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ABSTRACT: A novel hierarchical structure of bimetal sulfide FeS,@SnS; with the
1D/2D heterostructure was developed for high-performance sodium-ion batteries (SIBs).
The FeS;@SnS, was synthesized through a hydrothermal reaction and a sulphuration
process. The exquisite 1D/2D heterostructure is featured with 2D SnS; nanoflakes
anchoring on the 1D FeS; nanorod. This well-designed FeS,@SnS; provides shortened
ion diffusion pathway and adequate surface area, which facilitates the Na* transport and
capacitive Na* storage. Besides, the FeS,@SnS, integrates the 1D/2D synthetic

structural

advantages and synthetic hybrid active material.

Consequently, the

FeS,@SnS; anode exhibits high initial specific capacity of 765.5 mAh-g~! at 1 A-g~! and
outstanding reversibility (506.0 mAh-g~1 at 1 A-g~! after 200 cycles, 262.5 mAh-g~! at 5
A-g~1 after 1400 cycles). Moreover, the kinetic analysis reveals that the FeS,@SnS;
anode displays significant capacitive behavior which boosts the rate capacity.

KEYWORDS:

sodium-ion battery; FeS,@SnS,; 1D/2D; capacitance behavior

Contents

1 Introduction
2 Experimental
2.1 Preparation of nanorods
2.2 Materials characterization
2.3 Electrochemical measurements
3 Results and discussion
4  Conclusions
Acknowledgements
References
Supplementary information

Received December 14, 2021; accepted February 18, 2022

E-mail: luzhenxiao66@163.com

1 Introduction

The ever-expanding application of electric vehicle and
large-scale energy storage system motivate the develop-
ment of rechargeable batteries with high power/energy
density and price competitiveness [1]. Lithium-ion batter-
ies (LIBs) have been regarded as the most developed
battery system used in electronic devices for recent ten
years due to their enhanced electrochemical performance.
However, the further wide utilization of LIBs and the
limited resource on earth raise the price of lithium [2-3].
Sodium-ion batteries (SIBs) are promising alternatives
because of the low cost of sodium and its similar
physiochemical properties to lithium [4-5]. However, the
developed anode materials for LIBs deliver poor cycle
stability and low energy capacity in SIBs due to the larger
diameter of Na*. Therefore, the development of advancing
SIBs lies in searching for suitable anode materials [6].
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Among a wide range of materials which have been
explored to date, metal sulfides are deemed as an advan-
tageous class of SIB anode materials [7]. Generally, metal
sulfides yield high theoretical capacity originating from
the multi-electron transfer conversion and alloying re-
action. In addition, metal sulfides exhibit better kinetic
properties because of their weaker M—S bond, which
results in better reversibility and higher first-cycle effi-
ciency [8—12]. Among all of the metal sulfides, FeS, has
attracted extensive investigations for its non-toxic nature
and rich reserves [13]. Some researchers combine FeS;
with carbonaceous materials to improve the conductivity
and enhance the structural stability during the cycling
process [14—16]. However, the carbon in the composite
contributes fairly little capacity from the adsorption
reaction with Na*. Besides, adjusting cut-off voltage and
using ether-based electrolyte were tried for single FeS,
without carbon modification. The conversion reaction was
successfully forbidden to avoid the large volume expan-
sion, however, at the expense of capacity sacrifice [17].
Hence, the single FeS; cannot meet all the requirements as
a high-performance electrode, and constructing nanocom-
posites with the hybrid structure is regarded to be capa-
ble of effectively reducing the ion-diffusion resistance and
boosting the interfacial electron transport [18-20].

SnS, was reported to be an ideal material for hosting
Na® ions for its layered microstructure and large inter-
layer spacing, which could boost the ion-diffusion effi-
ciency and provide relatively large connect area with
electrolyte [21-26]. However, the layered SnS, is easily
overlapped due to its high surface energy. The direct use
of single SnS, may lead to sever polarization and low
utilization, and thus poor performance as the anode for
SIBs. In order to leverage advantages of SnS; and realize
its potential as the high-performance anode, combining
carbon species with SnS; is a common practice, which is
similar to the modification route of FeS, [26]. However,
the relatively high carbon content results in low capacity
and tapping density. Besides, graphene was also inves-
tigated to be mixed with SnS,, but they tend to restacking
during the cycling, which leads to poor cyclability
[21-22]. The hybrid consisting of bi-component was
reported to show improved sodium storage ability due to
the synergistic effect of the two components [25]. Espe-
cially, properly assembled hierarchical nanohybrids with
the advantageous structure will gather the intrinsic inter-
actions of each component to obtain better electrochemi-
cal properties of SIBs. Based on these concepts, the

hybrid with incorporated FeS, and SnS, may be
promising to obtain high Na* storage performance.

In this work, we assembled a 1D/2D nanocomposite
with 2D SnS, nanoflakes anchoring on the surface of the
1D FeS; core (FeS,@SnS,). This synthetic 1D/2D struc-
ture efficiently avoids the aggregation of SnS; nanoflakes
and exploits the structural merits of both 1D FeS,
nanorods and 2D SnS; nanoflakes. The FeS,@SnS, pos-
sesses long-range lattice order and large specific surface
area, which not only facilitate good charge-transfer
dynamics, but also promote the Na*t storage kinetics via
capacitance behavior during the charge process [24-25].
Besides, both FeS, and SnS, possess high theoretical
capacity based on the multistep electrochemical reaction
[26]. As a result, the FeS,@SnS, anode delivers a high
initial specific capacity of 765.5 mAh-g~! and a reversible
capacity of 506.0 mAh-g™! after 200 cycles at the current
density of 1.0 A-g~1. This electrode also exhibits out-
standing rate property with 262.5 mAh-g™! at the current
density of 5 A-g~! after 1400 cycles.

2 Experimental
2.1 Preparation of nanorods

1) a-FeOOH nanorods: At first, 20 mL Fe(NO3)3-9H,0
solution (0.05mol-L™!) and 20mL KOH
(0.12 mol - L") were prepared and mixed together. After

solution

stirring for 30 min, the mixture was then transferred into a
Teflon-lined stainless-steel autoclave. Subsequently, the
autoclave was placed in an oven and heated at 100 °C
for 24 h. At last, the product was washed and dried in an
oven at 60 °C for 12 h.

2) 0a-FeOOH@SnO; nanorods: 0.1 g a-FeOOH was dis-
persed into 30 mL mixture containing H,O and ethanol
(with the volume ratio of 2:1). Then, 0.9 gurea and 0.144 g
K,SnO5-H,0 were added into the solution and stirred for
30 min. Finally the solution was transferred into a Teflon-
lined stainless-steel autoclave and heated at 170 °C for 1 h.

3) FeS,@SnS; nanorods: 0.05 g a-FeOOH@SnO, and
1 g sulfur powder were placed in a porcelain boat and
annealed in nitrogen atmosphere at 500 °C for 2 h with a
heating rate of 2 °C-min™!.

2.2 Materials characterization

The component and crystallinity of as-synthesized
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products were demonstrated by X-ray diffraction (XRD)
analysis (Bruker D8 diffractometer with Cu Ka radiation,
A = 0.15418 nm) and X-ray photoelectron spectroscopy
(XPS; Axis Ultra DLD, Kratos Analytical). The morpho-
logies were characterized via scanning electron micro-
scopy (SEM; JSM-7600F). Thermogravimetric analysis
(TGA) was conducted on a thermal analyzer apparatus
(Mettler Toledo TGA/SDTAS851) from 25 to 700 °C in
air.

2.3 Electrochemical measurements

The FeS,@SnS,; electrode contains FeS,@SnS, powder,
acetylene black, and sodium carboxymethyl cellulose
(CMC) with a weight ratio of 7:2:1. This mixture was
fully porphyrized with added deionized water as the
solvent. The formed slurry was pasted on Cu foils with
uniform thickness. The Cu foils was dried in a vacuum
oven at 60 °C for 12 h and punched into disks with the
diameter of 12 mm. The mass loading of each electrode
was about 1.5 mg-cm™2. The sodium-ion cells were assem-
bled in a glove-box with high-purity argon as protective
atmosphere. Metallic sodium with suitable size and thick-
ness was used as the counter electrode. The FeS,@SnS,
electrode and the counter electrode were separated by the
Whatman GF/F separator and soaked in the electrolyte of
1 mol-L™! NaPFy in diethylene glycol dimethyl ether
(DIGDME). The cycling performance of the cells was
tested on a Land CT2001A battery tester with the cut-off
voltage of 0.01-3 V. The cyclic voltammetry (CV) curves
at different scan rates were collected on a CHI-760 electro-
chemical workstation.

3 Results and discussion

The procedures for the preparation of FeS,@SnS, are
displayed in Scheme 1(a). Firstly, a-FeOOH nanorods
were prepared and served as the template. Then, SnO, nano-
crystals were grown on the surface of a-FeOOH nano-
rods through a hydrothermal reaction to form core—shell
a-FeOOH@SnO, nanorods [27]. Finally, the a-FeOOH®@
SnO, nanorods were sulfurized at 500 °C under N, atmos-
phere to obtain the FeS,;@SnS, composite. In such a com-
prehensive structure, the heterointerface could promote the
e /Na' transportation and accelerate the charge transfer
kinetic (Scheme 1(b)). Moreover, different redox poten-
tials of FeS, and SnS, would contribute to smooth volume

expansion and structural stability during the sodiation
process [24-25]. The 2D SnS; nanoflakes (Scheme 1(c))
provide the shortened ion diffusion pathway and sufficient
connect area with the electrolyte, which facilitates the
capacitance behavior and improves the rate property.

The sample composition was characterized by the XRD
measurement. As shown in Fig. 1(a), there are peaks in-
dexed to FeS, (JCPDS No. 42-1340) and SnS, (JCPDS
No. 23-0677) [28-29], and no SnO, phase can be found,
demonstrating that all SnO, particles were transformed
into SnS, through the sulphuration process. The TGA
thermograms of FeS,@SnS; and neat FeS, are displayed
in Fig. 1(b). The weight losses of FeS, and FeS,@SnS,
are almost simultaneous. For FeS,@SnS;, the weight loss
before 200 °C is due to the evaporation of water adsorbed
on the sample surface. The mass loss occurring during
320-388 °C is related to the transformation of FeS, to FeS
and Fe,(S0,)s. The weight loss at 620 °C is attributed to
the formation of Fe,O; and SnO,. For FeS,, the weight
loss at 620 °C is attributed to the formation of Fe;O3. The
total weight loss ratio of FeS; is about 31.3%, which is
close to the theoretical value of 33.3%. The total weight
loss of FeS,@SnS; is 24%, and thus, the content of FeS,
in the composite can be calculated to be 43.8% [30].

To further analyze elemental compositions and valence
states of the FeS,@SnS, composite, XPS was carried out.
Figure 1(c) shows the survey spectrum of FeS,@SnS,,
which contains distinguishable peaks of Fe, Sn, S, and O.
The O peak is due to the oxidation of the sample by O, in
air. The Fe 2p spectrum (Fig. 1(d)) can be divided into two

(a)
= —
Hydrothermal Sulphuration
a-FeOOH a-FeOOH@SnO, FeS,@SnS,
Discharg, (c)SnSz
F = / nanoflake
iy >
Charg?
oc — ¢ transfer

@ Capacitance behavior

® Na"

— Na' transportation

Scheme 1 Systematic illustrations of (a) the preparation
process of FeS,@SnS,, (b) the electrochemical transformation
during the charging/discharging process, and (c) the
enlargement of the SnS; nanoflake.
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peaks at 707.5 and 720.3 eV, corresponding to Fe 2ps3;
and Fe 2pyj, respectively [30]. As shown in Fig. 1(d),
there is no Fe—Sn peak that can be found in the XPS
spectra, which illustrates that the combination mode of
FeS, and SnS; is intermolecular binding. The Sn 3d
spectrum (Fig. 1(e)) shows two peaks at 486.5 eV (Sn
3ds;) and 494.9 eV (Sn 3d35,) [19]. The XPS spectrum of
S 2p (Fig. 1(f)) contains two peaks located at 162.3 and
163.3 eV, which consist of binding energies of S 2p3/, and
S 2py12, respectively [19].

Morphological features of the precursor and the FeS,@
SnS, composite were characterized by SEM and trans-
mission electron microscopy (TEM). Figures 2(a) and

2(b) display that the SnO; nanoparticles were anchored uni-
formly on the outer-surface of a-FeOOH nanorods. After
the sulphuration process, the 1D core retained (Figs. 2(c)
and 2(d)), while the SnO, nanoparticles were transformed
into SnS; nanoflakes with the irregular shape (Fig. 2(e)).
To further investigate the crystalline of nanoflakes, high-
resolution transmission electron microscopy (HRTEM)
was carried out. Figure 2(f) reveals clear lattice fringes,
where the lattice distances of 0.27 and 0.31 nm are
indexed to (101) and (1 00) planes of SnS,, respectively
[31-32].

Figure 3(a) shows charge/discharge profiles of the
FeS,@SnS, electrode at a current density of 1 A-g”!. In

(a) FeS, PDF #42-1340 (b) (c) e
g «—— SnS, PDF #23-0677 o\\° 100+ c;
5 i @ 5 FeS,@SnS, = . 7
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Fig. 1 (a) XRD pattern of FeS>@SnS;, (b) TGA curves of FeS,@SnS; and neat FeS,, and (¢)(d)(e)(f) survey, Fe 2p, Sn 3d and S 2p

XPS spectra of FeS,@SnS,;.

500 nm

500 nm

5 nm

Fig. 2 (a) Low- and (b) high-resolution SEM images of a-FeEOOH@SnO,. (¢) Low- and (d) high-resolution SEM images of
FeS,@SnS;. (e) TEM image of FeS,@SnS;. (f) HRTEM image of the SnS, nanoflake.
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the first cycle, the FeS,@SnS; electrode delivers an initial
discharge capacity of 765.5 mAh-g ! and a charge capaci-
ty of 625.2 mAh-g!, affording a coulombic efficiency of
81.6%. The irreversible capacity loss can be attributed to
the decomposition of the electrode and the formation of
the solid electrolyte interface (SEI) film [33]. In the seco-
nd cycle, a discharge capacity of 635.2 mAh-g! and a
charge capacity of 609.7 mAh-g~! are achieved by the
FeS,@SnS, electrode, which correspond to a coulombic
efficiency of 95.9%. The superior high specific capacity
derived from the multi-electron transfer conversion and
alloying reaction of FeS, and SnS, [11] Figure 3(b)
demonstrates the cycling performance of the FeS,@SnS;
electrode at the current density of 1 A-g~!. The capacity
decay in the first 30 cycles is due to the formation of the
SEI film, which is common in other metal chalcogenides
[33]. Finally, the specific capacity tends to be stable and
retains at 506.0 mAh-g! after 200 cycles.

The rate property of the FeS,@SnS, electrode at various
current densities is displayed in Fig. 3(c). At current
densities of 0.1, 0.2, 0.5, 1.0, 2.0, 5.0, and 10.0 A-g"!, the
specific capacities of the FeS,@SnS; electrode are 705.5,
641.3, 553.2, 506.7, 402.2, 326.1, and 288.1 mAh-g!,
respectively. More importantly, when the current density
switches to 0.1 A-g~!, the specific capacity returns to the
beginning level of 705.1 mAh-g™!, indicating the outstan-
ding reversibility of the FeS,@SnS, electrode. The rate
property is also demonstrated via charge/discharge
profiles at different current densities ranging from 0.1 to
10 A-g~! as shown in Fig. 3(d). The profiles yield distinct

plateaus even at high current densities, illustrating the
outstanding rate performance and slight polarization [34].
Besides, the FeS,@SnS; electrode also exhibits superior
rate performance compared with similar electrode mater-
ials (Fig. S1) [22,28,30-34]. In Fig. 3(e), the FeS,@SnS,
electrode exhibits an excellent reversible capacity of
262.5mAh-g ! after 1400 cycles at a high current density of
5 A-g 1. As detected, the capacity increases to 314 mAh-g™!
gradually before the 150th cycle, and then decays slowly.
This phenomenon is caused by the improved Na* diffu-
sion kinetics stemming from the activation of the elec-
trode material and the stabilization of the repeated Na*
insertions/extractions process [35-36]. Overall, the above
mentioned superior cycling performance of FeS,@SnS, is
associated with the 1D/2D structure, which facilitates the
ion diffusion and enlarges the connect area with the
electrolyte. Another helpful factor is the synergistic inter-
action between FeS, and SnS,, which derives from the
heterogeneous structure and discrepant-electrochemical
reactions [25]. Furthermore, the capacitive behavior may
also conduce to the high performance of FeS,@SnS,.

Figure 4(a) shows CV curves of initial three cycles. In
the first discharge process, the broad peak around 1.76 V
and the distinct peak at 1.2 V indicate the insertion of Na*
into SnS; and FeS, (Egs. (1) and (2)) [28,37]:

SnS, +Na" +e~ — NaSnS,

D

FeS, + xNa™ +xe~ — Na,FeS, (x < 2)

2

The peak at 1.2 V disappears in the subsequent cycles.
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Subsequently, a series of peaks appear at 0.8-0.4 V,
which demonstrate the further insertion of Na' into
Na,FeS; (Eq. (3)), the conversion reaction between Na*
and NaSnS, (Egs. (4) and (5)), the alloying reaction
(Eq. (6)) and the formation of the SEI film [38—40]:

Na,FeS, + (4 —x)Na* +(4—x)e” < Fe+2Na,S  (3)

NaSnS, +Na' +¢e~ < SnS +Na,S )
SnS +2Na* +2¢~ <> Sn+NayS 5)
4Sn+15Na* +15¢ <> Na;sSny (6)

In the following charging process, anodic peaks located
at 0.24 and 1.24 V reveal the dealloying process (reverse
of Eq. (6)), the restitution of SnS, (reverse of Egs. (5), (4)
and (1)) and the formation of Na,FeS, (reverse of Eq. (3))
[27,37-40]. In the subsequent cycles, the anodic peak at
2.5 V and the cathodic peak at 2.1 V in the subsequent
discharging process correspond to the reversible reaction

(Eq. (7)) [6]:
Na,FeS, <> Na,_,FeS; +yNa"+ye” (O0<y<x) (7)

Obviously, the two components in the FeS,@SnS;
hybrid undergo asynchronous electrochemical reactions
during the cycling, which would efficiently relieve the

volume change and contribute to the stable cyclicity [25].

The kinetic analysis of FeS,@SnS, nanorods was
carried out to further analyze the excellent rate perform-
ance and cycle stability via CV curves at various scan rates.
In Fig. 4(b), the CV curves of FeS,@SnS,/Na batteries at
various scan rates share a similar shape, all including
distinct cathodic and anodic peaks. Generally, the rela-
tionship between the peak current (i) and the scan rate (v)
follows Eq. (8) [41-42]:

i=a’ (8)

where both a and b are constants. Generally, b = 0.5
represents the diffusion process dominating the storage,
and b = 1.0 demonstrates the capacitance process domi-
nating the storage [43]. The b values corresponding to
each peak can be calculated based on the transformation of
Eq. (8) as follows:

lgi =blgv+a )

The b value is calculated to be between 0.68 and 0.98
(Fig. 4(c)), illustrating that both the diffusion-controlled
and the capacitive processes dominate the charge process
[43]. In other words, the capacitance behavior contributes
to the total Na* storage. According to Eq. (10), the current
at a fixed voltage i(V) originates from both the diffusion-
controlled process (kv!/2) and the capacitive process
(k1v), where k| and k, are parameters at a given potential
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i 84 < —— Peak 2° 0.98
0.2 K E —— Peak 3° 0.68
£ ool — | E 4 ERl e 1
£ 0.01 [ T e £ /_/\_k UE-_) —— Peak 5: 0.
5 f 5 0 =| 3 00
£-0.21 !/% g E F (Unit: mV-s™") i
=] ‘ ) i =N —0.1 —0.2 < —0.5
) nd O —44 cak1 —03 —05 ke
-0.4 2 Peak 2 —07 1.0 =
e ; L = i X
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Fig. 4 FeS,@SnSy/Na batteries: (a) CV curves for the initial three cycles at the scan rate of 0.1 mV-s™!; (b) CV curves at different
scan rates; (¢) b values of different peaks in panel (b); (d) CV curve with the capacitance controlled current shown by the shaded
section; (e) contribution ratios of the capacitive storage to the total capacity at different scan rates; (f) variation of the normalized

capacity with v=12 (v is the scan rate).



Zhenxiao LU et al. Bimetallic sulfide FeS,@SnS; as high-performance anodes for SIBs 7

[44]. Then, the contribution ration of the capacitive Na*
storage process can be quantitatively determined based on
Eq. (10):

i(V) = kyv+kov'/? (10)

Current originating from the capacitive storage is shown
in Fig. 4(d), and the shaded area demonstrates the capaci-
tive contribution to the total capacity (the area of the CV
curve). Similarly, the capacitive contribution at various
scan rates can be evaluated. The capacitive Na*' storage
ratio gradually increases as the scan rate raises (Fig. 4(e)),
which illustrates that the capacitive mechanism dominates
the storage capability, especially at high rates [17,28]. At
the scan rate of 5 mV-s™!, 85% of the total capacity comes
from the capacitive Na*t storage mechanism, accounting
for the high rate property of FeS,@SnS,. Besides, the
relationship between the normalized capacity and the scan
rate is shown in Fig. 4(f) to distinguish the storage me-
chanism. For v> 1.0 mV-s™!, the capacity decreases as the
scan rate increases, indicating that the diffusion-controlled
process is limited at high rates. For 0.1 mV:s™! < vy <
1.0 mV-s~!, the capacity does not decrease significantly as
the scan rate rises, reflecting that the capacitive process is
independent of the scan rate [6,44]. This significant
capacitive behavior benefits from the favorable structure
with the sufficient surface area, which is vital for the
capacitive Na* storage [17].

4 Conclusions

In summary, the FeS,@SnS, composite featured with SnS;
nanoflakes adhering to 1D FeS; core was prepared and its
excellent electrochemical performance as the anode for
SIBs was explored. Benefiting from the hybrid structure
and the bicomponent active material, the FeS,@SnS,
anode delivered a reversible capacity of 506.0 mAh-g!
after 200 cycles at 1 A-g~!. Moreover, FeS,@SnS, achie-
ved excellent long-term cyclability of 262.5 mAh-g!
after 1400 cycles at 5 A-g~!. Such high rate performance
was further investigated and confirmed to be associated
with the capacitive storage mechanism, which contributes
considerable capacity. These results indicate that the
FeS,@SnS, composite is a promising anode for SIBs with
high-rate capability and long cycle life. This hybrid
material provides an example for a series of multicom-
ponent hybrid electrodes which may be applied in
batteries.
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