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Owing to price-boom and low-reserve of Lithium ion batteries (LIBs), cost-cutting and well-stocked
sodium ion batteries (SIBs) attract a lot of attention, aiming to develop an effective energy storage and
conversion equipment. As a typical anode for SIBs, Iron sulfide (FeS) is difficult to maintain the high the-
oretical capacity. Structural instability and inherent low conductivity limit the cyclic and rate perfor-
mance of FeS. Herein, hierarchical architecture of FeS-FeSe2 coated with nitrogen-doped carbon (NC) is
obtained by single-step solvothermal method and two-stage high-temperature treatments. Specifically,
lattice imperfections provided by heterogeneous interfaces increase the Na+ storage sites and fasten ion/-
electron transfer. Synergistic effect induced by the hierarchical architecture effectively enhances the elec-
trochemical activity and reduces the resistance, which contributes to the transfer kinetics of Na+. In
addition, the phenomenon that heterogeneous interfaces provide more active site and extra migration
Na+ path is also proved by density functional theory (DFT). As an anode for SIBs, FeS-FeSe2/NC (FSSe/C)
delivers highly reversible capacity (704.5 mAh�g�1 after 120 cycles at 0.2 A�g�1), excellent rate perfor-
mance (326.3 mAh�g�1 at 12 A�g�1) and long-lasting durability (492.3 mAh�g�1 after 1000 cycles at 4
A�g�1 with 100 % capacity retention). Notably, the full battery, assembled with FSSe/C and
Na3V2(PO4)3/C (NVP/C), delivers reversible capacity of 252.1 mAh�g�1 after 300 cycles at 1 A�g�1. This
work provides a facile method to construct a hierarchical architecture anode for high-performance SIBs.

� 2023 Elsevier Inc. All rights reserved.
1. Introduction

Currently, with the increasingly heavy ecological environment
problems, new energy has been evolved as a valuable alternative
to fossil energy [1–4]. Developing efficient energy storage and con-
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version equipment is an urgent need for new energy resources.
Lithium ion batteries (LIBs) are known for low weight, high energy
density and fast charging [5–8]. However, the shortage and the sin-
gle distribution of lithium (Li) source cannot meet the growing
demand for power equipment, which limits the further develop-
ment of LIBs [9]. Sodium source is low-cost ($ 150 t�1), widely dis-
tributed (23.6 � 103 mg�kg�1) and readily available. Furthermore,
Sodium ion batteries (SIBs) and LIBs have the same ‘‘rocking chair”
principle of charge/discharge, which makes SIBs a reasonable alter-
native to LIBs [10,11]. Nevertheless, the larger radius and heavier
mass of Na+ than Li+ cause greater structural damage in the active
electrode during the cyclic process [12]. Therefore, it is crucial to
synthesize suitable electrode materials for SIBs.

Owing to the open-frame architectures, high theoretical capac-
ity and low cost, transitional metal chalcogenides (TMCs) have
been proved as a potential anode material for SIBs [13–15]. Iron
sulfide (FeS) as a typical TMCs has advantages of high theoretical
specific capacity (609 mAh�g�1), well-stocked, cost-cutting and
non-pollution [16–18]. Unfortunately, high expansion rate affects
the stability and low electrical conductivity leads to the poor rate
capacity of conversed-type electrode of FeS [19,20]. Many strate-
gies, such as designing hierarchical structure [9,21], adjusting win-
dow voltage [10,22] and using carbon-coating [23–25], have been
employed to validly solve these stubborn problems.

It has been proved that the capacity and stability of FeS can be
increased by constructing a hierarchical architecture. Phase bound-
aries of different components provide abundant point, line and pla-
nar defects, which increase more active site for storage of Na+ and
improve the charge transfer by enhancing reaction kinetics [26,27].
In addition, the synergistic effect of heterogeneous parts reduces
the accumulation of nanocrystals in the intermediate process,
restraining the capacity attenuation during the cyclic process
[28]. Yang et al. designed a composite structure of MoO2/MoS2/
NC that delivers the reversible capacity of 419.8 mAh�g�1 [29].
Dong et al. synthesized Sb/ZnS/C with the hierarchical architecture,
which achieves the capacity of 554.8 mAh�g�1 at 0.1 A�g�1 after 150
cycles [30]. Li et al. obtained CoP/C-FeP anode and it can retained
456.2 mAh�g�1 at 0.1 A�g�1 after 200 cycles [31]. Nevertheless,
the long-period capability of the electrode at high current density
remains to be improved.

Herein, the spherical precursor of FeS/NC (FS/C) is synthesized
by a single hydrothermal and subsequent carbonization treatment.
After the selenization, FeSe2 nanorods grow on the surface of FS/C
that builds the hierarchical architecture of FeS-FeSe2/NC (FSSe/C).
The 2D FeSe2 nanorods reduce the diffusion path of Na+ and
improve the charge transfer dynamics. The lattice imperfections
originating from the phase boundary provide abundant reactive
sites for storage of Na+ and enhance the electron/ion transfer capa-
bility. In addition, nitrogen doped carbon (NC), converted from
polyvinyl pyrrolidone (PVP), is coated on the surface of FeS-
FeSe2, which is beneficial to slowing down the structural damage
and inhibiting the shuttle effect. In addition, density functional
theory (DFT) calculation also proves that FeS/FeSe2 interfaces can
provide the adsorption site and reduce the adsorption energy of
Na+. FSSe/C as an anode for SIBs delivers reversible capacity
(704.5 mAh�g�1 after 120 cycles at 0.2 A�g�1) and superior rate per-
formance (326.3 mAh�g�1 at 12 A�g�1). FSSe/C keeps reverse capac-
ity of 492.3 mAh�g�1 after 1000 cycles even at the high current
density of 4 A�g�1. Moreover, the full battery, assembled with
FSSe/C and Na3V2(PO4)3/C (NVP/C), delivers reversible capacity of
252.1 mAh�g�1 after 300 cycles at 1 A�g�1. The excellent electro-
chemical properties demonstrate the potential of FSSe/C as an elec-
trode material for SIBs.
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2. Experimental

Ethylene glycol (99.5 %), FeSO4�7H2O (99 %), polyvinyl pyrroli-
done (PVP, 99 %), thiourea, sulfur powder (S, 99.5 %) and selenium
powder (Se, 99 %) were purchased from Aladdin. None of the
reagents were further purified.

2.1. Preparation of FeS2/PVP

Typically, 1.112 g FeSO4�7H2O was grinded to powder and dis-
solved in 50 mL ethylene glycol. Then, 0.8 g PVP was dispersed into
the mixture. After stirring at room temperature for 30 min, 0.304 g
thiourea and 0.192 g sulfur powder were added to the above mix-
ture and ultra-sounded for 20 min. The mixed solution was trans-
ferred into 80 mL Teflon stainless steel autoclave and placed in the
oven at temperature of 180 �C for 18 h. After repeated washing and
centrifuging, the product was dried overnight in a vacuum.

2.2. Preparation of FeS/NC (FS/C)

Typically, 200 mg of FeS2/PVP was laid flat on the porcelain
boat. Then, the porcelain boat was put in a furnace (Argon atmo-
sphere) and annealed at 600 �C for 3 h.

2.3. Preparation of FeS-FeSe2/NC (FSSe/C)

Typically, 60 mg FS/C and 20/40/60 mg Se were mixed evenly
and placed into a porcelain boat. The porcelain boat was put in a
furnace (Argon atmosphere) and hearted at 300 �C for 4 h. Then
the temperature was risen to 400 �C at the ramp rate of 5 �C�min�1

and kept for 1.5 h to remove redundant Se. Samples added with 20,
40 and 60 mg Se were named FSSe/C-1, FSSe/C-2 and FSSe/C-3,
respectively.

2.4. Preparation of Na3V2(PO4)3/C cathode (NVP/C)

Na3V2(PO4)3/C cathode material was obtained by the way we
did it before [32].

2.5. Characterization of materials

X-ray diffractometer (XRD, Brucker D8 advance, Cu Ka radia-
tion, k = 1.5406 Å) pattern was employed to analyze the formation
process and phase composition. The composition of samples and
valence state were tested by X-ray photoelectron spectroscopy
(XPS, Al Ka radiation, USA). Field emission scanning electron
microscope (Zeiss GeminiSEM 500) and transmission electron
microscopy (TEM, JEM-2010 HT and JEM-F200) were used to
examine the morphology and lattice spacing. N2 adsorption appa-
ratus (JW-BK100B) was employed to measure the Brunauer
Emmett and Teller (BET) surface area.

2.6. Electrochemical measurements

First, the homogeneous slurry is composed of active materials,
carbon, carboxymethyl cellulose (CMC) and polymerized styrene
butadiene rubber (SBR) in a ratio of 6:2:1:1. Copper foil with uni-
formly slurry-coating is used as the collecting and dried in an oven
with vacuum environment (current collector utilizes aluminum
foil only when the cathode is NVP/C). Second, dried copper foil is
cut into 12 mm discs and the load of active substance on each disc
is between 1.2 and 1.5 mg�cm�2. Last, all the discs were employed
to fabricate the 2032-type coin cells, and the corresponding coun-
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ter electrode is metallic sodium or NVP/C. Glass fiber filter and
sodium trifluoromethanesulfonate (NaCF3SO3) in diglyme (DGM)
were used as the separator and electrolyte, respectively. Electro-
chemical performance was examined by land battery testing sys-
tem (LANHE-CT2001). Electrochemical impedance spectroscopy
(EIS) and cyclic voltammogram (CV) were tested on electrochemi-
cal workstation.

2.7. Theoretical Calculations/Computational detail/Calculation
methods

The first-principles calculations were performed by using the
projector augmented wave (PAW) [33] method as implemented
in the Vienna Ab initio Simulation Package (VASP) [34] code. Gen-
eralized gradient approximation (GGA) in the form of Perdew-
Burke-Ernzerhof (PBE) [33] was used as the exchange–correlation
functional. The vdw-DF3 functional [35] which was proven to be
a good description of weak van der Waals interactions was also
taken into account. The energy cut-off for plane-wave expansion
and the width of smearing were set as 500 eV and 0.05 eV,
respectively.

For the calculations of the interface energy, the
Monkhorst� Pack [36] scheme k-point grid of (1 � 1 � 1) was used
for relaxation and a grid of (3 � 3 � 3) was used for self-consistent
field calculations until the change of total energy is less than 10-5

eV. A vacuum layer of 15 Å in thickness was introduced for the
interface in z direction to avoid spurious interactions.

For the single Na+ diffusion barrier energy calculations and
associated minimum energy pathways, climbing image-nudged
elastic band method (CI-NEB) [37] was employed.
3. Results and discussion

As shown in Fig. 1, FeS2-PVP was prepared by a single-step
hydrothermal method. In the subsequent annealing process at
600 �C, FeS2 was desulfurized to FeS (hexagonal phase), and PVP
was carbonized to NC. In the selenylation process, the surface of
FeS/NC reacted with the molten selenium powder to form FeSe2
at 300 �C, and the internal hexagonal-FeS (H-FeS) was affected by
orthorhombic-FeSe2 to form orthorhombic-FeS (O-FeS).

X-ray diffractometer (XRD) pattern was employed to analyze
the formation process and phase composition of FSSe/C. As shown
in Fig. 2a, the substance synthesized in the solvent-thermal
method is FeS2-PVP (PDF#71-0053, cubic phase). During the subse-
quent carbonized process at 600 �C, FeS2 changes into FeS
(PDF#75-0602, hexagonal phase) and the excess S-atoms are lost
in the form of S vapor. In addition, polyvinyl pyrrolidone (PVP) is
decomposed into nitrogen-doped carbon (NC) in the process of car-
bonization. In the following high temperature reaction (Fig. 2c),
atomic substitution between S and Se leads to the formation of
FeSe2 (PDF#21-0432, orthorhombic phase) at 300 �C (the melting
temperature of Se is 217 �C). In particular, the internal FeS do
not transform to FeSe2, but it changed from hexagonal to
Fig. 1. Schematic diagram o
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orthorhombic system (FeS, PDF#76-0964, orthorhombic phase)
due to the influence of external orthorhombic FeSe2. When Se is
insufficient, relatively small amounts of FeSe2 have little effect on
hexagonal-FeS, so the hexagonal-FeS and orthorhombic-FeS can
be detected in Fig. 2b. When Se is in excess (Fig. 2d), the existing
phase of FSSe/C-3 is consistent with FSSe/C-2. The whole process
of formation of FSSe/C-2 can be simplified as follows: 1. FeS2-PVP
is synthesized by the hydrothermal process; 2. FeS2-PVP is trans-
formed to (hexagonal-FeS)/NC; 3. (hexagonal-FeS)/NC is trans-
formed to (orthorhombic-FeS)-FeSe2/NC.

The composition of FSSe/C-2 and valence state were measured
by X-ray photoelectron spectroscopy (XPS). As shown in Fig. 3a,
elemental signals including Fe, S, Se, C and N can be detected in
FSSe/C-2. Fe 2p high-resolution spectrum (Fig. 3b) can be sepa-
rated into two peaks at 707.3 (Fe 2p3/2) and 720.1 eV (Fe 2p1/2),
associated with theoretical valence of Fe in FSSe/C-2 [38,39]. In
the S 2p (Fig. 3c) spectrum, there are five main peaks located at
160.8, 162.1, 163.6, 166.1 and 168.6 eV, associating with Fe-S
and surficial oxidation [2,9]. As shown in Fig. 3d, the main peaks
appear at the binding energy of at 54.5 and 55.5 eV, which corre-
sponds to the iron selenide [40–42]. In the C 1 s high-resolution
spectrum (Fig. 3e), the peaks located at 284.6 and 285.7 can be
attributed to with CAC and CAN chemical bonds, respectively
[43–45]. The presence of carbon slows the volume expansion dur-
ing the process of charging/discharging. As shown in N 2p spec-
trum (Fig. 3f), the peaks at 399.3 and 400.2 eV are contributed to
pyridinic and pyrronic N. And N-doped C can further improve the
conductivity of the carbon [9,46] (see Fig. 4).

The morphology of FSSe/C with hierarchical architecture was
determined by field emission scanning electron microscope
(SEM) and transmission electron microscopy (TEM). The SEM and
TEM images (Fig. 4a-c) shows that FS/C microspheres have a rela-
tively smooth surface with an average diameter of 2.5 lm. The SEM
and TEM images of FSSe/C-2 are depicted in Fig. 4d, e and f. After
the selenization process, FeSe2 is formed by atomic substitution
between the molten Se powder and FeS. FeSe2 crystal are grown
on the surface of FS/C to form FeSe2 nanorods. Two-dimensional
nanorods with a length of about 200 nm and a width of about
40 nm shorten the migration distance of Na+ and improve the reac-
tion dynamics. NC (amorphous) also exists in the outer layer of
nanorods, which protects the material structure from destruction
(Fig. 4g). The high-resolution TEM (HRTEM) image (Fig. 4h) shows
two regions with different types of lattices spacing. By measuring
the lattice spacing of the Fourier transform (Fig. 4i), region 1 is con-
sisted of two interlaced lattice fringes, corresponding to (121)
crystal face of FeS and (010) of FeSe2. Region 2 only contains one
lattice fringe, originating from (121) crystal face of FeS (Fig. 4j).
Notably there is a distinct phase interface between regions 1 and
2, which provides more lattice mismatches, distortions, and defects
for storage of Na+ and improves charge transfer by enhancing the
reaction dynamics. Meanwhile, the element distribution is shown
in Fig. 4k, which delivers the homogeneous distribution of Fe, S,
Se, C, and N-atoms in the composite.
f formation of FSSe/C.



Fig. 2. The XRD patterns of (a) FeS2-PVP, FS/CN, (b) FSSe/C-1, (c) FSSe/C-2 and (d) FSSe/C-3.

Fig. 3. (a) XPS spectra of survey spectrum. XPS spectra of (b) Fe, (c) S, (d) Se, (e) C and (f) N for FSSe/C-2.
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More TEM and HRTEM images of FSSe/C-2 are shown in Fig. 5a-
d. As displayed in Fig. 5a, the distinct hierarchical architecture of
FeS, FeSe2 and NC provides a large number of phase boundaries.
Abundant lattice mismatches, distortions and defects affect the
storage of Na+ and transport of charge carrier by adjusting long-
254
range disorder. According to the measurement of the regional
Fourier (Fig. 5b), the nanorods grown during the selenization are
single crystal of FeSe2. As displayed in Fig. 5c-d, a large number
of FeS-FeSe2 phase interfaces provides more active sites to store
Na+. Fig. 5e-f and g-h show the TEM images of FSSe/C-1 and



Fig. 4. (a, b) SEM and (c) TEM images of FS/C. (d, e) SEM and (f, g) TEM images of FSSe/C-2. (h) HRTEM, (i, j) region Fourier transform and (k) elemental mapping images of
FSSe/C-2.

Fig. 5. (a-d) HRTEM images of FSSe/C-2. TEM images of (e, f) FSSe/C-1 and (g, h) FSSe/C-3.
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FSSe/C-3 respectively. Insufficient selenium powder results in
incomplete growth of FeSe2 nanorods, which increases diffusion
path and limits kinetics of Na+ (Fig. 5e-f). FeSe2 nanorods grow
unevenly due to excess selenium, and too large nanorods are easy
to break and fall off during the sodiation/desodiation, which is not
benificial for the long cycles of SIBs (Fig. 5g-h).
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To test the electrochemical performance of FSSe/C as the anode
of SIBs, a series of materials were assembled in a 2032-type coin
cells with a counter electrode of metallic sodium. Cycling voltam-
mograms (CV) profiles of FSSe/C-2 at 0.4 mV�s�1 are shown in
Fig. 6a. Owing to the building of solid electrolyte interphase (SEI)
film, a significant peak at 1.18 V appears in the CV profile at first



Fig. 6. (a) Cycling voltammograms profiles of FSSe/C-2 at 0.4 mV�s�1. (b) Galvanostatic charge–discharge curves at the initial 3 cycles and (c) cyclic performance of FSSe/C-2
at 0.2 A�g�1. (d) Rate performances at different current densities from 0.2 to 12 A�g�1. (e) Comparison of cyclic performances of FS/C, FSSe/C-1, FSSe/C-2, and FSSe/C-3 at 2
A�g�1. (f) Long-cyclic capability of FSSe/C-2 at 4 A�g�1. (g) Relationship between time and voltage&current of FSSe/C-2 at 4 A�g�1.
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cycle. From the CV profiles at the second to fifth cycles, the nearly
coincident curves indicate that the redox reaction of FSSe/C-2 is
highly reversible during the charge/discharge.

Galvanostatic charge/discharge curves at the initial 3 cycles are
shown in Fig. 6b. FSSe/C-2 delivers initial Coulombic efficiency
(ICE) of 94.8 % (initial discharge and charge capacity of 742.4 and
703.4 mAh�g�1, respectively) at a current density of 0.2 A�g�1.
The Coulombic efficiency (CE) of the second cycle rises rapidly to
100 %, and the CE of the subsequent cycles maintains to 100 %.
The high and stable CE demonstrates the highly reversibility of
the electrochemical reaction, originating from appropriate hierar-
chical architecture, suitable voltage window and protection of
the thin NC. After 120 cycles, FSSe/C-2 maintains reversible capac-
ity of 704.5 mAh�g�1 with 0.0017 % attenuation rate per cycle
(Fig. 6c). The rate capability of FSSe/C-2 at different current densi-
ties from 0.2 to 12 A�g�1 depicts in Fig. 6d. The average capacities
of FSSe/C-2 electrode are 670.5, 611.4, 581.5, 555.1, 505.5, 412.5
and 326.3 mAh�g�1 at 0.2, 0.5, 1, 2, 4, 8 and 12 A�g�1, respectively.
When the current density returns to 0.2 A�g�1, the average capacity
restores to 635.7 mAh�g�1 with recovery rate of 94.8 % and remark-
ably superior to that of FS/C, suggesting that the FeSe2 nanorods
grow on the outer layer of FS/C enhances the storage capacity of
Na+. The comparison of cyclic capability of FS/C, FSSe/C-1, FSSe/
C-2 and FSSe/C-3 at 2 A�g�1 are shown in Fig. 6e. After 700 cycles
at 2 A�g�1, FSSe/C-2 delivers reversible capacity of 601.2 mAh�g�1,
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much higher than that of FS/C (370.6 mAh�g�1), FSSe/C-1 (468.1
mAh�g�1) and FSSe/C-3 (390 mAh�g�1). Specifically, FSSe/C-1 has
higher capacity than FS/C, but its attenuated trend is obvious
(0.0118 % attenuation rate per cycle). FSSe/C-3 shows a dramatic
decline in capacity after 550 cycles. To explore the reasons for
the different cyclic performances, SEM and TEM images of the
FSSe/C-1, FSSe/C-2 and FSSe/C-3 were investigated. After 200
cycles at 4 A�g�1, the spherical structure of FSSe/C-2 is in good con-
dition and the FeSe2 rods are not damaged (Fig. S4d, S4e, S5b and
S5e). And the structure keeps perfectly even after 1000 cycles, sug-
gesting its excellent stability (Fig. S4f). Unlike FSSe/C-2, the parti-
cles in FSSe/C-1 are accumulated after 200 and 1000 cycles,
leading to decay of capacity (Fig. S4a-c, S5a and S5d). The sudden
and violent attenuation of the FSSe/C-3 may be the breakage of
the spherical structure (Fig. S4g-i, S5c and S5f). To further explore
the sodium storage capacity of FSSe/C-2, the long cyclic perfor-
mance at high current density is tested and shown in Fig. 6f.
FSSe/C-2 delivers initial ICE 86.5 % (discharge and charge capacity
of 567.9 and 491.3 mAh�g�1, respectively) at a current density of 4
A�g�1. It is worth mention that the capacity of 2nd (492.3 mAh�g�1)
and 1000th (492.2 mAh�g�1) cycle remains unchanged. The rela-
tionship between time and voltage&current of FSSe/C-2 at 4 A�g�1

is depicted in Fig. 6f, which delivers that it only takes 760 s to run a
charge/discharge cycle and 380 s to charge full. The excellent
cycling stability and high capacity demonstrate that the synergistic
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effect and hierarchical structure can effectively improve the elec-
trochemical properties of monomeric sulfide.

CV curves were tested for different voltage ranges to analyze
redox reactions. There are multiple redox peaks in CV curve of
FSSe/C at 0.1–2.8 V (Fig. 7a). The peaks at 1.88, 0.43, 1.01, 1.18
and 1.31 V correspond to the redox reaction of FeS [16,47]. In par-
ticular, the reduced peak appears at 1.88 V corresponding to inser-
tion of Na+ into FeS to form NaxFeS. The subsequent peak at 0.43 V
comes from the conversion of NaxFeS to Fe. The appearance of the
peak at 1.01 V during the anodic process is attributed to the oxida-
tion of Fe to NaxFeS. And two oxidation peaks at 1.18 and 1.31 V
originated from desodiation of NaxFeS. When it comes to the redox
reactions of FeSe2, the reduction peaks at 1.88 and 0.59 V can be
attributed to NayFeSe2 and Fe [48]. The other three oxidation peaks
correspond to the reverse reactions of desodiation [49,50].

Reaction equation:

FeSþ xNaþ þ xe� ! NaxFeS ð1Þ

FeSe2 þ yNaþ þ ye� ! NayFeSe2 ð2Þ

NayFeSe2 þ 2� yð ÞNaþ þ 2� yð Þe� ! Na2Seþ Fe ð3Þ
NaxFeSþ ð2� xÞNaþ þ ð2� xÞe� ! Na2Sþ Fe ð4Þ
The conversion reaction can increase the electrode capacity, but

sodiation/desodiation reactions will lead to more structural dam-
age than the simple intercalation reaction [22]. The conversion
reactions of FeS and FeSe2 occur below 0.4 V and 0.6 V, respec-
tively. The conversion reactions of FeS and FeSe2 can be controlled
by adjusting the cut-off voltage to 0.4 V. FSSe/C-2 has very poor
cyclic stability between voltage ranges of 0.1–2.8 V, which proves
the above viewpoint (Fig. S3c). The CV curve of FSSe/C-2 at 0.4–
2.8 V is depicted in Fig. 7b. The conversion peak of FeS (0.43 V)
is gone and that of FeSe2 (0.59 V) is weakened, proving that it is
effective to control the conversion reaction by adjusting the volt-
Fig. 7. Cycling voltammograms profiles of FSSe/C-2 at 0.4 mV�s�1 between (a) 0.1–2.8 V a
C-1, FSSe/C-2 and FSSe/C-3 before cycles. GITT test and Na+ diffusion coefficients of (e,
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age window. The excellent cycling stability of FSSe/C-2 is due to
the control of the conversion reaction and rational structural
design. After the selenation, specific surface area increases from
7.86 to 38.77 m2�g�1 (Fig. 7c). A larger specific surface area
improves the contact area between electrolyte and electrode,
which provides more active sites for Na+ and enhances the electro-
chemical activity.

Electrochemical impedance spectroscopy (EIS) was tested to
investigate reaction kinetics of Na+. EIS plots of FS/C, FSSe/C-1,
FSSe/C-2 and FSSe/C-3 are shown in Fig. 7d and the fitting dates
can be found in Table S1. After growing FeSe2 on the surface of
FeS, the values of Rct of FSSe/C-1 (Rct = 11.44 X), FSSe/C-2 (Rct =
2.33 X) and FSSe/C-3 (Rct = 5.51 X) are reduced to varying degrees
(FS/C, Rct = 43.18 X). Lattice imperfections derived from phase
boundaries between FeS and FeSe2 provide abundant reactive sites
for sodium ion storage and enhance the electron/ion transfer capa-
bility. Among the compounds of the same composition with differ-
ent proportions, FSSe/C-2 has the lowest resistance. Therefore, a
proper compound ratio and homogeneous morphology are benefi-
cial to rapid transfer of charge.

The galvanostatic intermittent titration technique (GITT) tests
was employed to calculate the Na+ diffusion coefficients (DNa

+ )
[51]. GITT and DNa

+ results of for FS/C and FSSe/C-2 are shown in
Fig. 7e-f. FSSe/C-2 has a much higher Na+ diffusion kinetics than
FS/C during charging and discharging, suggesting that the hierar-
chical architecture of FeS, FeSe2 and NC effectively enhances Na+

diffusion kinetics. After the formation of SEI (Fig. 7g-h), DNa
+ values

of FSSe/C-2 show a greater increase than that of FS/C, suggesting
that FSSe/C-2 has better SEI film than FS/C.

To explore the mechanism of the excellent rate capability, the
electrochemical kinetics of FSSe/C-2 were studied by CV profiles.
CV profiles with four main peaks (peak 1–4) at different scan rates
between 0.4 and 1.4 mV�s�1 are displayed in Fig. 7i. The charge
storage mechanism of FSSe/C-2 can be determined by the follow-
ing formula: [2,8,11]
nd (b) 0.4–2.8 V. (c) BET surface area of FS/C and FSSe/C-2. (d) EIS plots of FS/C, FSSe/
g) FSSe/C-2 and (f, h) FS/C.
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i ¼ avb ð5Þ
log ið Þ ¼ blog vð Þ þ logðaÞ ð6Þ
In this equation, i and v represent peak current and scan rate,

respectively. The b-value, which depends on the linear relationship
between log(i) and log(v), can judge the charge storage mechanism
[52]. Particularly, when b-value is more inclined to 0.5 or 1, the
sodium storage mechanism is more inclined to diffusion-
controlled process or capacitive-controlled process, respectively.
The b-values of peak 1, 2, 3 and 4 are 0.63, 1.0, 0.85 and 0.7 respec-
tively, suggesting that Na+ storage in FSSe/C-2 is mainly controlled
by capacitive-controlled process (Fig. 7j). Formula 3 was taken to
further analyze the contribution ratio of diffusion-controlled pro-
cess to capacitive-controlled process: [53]

iðvÞ ¼ k1v þ k2v1=2 ð7Þ

where k1v and k2v1=2 stand for capacitive-controlled and diffusion-
controlled process, respectively. After calculation, the capacitance
contribution ratio at scan rates between 0.4 and 1.4 mV�s�1 are
exhibited in Fig. 7l. When thev = 0.4 mV�s�1, the contribution ratio
of capacitive-controlled process reaches 72.1 %. As the scan rate
increases to 1.4 mV�s�1, the ratio reaches 82.9 %. The high and
increasing capacitive ratios demonstrate that electrochemical reac-
tions tend to occur at the surface rather than inside the material.
More surface reactions lead to faster charge transfer and better rate
capability, induced by the hierarchical architecture of FSSe/C-2.
Fig. 8. (a) Cyclic performance of NVP/C at 1 A�g�1 (illustration for its SEM image). (b)Mod
C full battery. (d) Galvanostatic charge–discharge curves of NVP/C-FSSe/C full battery.
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To further explore the ability of FSSe/C as a SIBs anode, Na3V2(-
PO4)3/C (NVP/C) as a matching cathode material was assembled
with FSSe/C into the full battery. As shown in Fig. 8a, NVP/C parti-
cles with size of 150 nm were synthesized by solvothermal and
annealing process, which exhibits 76.2 mAh�g�1 at 1 A�g�1 after
500 cycles. Fig. 8b displays a structural model diagram of NVP/C-
FSSe/C full battery, where Al and Cu foil are employed as the collec-
tors of NVP/C cathode and FSSe/C anode, respectively. Cyclic per-
formance of NVP/C-FSSe/C full battery is exhibited in Fig. 8c,
delivering reversible capacity of 252.1 mAh�g�1 after 300 cycles
at 1 A�g�1 with 2:1 cathode and anode loading mass ratio. The
excellent cyclic performance is due to the stability of cathode
and anode, as well as the matching of NVP/C cathode and FSSe/C
anode. Galvanostatic charge–discharge curves for NVP/C-FSSe/C
full battery are depicted in Fig. 8d. The calculation result indicates
that the average discharge voltage of 30th cycle is 1.74 V and
energy density of NVP/C-FSSe/C full battery at 1 A�g�1 is 123.5
Wh�kg�1 (based on the sum of the mass of cathode and anode).
The excellent cycling stability and high energy density confirm
the potential of FSSe/C as an electrode for SIBs.

To describe the strength of the interface, the interface binding
energy was calculated, which is defined as:

Ebinding ¼ Einterface � Epart1 � Epart2
� �

=Ainterface ð8Þ
where Einterface,Epart1 and Epart2 represent the total energy of interface
structure and two component surfaces, and Ainterface represents the
interface area. The calculated FeS/FeSe2 interface binding energy
is –23 meV/Å2, delivering stronger thermal stability referring to
el diagram and (c) cyclic performance (illustration for LED working) of NVP/C-FSSe/
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the previous research work [54]. The adsorption energy of single
Na+ was also investigated according to the following definition:

Eadsorption ¼ Etotal � Esubstrate � ENað Þ ð9Þ
where Etotal, Esubstrate and ENa is the system adsorbed with Na+, the
interface or surface without Na+ and isolated Na+ energy,
respectively.

The adsorption models of Na+ on the FeS (001), FeSe2 (001) sur-
face and the interface are formed in Fig. 9a-c. All these configura-
tions do not induce large lattice deformation and have the negative
adsorption energies, which implies that Na+ could adsorb on these
surface or interface stably. In addition, for a single Na+, the adsorp-
tion energy (�3.6 eV) on the FeS/FeSe2 interface is lower than that
on the FeS (�2.7 eV) and FeSe2 (�3.0 eV) surfaces, indicating that
the formation of the interface improves the adsorption capacity of
Na+.

For diffusion energy barrier calculation, as shown in Fig. 9d-e,
the migration energy barrier in the bulk FeS and FeSe2 are 1.43
and 1.06 eV, respectively, which is much larger than the other lit-
erature [54,55]. This is apparent because of the different interac-
tion environments in these configurations. For bulk FeS and FeSe2
crystal structures, the strong Fe-S and Fe-Se covalent bonds would
prevent the migration of Na+ in the diffusion pathway. The forma-
tion of the interface provides an extra channel for the rapid migra-
tion of Na+. Therefore, the rate performance and capacity of FSSe/C
can be further enhanced.
Fig. 9. The adsorption models of Na+ on the (a) FeS surface, (b) FeSe2 surface and (c) FeS
and (e) FeSe2.
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4. Conclusion

To sum up, FeS-FeSe2/NC (FSSe/C) with hierarchical architecture
was obtained by hydrothermal method, carbonization and in-situ
selenylation. Phase boundaries (FeS/FeSe2) induced by rationally
structural design provide more Na+ active sites and extra ion chan-
nels, which improves the capacity and rate performance for
sodium ion battery (SIBs). The synergistic effect of FeS and FeSe2
effectively enhances the electrochemical activity and decreases
the diffusion resistance, which contributes to transfer kinetics of
Na+. The stability of FSSe/C is further enhanced by controlling the
conversion reaction. The density functional theory (DFT) calcula-
tion also proves that the interfaces of FeS/FeSe2 can provide the
adsorption site and reduce the adsorption energy of Na+. As a
result, FSSe/C anode delivers high reversible capacity (704.5
mAh�g�1 after 120 cycles at 0.2 A�g�1), excellent rate performance
(326.3 mAh�g�1 at 12 A�g�1), and outstanding stability (492.3
mAh�g�1 after 1000 cycles at 4 A�g�1). In terms of cyclic and rate
performance, FSSe/C shows a competitive advantage over other
recent sulfides or selenides [4,56–61]. Moreover, a full battery pair-
ing FSSe/C anode with Na3V2(PO4)3/C (NVP/C) cathode has been
fabricated, exhibiting high reversible capacity (252.1 mAh�g�1 after
300 cycles at 1 A�g�1) and superior energy density (123.5
Wh�kg�1). Consequently, this work provides a new perspective
on bonding iron chalcogenides in a hierarchical structure for
high-stability sodium storage.
/FeSe2 interface. Equivalent crystal lattice positions of Na+ diffusion path in (d) FeS
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