSeps and low coulombic efficiency
of NSSe-C. The cycling performance of SnSysSeps, NSSe-C and
SnSp 5Seq.s @NSSe-C nanofibers was evaluated at 0.1 A/g and exhib-
ited in Fig. 3b. Obviously, the SnSj 5Seq 5 particles present the rapid
capacity fading and a low capacity of 25.4 mAh/g after 100 cycles.
The low conductivity and large volume expansion of SnSgsSegs
may lead to the poor cycling ability with severe pulverization.
Moreover, the NSSe-C nanofibers play excellent cycling stability
during discharge and charge process. To determine the effect of
S/Se doping on the N—CNF, the cycling and rate performance of
N-CNF were tested and shown in Fig. S16 (Supporting informa-
tion). The cycling capacity of NSSe-C nanofibers is higher than
that of the pure N—CNF, indicating that the S/Se doping can im-
prove the electrochemical activity of the pure N—CNF. Profiting
from the high theoretical capacity of SnSgp5Seqs and high conduc-
tivity of the NSSe-C nanofibers, the SnSg 5Seq s @NSSe-C nanofibers
can maintain a reversible capacity of 478.8 mAh/g, much higher
than the capacity of SnSys5Seqs. Fig. 3c compares the rate perfor-
mance of SnSpsSegs, NSSe-C and SnSgsSeqs@NSSe-C nanofibers,
and the specific capacities of the SnSgsSeqs@NSSe-C are higher
than the values of SnSg5Segsand NSSe-C at various current densi-
ties. A comparison of the cycling performance of SnSqy5Sey s @NSSe-
C nanofibers for SIBs with some reported TMCs is listed in Ta-
ble S1 (Supporting information) and SnSy 5Se s @NSSe-C nanofibers
show the better sodium storage performance. Furthermore, Fig. S17
(Supporting information) shows the long cycling performance of
SnSy5Seqs@NSSe-C nanofibers at 2.0 A/g. After five cycles at 0.1
Alg, the SnSys5Seqs@NSSe-C can reach a high capacity of 225.0
mAh/g after 2000 cycles, indicating the outstanding rate capabil-
ity of the SnSy5Seqs@NSSe-C nanofibers. As presented in Fig. S18
(Supporting information), the SnSy5Seq 5 @NSSe-C with low carbon
content delivers the better cycling performance than that with
high carbon content, which is attributed to that more carbon con-
tent can reduce the amount of active material. It was found that
no fibrous precursor was formed when the ratio of raw material
(Sn:S:Se) exceeded 4:6:6. Thus, the ratio of 4:6:6 can be the best
ratio to enhance the cycling capacity of SnSy5Seg s @NSSe-C.

To further illuminate the excellent rate capability and electro-
chemical reaction kinetics of SnSgsSeqs@NSSe-C nanofibers, the
CV tests were performed from 0.1 mV/s to 2.0mV/s and displayed
in Fig. S19 (Supporting information). According to the previous
studies [24,25], the relationship between the current (i) and the
scan rate (v) can be expressed as the following formulas:

i=a’ (1)

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

The calculated b values of peaks for SnSgsSeqs@NSSe-C
nanofibers in Fig. S20 (Supporting information) are between 0.5
and 1.0, indicating that the reaction kinetics include the diffusion-
controlled and capacitive behavior. Furthermore, the reaction ki-
netics are quantitatively analyzed by the following equation:

i:klv-i—kzvl/z (3)

As revealed in Fig. 3d, the capacitive contributions of
SnSy 5Seq s @NSSe-C nanofibers are 42.2%, 45.2%, 53.6%, 66.2% and
82.2% at 0.1, 0.2, 0.5, 1.0 and 2.0 mV/s, respectively, high than those
of SnSy5Seqs (Fig. S21 in Supporting information). The high capac-
itive contribution leads to the fast charge transfer behavior, which
is favorable for high rate and long cycling performance of sodium
storage [26,27].

To better illustrate the extraordinary sodium storage perfor-
mance of SnSgsSeps@NSSe-C nanofibers, the GITT method was
applied in Fig. S22 (Supporting information). The Dy,, values of
SnSp5Seqs @NSSe-C nanofibers can be obtained according to the
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Fig. 3. (a) CV curves of SnSy5Seqs@NSSe-C. (b) Cycling performance, (c) rate performance of SnSys5Seqs, NSSe-C and SnSgs5Seqs@NSSe-C. (d) Capacitive contribution ratio at
various scan rates of SnSysSegs@NSSe-C. The diffusion coefficients at (e) discharging and (f) charging states of SnSgsSegs and SnSgsSeqs@NSSe-C. (g) In-situ Nyquist plots

and (h) the resistances corresponding to the in-situ Nyquist plots of SnSgsSeys@NSSe-C.

following equation [28]:

4 (m\2( AE
E(W) AE,
During the initial sodiation process (Fig. 3e), the Dy,+ of SnSq5Seq s
drops slowly, attributed to that the deepening of conversion re-
action can lead to the decrease in the sodium requirement. In-
terestingly, the alloying reaction results in the increase of the
Dy,+ approaching 0.01V. As shown in Fig. 3f, the Dy,+ displays
a completely opposite change, which corresponds to the alloying
and conversion reactions in the desodiation process. Compared to
the Dy,+ of SnSg5Seqs, SnSqpsSeqs@NSSe-C nanofibers present the
more table diffusion process and higher Dy,+ values, suggesting
that the introduction of NSSe-C nanofibers can solve the problems
of slow ion diffusion caused by volume expansion and poor con-
dUCtiVity of SnSy5Seqs.

The sodium ion transfer kinetics and interfacial stability
were investigated by EIS measurement [29]. Fig. S23 (Support-
ing information) exhibits the typical Nyquist plots of SnSysSeqs,
SnSy 5Sep s@NSSe-C and NSSe-C after 100 cycles, which can be fit-
ted by equivalent circuit. The Rg, Rt and Ry represent the solvent
resistance, charge transfer resistance and diffusion resistance, re-
spectively [30]. The R¢ value of SnSys5Seqs@NSSe-C nanofibers is
154.6 2, higher than that of SnSysSegs (667.1 2) and lower than
that of NSSe-C (85.69 2), indicating that the high conductivity and
continuous network structure of NSSe-C can shorten the diffusion
distance and accelerate the charge transfer of pure SnSgsSeqs par-
ticles. Moreover, the detailed in-situ Nyquist plots are shown in
Fig. 3g and the corresponding impedance values are displayed in
Fig. 3h. Notably, the Rs value keeps a relative stability during cy-
cling process owing to the stable formation of SEI films. Before
sodiation to 0.5V, the R¢ value decreases slowly with the depth
of discharge, which is attributed to that the Sn element generated
by the conversion reaction can improve the electrical conductivity
and facilitate the charge transfer. However, the structural change

DNa+ =
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Fig. 4. Geometries of the optimized (a) SnSysSeqs@N—C, (b) SnSy5Seqs@NS-C and
(c) SnSps5Seqs@NSSe-C at the same sodium atom adsorption sites. Geometries of
the optimized (d-f) SnSp5Seqs@NS-C and (g-i) SnSy5Ses@NSSe-C at the different
sodium atom adsorption sites.

caused by the alloying reaction and the decrease of Sn element
can lead to the sluggish charge transfer and increase of the R
value at 0.01V. The R,y value increase at initial discharge states,
which is related to the increase of interlayer spacing and internal
stress caused by insertion reaction. Then, the Ry, value decreases
with decrease of voltage, ascribed to that subsequent conversion
and alloying reactions can continue to react with sodium ions and
enhance the diffusion kinetics. The R and Ry values show simi-
lar opposite changes during the desodiation process, indicating the
excellent reversibility of charge transport and ion diffusion kinetics
of SnSy 5Sep s @NSSe-C nanofibers.

The DFT calculations were performed to reveal the struc-
tural advantages of SnSgsSeos@NSSe-C nanofibers. As displayed
in Figs. 4a-c, the adsorption energy (E,q) between Na™ and
SnSp5Sep5@N—C, SnSy5Seqs@NS-C or SnSp5Seps@NSSe-C at same
adsorption sites is calculated to be —1.88, —1.85 and —4.43 eV, re-
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spectively, indicating the stronger interaction of SnSgsSeq s adsorp-
tion on NSSe-C. The higher negative adsorption energy illustrates
more electrochemical active site in the SnSg5Seq s @NSSe-C, which
are beneficial for sodium storage performance [31,32]. The E.4s be-
tween Nat and SnSg5Seqs@NS-C or SnSg5Seq s @NSSe-C at the dif-
ferent adsorption sites is further calculated and presented in Figs.
4d-i. The SnSy 5Seq 5 @NSSe-C composite delivers the better Nat ad-
sorption performance than SnSysSeys@NS-C, demonstrating great
sodium storage potential. The results also prove that the interlayer
between SnSy5Seps and NSSe-C is more conducive to sodium ion
insertion.

In summary, the SnSgsSeys nanoparticles coupled with N/S/Se
triple-doped carbon nanofibers (SnSys5Seqs@NSSe-C) have been
synthesized through two-step process, and investigated as an an-
ode material for SIBs. Due to the synergistic effect of SnSgpsSeqs
and NSSe-C, the SnSy5Seps@NSSe-C composite delivers superior
sodium storage performance with ultralong cycle life at a high
current density and fast reaction kinetics. This work can pro-
vide an intelligent strategy for the efficient construction of high-
performance electrodes with fast electrochemical reaction kinetics
and increase the understanding of the sodium-storage mechanism
in ternary tin-based chalcogenides.
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