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HIGHLIGHTS

e Se vacancies adjust the electron density
and improve the conductivity of
material.

e Se vacancies promote Na' migration
and enhance the reaction kinetics of
material.

e The carbon confinement strengthens the
structural stability of the electrode.

e The material possesses excellent elec-
trochemical properties.
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ABSTRACT

Recently, iron selenides have been considered as one of the most promising candidates for the anodes of sodium-
ion batteries (SIBs) due to their cost-effectiveness and high theoretical capacity; however, their practical
application is limited by poor conductivity, large volume variation and slow reaction kinetics during electro-
chemical reactions. In this work, spatially dual-carbon-confined Vge-FesSes.xSx/FeSez Sy nanohybrids with
abundant Se vacancies (Vge-FesSes.xSx/FeSes xSx@NSC@rGO) are constructed via anion doping and carbon
confinement engineering. The three-dimensional crosslinked carbon network composed of the nitrogen-doped
carbon support derived from polyacrylic acid (PAA) and reduced graphene enhances the electronic conductiv-
ity, provides abundant channels for ion/electron transfer, ensures the structure integrity, and alleviates the
agglomeration, pulverization and volume change of active material during the chemical reactions. Moreover, the
introduction of S into iron selenides induces a large number of Se vacancies and regulates the electron density
around iron atoms, synergistically improving the conductivity of the material and reducing the Na™ diffusion
barrier. Based on the aforementioned features, the as-synthesized Vge-FesSe4.4Sx/FeSes xSx@NSC@rGO electrode
possesses excellent electrochemical properties, exhibiting the satisfactory specific capacity of 630.1 mA h g’1
after 160 cycles at 0.5 A/g and the reversible capacity of 319.8 mA h g~ after 500 cycles at 3 A/g with the low-

E-mail addresses: 205102159@stu.hit.edu.cn (R. Zhao), kwokho.lam@glasgow.ac.uk (K.-H. Lam), ddmd222@sicnu.edu.cn (D. Lin).

https://doi.org/10.1016/j.jcis.2023.11.074

Received 20 August 2023; Received in revised form 6 November 2023; Accepted 11 November 2023

Available online 13 November 2023

0021-9797/© 2023 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:20S102159@stu.hit.edu.cn
mailto:kwokho.lam@glasgow.ac.uk
mailto:ddmd222@sicnu.edu.cn
www.sciencedirect.com/science/journal/00219797
https://www.elsevier.com/locate/jcis
https://doi.org/10.1016/j.jcis.2023.11.074
https://doi.org/10.1016/j.jcis.2023.11.074
https://doi.org/10.1016/j.jcis.2023.11.074
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jcis.2023.11.074&domain=pdf
http://creativecommons.org/licenses/by/4.0/

P. Wang et al.

Journal of Colloid And Interface Science 655 (2024) 748-759

capacity attenuation of 0.016 % per cycle. This investigation provides a feasible approach to develop high-
performance anodes for SIBs via a synergetic strategy of vacancy engineering and carbon confinement.

1. Introduction

In recent years, lithium-ion batteries (LIBs) have been widely used in
electronic devices and electric vehicles because of their high energy
density, long service life and portability [1-3]. Nevertheless, due to the
extreme shortage and geographically uneven distribution of lithium
resources, the cost of LIBs is much higher than that of other energy
storage devices [4]. Thus, it is vital to seek alternative energy storage
devices to replace LIBs. In the past few years, sodium-ion batteries (SIBs)
have attracted much attention due to their abundant sodium resources
and similar working principle to LIBs [5-7]. Unfortunately, compared
with Lit (0.76 A, and M = 7), Na* (0.95 10\, and M = 23) possesses much
larger ionic radius and higher relative molecular mass, resulting in the
slow reaction kinetics and severe volume change of the electrode ma-
terial during Na' de/insertion [8,9].

To address the aforementioned issues, numerous anodes for SIBs
have been extensively investigated, including carbon-based materials,
alloy materials and conversion-type materials [10-14]. Among various
candidates for the anodes of SIBs, the conversion-type iron selenide
materials have been particularly favored because of their high theoret-
ical capacity, abundant resources and low cost [15-17]. However, the
sluggish kinetics and large volumetric change during the de/insertion of
Na' ions have been the major hindrance [18]. Recently, structural
optimization, carbon confinement, and doping have been widely used to
enhance the reaction kinetics of iron selenides and alleviate the volume
change during electrochemical reactions [19-22]. For instance, Feng
et al. designed porous yolk shell-structured FeSe;@NDC nanocubes,
alleviating the severe volumetric change of iron selenide [23] and thus
providing excellent cycle stability (403.3 mA h g~! at 5 A/g after 2000
cycles); Liu et al. embedded the heterogeneous FesSes/FeSe nano-
particles into the carbon nanofiber by a electrospinning method, which
constrained the volume change of the active material and thus improved
the cycle life (417.4 mA h g ! at 0.5 A/g after 200 cycles) [24]; and Kong
et al. synthesized Ni-doped FeSe,/Fe3Se4 heterojunction materials by
hydrothermal and selenization treatments [25], where Ni doping en-
larges the lattice spacing of iron selenide and reduces the diffusion
nowel of Na™, while rich heterojunction surface enhances the conduc-
tivity and stability of the material, providing the capacity of 352.9 mA h
g ! at 0.5 A/g after 500 cycles. However, among the strategies to
improve the performance of iron selenides, the construction of vacancies
to improve the sodium storage performance of iron selenides is rarely
seen. On the other hand, it has been known that anion vacancies play a
pivotal role in enhancing the electrochemical properties of electrodes.
Many studies have shown that anionic vacancies could excite a large
number of high-energy unsaturated active sites, which act as defect
centers and induce electrons around metal atoms, making the band gap
smaller and improving the conductivity of the material [26,27]. For
example, Yao et al. introduced Si into MIL-125 metal-organic frame-
work and obtained SiO,/TiO2 x@C nanosheets after annealing under Ar
atmosphere [28], where abundant oxygen vacancies narrow the band
and reduce the Na™ diffusion barrier of the material, enhancing the
sodium storage performance of TiO, (190 mA h g~! at 2 A/g after 2500
cycles); Ma et al. prepared ultrathin MoS,/C nanosheets with abundant
S vacancies by a chemical reduction method [29], where S vacancies
expose rich active sites and promote Na* insertion, showing excellent
sodium storage performance (473 mA h g~! at 1 A/g after 100 cycles). It
has been noted that the electronegativity of S (2.58) is higher than that
of Se (2.48) and thus it may be expected that the introduction of S into
iron selenides may cause electrons around Fe>™ to be captured by S,
resulting in the oxidation of part of Fe?! to Fe>* to generate selenium
vacancies and the regulation of electron structure around Fe atoms,
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which are beneficial to reducing the diffusion carrier of Na™, exposing
more active sites and enhancing the conductively of the materials.

Herein, spatially dual-confined Vge-FesSes.4Sx/FeSeaxSx nano-
hybrids with abundant Se vacancies (Vge-FesSesxSx/FeSes.
Sx@NSC@rGO) are successfully synthesized via the comprehensive
strategy of anion doping and carbon confinement engineering by the
combined processes of freeze-drying treatment and sulfurization/sele-
nization using PAA@Fe(OH)3@rGO as the precursor. The spatially dual-
carbon confinement improves the electronic conductivity, ensures the
structure integrity and inhibits the agglomeration, pulverization and
volume change of active material during electrochemical reactions
[30,31]. Simultaneously, the introduction of S induces a of Se vacancies
and regulates the electron density around Fe atoms, improving the
conductivity of the material and fastening Na* ions de/insertion kinetics
[29,32]. Consequently, the Vg.-FesSesxSx/FeSesxSx@NSC@rGO ex-
hibits excellent reversible capacity of 630.1 mA h g~! after 160 cycles at
0.5 A/g and satisfactory cycle performance of 319.8 mAh g™t at 3A/g
after 500 cycles.

2. Experimental section
2.1. Materials

Poly(acrylic acid) solution with 50 % (MW ~ 3000) was acquired
fromAladdin Chemical Co., Ltd., ammonia solution (NH3, AR) and sulfur
powder (S, AR) were purchased from Cologne Chemical Co., Ltd., iron
nitrate nonahydrate (Fe(NO3)-9H20, AR) and selenium powder (Se, CP)
were obtained from Sinopharm Chemical Reagent Co., Ltd., and gra-
phene oxide was purchased from XFNANO Co., Ltd., 2-propanol (AR)
was acquired from Shanghai Titan Technology Co., Ltd. None of the
above chemicals were further purified.

2.2. Synthesis of Vse-FesSe4.Sy/FeSez ,Sx@NSC@rGO

Synthesis of PAA@Fe(OH)3 nanoparticles: 1 ml ammonia solution
and 0.5 ml Poly (acrylic acid) 50 % solution (MW ~ 3000) were added to
a 500 ml beaker. Then 50 ml deionized water was added to the beaker
and stirred for 40 mins. 300 ml 2-propanol was further added to the
above solution, quickly turning into a white suspension. Then, 0.5 g Fe
(NO3)-9H20 was slowly added to the white suspension and stirred
continuously at room temperature for 8 h. At last, the brown product
was washed with 2-propanol several times to obtain PAA@Fe(OH)3
nanoparticles.

Synthesis of PAA@Fe(OH)3 @rGO: 30 mg of rGO was dispersed into
30 ml of deionized water with ultrasonication for 10 h as solution A. In
the meantime, PAA@Fe(OH)3 was mixed with 30 ml of 2-propanol to
form solution B. Subsequently, solution A was slowly added to solution B
by drip and ultrasonication was performed for 2 h as solution C. Finally,
the solution C was freeze-dried for 48 h to obtain PAA@Fe(OH)3;@rGO.

Synthesis of Vge-FesSes.xSx/FeSez xSx@NSC@rGO: The obtained
PAA@Fe(OH)3@rGO (100 mg) with 50 mg S and 200 mg Se were put
into an alumina boat separately. The annealing treatment was carried
out in N atmosphere at 450 °C for 2 h with a ramp of 2 °C min~. After
natural cooling, the Vg.-FesSes xSx/FeSes xSx@NSC@rGO was obtained.

2.3. Synthesis of Fe;Sg@NSC@rGO and FesSe,/FeSe;@NC@rGO

The obtained PAA@Fe(OH)3@rGO (100 mg) with 200 mg S were put
into an alumina boat separately. The annealing treatment was carried
out in N atmosphere at 450 °C for 2 h with a ramp of 2 °C min . After
natural cooling, the Fe;Sg@NSC@rGO was obtained.
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The synthesis method of FegSe4/FeSeo@NC@rGO is similar as above,
only 200 mg S is replaced by 200 mg Se.

2.4. Materials characterization

The phase structure of the synthetic material was characterized by X-
ray powder diffraction (XRD, Smart Lab, Rigaku with Cu Ka radiation).
The Raman spectrum was measured by Raman spectrometer (Renishaw
RM2000, UK, with a 514 nm laser wavelength operated at a power of 5
mW). The field emission scanning electron microscopy (FEI/quanta250)
and field emission transmission electron microscopy (FE-TEM, G2F20,
USA) were used to observe the morphological characteristics and
microstructure of materials. The chemical bonds between elements the
material were characterized by X-ray photoelectron spectroscopy (XPS,
PHI 5000). A field emission transmission electron microscope (Zeiss/
sigma 500) with an energy dispersive spectroscopy detector was used to
test energy-dispersive spectrum (EDS). The pore properties and specific
surface area of the sample were obtained by the multipoint Brunauer-
Emmett-Teller (BET, ASAP2020HD8 Surface Area and Porosity
Analyzer) based on the Ny adsorption—desorption isotherms principle.
The vacancies of the material were characterized by electron para-
magnetics (EPR, Bruck-E500). The element content was measured by
inductively coupled plasma emission spectrometry (ICP-OES, Agilent
5110).

2.5. Electrochemical measurements

The anode electrode was prepared by mixing active substances
including acetylene black (Super P) and polyvinylidene fluoride (PVDF)
in N-methypyrrolidone (NMP) at a mass ratio of 7:2:1, specifically. The
loading mass of the electrodes we prepared was all about 1.5 mg, and the
mass of the active substance from the composition ratio of the above
electrode to be about 1.05 mg. A coin-operated (CR2032) battery was
assembled in an argon-filled glove box using sodium metal as the
counter electrode, copper foil as the collector, glass fiber membrane as
the separator, and 1 M NaF3SOs dissolved in diethylene glycol dimethyl
ether (DEGDME) as the electrolyte. All the galvanostatic cycle tests were
performed on a multichannel battery tester (LAND, CT2100A, China)
with the voltage window of 0.1 V — 3.0 V at room temperature. The
electrochemical impedance spectroscopy (EIS) and cyclic voltammetry
(CV) were tested on the electrochemical workstation (CHI 660E,
Shanghai, China). The sodium ion full battery was assembled using Vse-
FesSe4.4Sy/FeSes Sy @NSC@rGO as the anode material, NasVo(PO4)3 as
the positive electrode material, and NaPF¢ non-aqueous solution (NP-
005) as the electrolyte with a voltage window of 1.8 V-3.6 V. The mass
ratio of the anode (Vse-FesSes xSy/FeSes xSx@NSC@rGO) and the cath-
ode ((NagVy(POy4)3) is about 1: 4. In addition, the specific capacity of the
full cell was calculated based on the mass of the anode (Vse-FezSe4.xSx/
FeSe, xSx@NSC@rGO).

2.6. Theoretical calculation

Firstly, the supercell models of intrinsic FeSey, FeSe;.4Sx, FesSe4 and
FesSes.4Sx were constructed based on Materials Studio software, and
then imported into Gaussian09 software for model optimization. Finally,
the Density of States (DOS) map was drawn using Multiwfn software. Its
electronic structure was calculated and investigated. Gaussian09 soft-
ware was used to optimize the material model. The non-local exchange
correlation functional (PBE) under generalized gradient approximation
(GGA) was used in the simulation calculation process, and the interac-
tion between ion real and valence electrons was performed by projection
affixed plane wave (PAW) method. To avoid interactions between the
plates, the vacuum layer was set to 12 A to fix the bottom layer atoms
and leave the remaining two layers atoms in a relaxation state. The grid
size of the Brillouin zone integral K is 4 x 4 x 1, the cutoff energy is 400
eV, and the energy convergence criterion is set to 107 eV. The
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optimized model is loaded into the Multiwfn software and the data is
proposed, then the electronic DOS data is processed, and finally the data
is imported into the Origin software to draw a complete DOS map.

3. Results and discussion

Fig. 1 shows the preparation process of the Vge-FesSes.xSy/FeSes.
xSx@NSC@rGO. Polyacrylic acid (PAA) nanospheres are used as a
template. Firstly, Fe(OH);3 is deposited on the surface of the PAA by a
precipitation reaction to form PAA@Fe(OH)s nanospheres with a
diameter of ~ 100 nm. Then, rGO aqueous solution is mixed with the
PAA@Fe(OH)3 in isopropyl alcohol solution, subjected to ultrasound for
2 h, and freeze-dried for 48 h to obtain PAA@Fe(OH)3@rGO. Finally,
the Vge-FesSesxSx/FeSes xSx@NSC@rGO is obtained by sulfurization/
selenization processes. Due to the higher electronegativity of S than Se,
electrons around Fe?*" are captured by S during sulfurization/seleniza-
tion reactions, which induces a large number of Se vacancies and thus
regulating the electron density around Fe atoms [33,34].

Fig. 2 and S1 show the morphology and microstructure of the
PAA@Fe(OH)s3, PAA@Fe(OH)3;@rGO, FesSe4/FeSeo@NC@rGO,
Fe;Sg@NSC@rGO, and Vge-FesSes.(Sx/FeSes xSx@NSC@rGO by scan-
ning electron microscopy (SEM) and transmission electron microscopy
(TEM) test. The PAA@Fe(OH)3 precursor exhibits severe agglomeration
in Fig. Sla, while the PAA@Fe(OH); nanospheres are uniformly
anchored on the surface of the rGO as shown in Fig. S1b. Similarly, the
FesSes/FeSes@NC@rGO and Vse-FesSeys.4Sy/FeSes ySx@NSC are uni-
formly anchored on the surface of the rGO (Fig. 2a and S1c). However,
the Fe;Sg@NSC@rGO exhibits slight agglomeration (Fig. S1d). In
Fig. 2b, a large number of nanospheres are uniformly encapsulated into
the rGO. Fig. 2c¢ clearly demonstrates the confinement of carbon
nanosphere-containing particles by the rGO, visually exhibiting the
structural advantage of the double carbon confinement structure in
alleviating the agglomeration of active substances during cycling
[35-37]. The high resolution transmission electron microscopy (HR-
TEM) image in Fig. 2d shows that the Vg.-FesSes4xSx/FeSes.Sx is
encapsulated by the PAA-derived carbon materials and rGO, showing
the structural characteristics of double carbon confinement [38]. As
shown in Fig. 2d, the lattice fringes with the lattice spacings of 0.245
nm, 0.207 nm and 0.274 nm correspond to (01 2) crystal plane of FeSe,,
(—114) and (—202) crystal planes of FesSey, respectively. In addition,
the HR-TEM images and corresponding Inverse Fast Fourier transform
(IFFT) images reveal a large number of vacancy sites and lattice spacing
contraction (dotted lines and circles in red indicate the location in
Fig. 2d) [39]. Fig. 2e shows the elemental mappings of the Vg.-Fe3Se4.
xSx/FeSez xSx@NSC@rGO. It can be seen that Fe (green), Se (purple), S
(orange), C (yellow) and N (blue) elements are uniformly distributed in
the material.

Fig. 3a and S2 show the X-ray diffraction (XRD) patterns of the Vge-
FesSe4 4Sy/FeSes xSy @NSC@rGO, FesSe4/FeSeo@NC@rGO and
Fe;Sg@NSC@rGO. Clearly, it can be seen that the diffraction peaks of
the FesSes/FeSe;@NC@rGO are completely consistent with those of
FeSey (JCPDS No. 004-4751) and FesSe4 (JCPDS No. 001-5043), indi-
cating that the FesSes and FeSe; have been successfully synthesized.
After the introduction of S, the diffraction peaks of the Vge-FesSes.xSx/
FeSes xSx@NSC@rGO is slightly shifted towards low angles, which is
due to the fact that S is smaller than Se, causing the lattice shrinkage. In
addition, the diffraction peak intensities of the Vge-FesSes.4Sx/FeSeo.
xSx@NSC@rGO become weaker compared to those of the Fe3Ses/FeS-
e2@NC@rGO, which is attributed to a large number of Se vacancies
induced by the introduction of S [40]. In Fig. S2, the diffraction peaks of
Fe;Sg@NSC@rGO can be well indexed to those of Fe;Sg (JCPDS No. 25-
0411). In order to further prove the existence and valence distribution of
each element in the material, X-ray photoelectron spectroscopy (XPS) is
examined on the material. Fig. S3a shows that Fe, Se, S, N and C ele-
ments exist in the Vge-FesSes.xSx/FeSea xSx@NSC@rGO, while Fig. 3b
shows that the Fe 2ps» double peaks of Vge-FesSes.4Sx/FeSes.
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Fig. 1. Synthesis process of Vge-FesSes Sy/FeSes xSx@NSC@rGO.

Fig. 2. (a) SEM image of Vse-FesSesSy/FeSesSx@NSC@rGO; (b-c) TEM images of Vse-FesSes Sy/FeSes Sx@NSC@rGO; (d) HRTEM images of Vse-FesSesSy/
FeSe, ,Sx@NSC@rGO; (e) TEM EDS elemental images of Vge-FezSes.xSx/FeSes ySx@NSC@rGO.

xSx@NSC@rGO are located at 710.9 eV and 724.3 eV, respectively. It is
worth noting that there is a negative shift (0.3 eV) for the Vge-FesSe4.4<Sx/
FeSes xSx@NSC@rGO compared with the twin peaks of the Fe 2ps,»
(711.2 eV and 724.6 eV) of the FesSes/FeSe,@NC@rGO. The negative
shift of Fe>* peak indicates that the interaction between Fe and Se atoms
is weakened, which is caused by the joint attraction of Se vacancies and
S atoms to the surrounding electrons of Fe atoms [34]. On the contrary,
the two Fe 2p; /2 peaks of the Vge-FegSes.4Sx/FeSea xSx@NSC@rGO show
a positive deviation (0.2 eV) from those of the Fe3Se4/FeSe;@NC@rGO
[40]. As shown in Fig. S5, the peaks of the Fe2p3,» and Fe2p; 5 of the
Fe;Sg@NSC@rGO are 711.3 eV, 724.7 eV, 712.8 eV and 727.2 eV,
respectively [16]. Fig. 3c shows the Se 3d spectra of the Vge-FesSes.xSx/
FeSey xSx@NSC@rGO and FesSe,/FeSes@NC@rGO. Compared with the
peaks of Se 3ds/3 (55.3 eV) and Se 3ds3/3 (56.3 eV) of the FesSes/FeS-
e2@NC@rGO, the positive displacements (0.2 eV) for the Se 3ds/5 (55.5
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eV) and Se 3ds,»; (56.5 eV) peaks of the Vge-FesSes.4Sx/FeSes
xSx@NSC@rGO are due to internal vacancies [39,41]. The Se 3ds/, and
Se3ds,» in the materials indicate Se vacancy and lattice selenium,
respectively. Obviously, the area ratio of Se 3d3/, to Se3ds/ in the Vge-
FesSes.xSx/FeSes xSx@NSC@rGO (36.91 %) is higher than that of the
FesSes4/FeSeo@NC@rGO (29.73 %), indicating the increased Se va-
cancies induced by the introduction of S [41,42]. Fig. 3d shows the XPS
peaks of the S-Se (160.9 eV), s (162.2 eV and 164.2 eV) and C—S
(165.3 eV) in the Vge-FesSes.xSx/FeSezxSx@NSC@rGO, proving the
successful introduction of S into the iron selenides and carbon layers
[34]. In addition, it can be seen from Fig. S5b that the peaks of the S2p3/ 2
and S2p'/? of the Fe;Sg@NSC@rGO are 161.6 eV, 163.8 eV and 162.5
eV, 165.3 eV, respectively. As shown in Fig. 3e, the XPS peaks of N1s
(398.5 eV, 400.1 eV and 401.7 eV) for the Vse-FesSeq4Sy/FeSes.
Sx@NSC@rGO represent pyridine nitrogen, pyrrole nitrogen, and
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Fig. 3. (a) XRD patterns of Vge-FesSes.xSx/FeSeo  Sx@NSC@rGO and FesSes/FeSe,@NC@rGO; (b) XPS spectra of Fe 2p in Vge-Fe3Ses.xSx/FeSes xSy @NSC@rGO and
Fe3Ses/FeSe;@NC@rGO; (c) XPS spectra of Se 3d in Vge-FesSes Sy/FeSes Sx@NSC@rGO and FesSes/FeSe;@NC@rGO; (d) XPS spectra of S 2p in Vge-FesSes Sy/
FeSe, xSx@NSC@rGO; (e) XPS spectra of N 1s in Vge-FesSes,Sy/FeSes<Sx@NSC@rGO; (f) EPR spectra of Vge-FesSes.xSyx/FeSes Sx@NSC@rGO, FesSey/FeS-

e,@NC@rGO and Fe;Sg@NSC@rGO.

graphene nitrogen, respectively, similar the FesSes/FeSe;@NC@rGO
(Fig. S4a) and Fe;Sg@NSC@rGO (Fig. S5¢). Moreover, form the XPS
spectrum of Cl1s (Fig. S3b) for the Vge-FesSes.4Sx/FeSes xSx@NSC@rGO,
a C—N peak can be observed at 285.1 eV, showing the presence of the
doping of N into carbon [37], similar to the Fes3Ses/FeSeo@NC@rGO
(Fig. S4b) and Fe;Sg@NSC@rGO (Fig. S5d). In order to further confirm
the existence of Se vacancies, electron paramagnetic resonance (EPR)
test is performed on the Vge-FegSes.4Sx/FeSea xSx@NSC@rGO, FesSes/
FeSes@NC@rGO and Fe;Sg@NSC@rGO. Clearly, the Vge-FesSesxSx/
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FeSey xSx@NSC@rGO exhibits the strongest EPR signal at g = 2.003
(Fig. 3f) among the three materials, suggesting the existence of a number
of Se vacancies [43,44].

To further study the chemical forms of carbon in the composites,
Fig. 4a shows two main peaks (~1355 and ~ 1580 cm™Y) in the Raman
Atlas, in which one belongs to sps-hybrid disorder (D) and the other to
sp>-hybrid graphene (G). According to the Ip/Ig values of the three
samples in the Raman spectra, the defect carbon content of the Vg,-
FesSe4.xSx/FeSes xSx@NSC@rGO is higher than that of the other two
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Fig. 4. (a) Raman spectra, (b) N, adsorption/desorption isotherms, (c) pore size distributions and (d) CHNS element analysis of Vg.-Fe3Se4.,Sx/FeSes xSx@NSC@rGO,
Fe3Ses/FeSe;@NC@rGO and Fe;Sg@NSC@rGO (the experimental data are obtained from two repeated tests and the experimental error is less than 2 %).

samples [45], which is beneficial to the full immersion of electrolyte in
the material, and exposing expose more sodium storage sites. In
Brunauer-Emmett-Teller (BET) test (Fig. 4b, c), the Vge-FesSes.xSx/
FeSey xSx@NSC@rGO shows a large specific surface area and meso-
porous pore size (4- 45 nm). In addition, both specific surface area and
pore volume of the Vge-FesSes.xSx/FeSes xSx@NSC@rGO are superior to
the other two samples. It can be seen from the CHNS element analysis
bar chart (Fig. 4d) that the carbon and nitrogen contents of the Vge-
FesSe4.4Sy/FeSes xSy @NSC@rGO, FesSes/FeSeo@NC@rGO and
Fe;Sg@NC@rGO are 26.4 % and 1.51 %, 29.5 % and 1.2 %, 31.3 % and
1.0 %, respectively. The S doping content in the Vg.-Fe3Ses xSx/FeSes.
Sx@NSC@rGO material is ~ 4.4 wt%, which is similar to the Energy
Dispersive Spectroscopy (EDS) test result (Fig. S6).

The electrochemical performance of the Vge-FesSesSx/FeSes.
Sx@NSC@rGO, Fe;Sg@NSC@rGO and FesSes/FeSea@NC@rGO is
tested in a coin-type 2032 cell. Fig. 5a exhibits that the cyclic voltam-
metry (CV) curves of the Vge-FesSes (Sx/FeSez xSx@NC@rGO in the
initial three cycles almost coincide at the scan rate of 0.1 mV s !,
indicating strong electrochemical reversibility. It is worth mentioning
that two small reduction peaks occur at 1.0 — 1.2 V during the first
cathode scan, and disappear in the subsequent cycles [46]. This is
attributed to the insertion of Na®, accompanied by the irreversible
decomposition of the electrolyte, to form an interfacial membrane (SEI)
with the solid electrolyte [16]. A broad peak at 0.40 V — 0.47 V may be
attributed to the conversion reaction of FeSe; and Fe3Se4 components
and the production of Fe® [46]. During the subsequent anodic scan, the
presence of three distinct oxidation peaks at 1.5V, 1.7 V, and 2.3 V is
attributed to remodeling of FeSey and FesSe4. As shown in Fig. 5b, the
charging and discharging capacities of the Vge-FesSesxSx/FeSes.
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Sx@NSC@rGO electrode at 0.5 A/g are 882.2mAh g~ and 648.4 mA h
g~ !, respectively, and the initial Coulomb efficiency (CE) is 73.50 %. The
relative low CE in the first cycle is due to the irreversible reaction of SEI
formed in the discharge process [16]. The CE increases to 96.16 % after
the second cycle and then remains stable, while the specific capacity
gradually increases in the subsequent cycles. At the ampere density of
0.5 A/g (Fig. 5c¢), the Vge-FesSes.xSx/FeSea xSx@NSC@rGO electrode
delivers a reversible capacity of 630.1 mA h g~! after 160 cycles. It is
worth noting that the capacity of the Vge-FesSesSx/FeSes.
xSx@NSC@rGO electrode shows a downward trend after the first cycle,
which is because in the early cycle, Na* and anions in the electrolyte
repeatedly form a solid electrolyte interface (SEI) on the electrode sur-
face, and part of the sodium ions are consumed, resulting in irreversible
loss of capacity [47,48]. When SEI is gradually stabilized, the kinetics of
Na™ diffusion is enhanced, and the sodiation-induced reactivation also
leads to a gradual increase in capacity [39,49]. In contrast, the specific
capacity of the Fe;Sg@NC@rGO electrode decreases rapidly after 70
cycles and even drops to only 252.6 mA h g~! after 130 cycles. The
FesSe4/FeSeo@NC@rGO electrode inherits the excellent cycling stabil-
ity of selenides, but the specific capacity is much lower than that of the
Vse-FesSes.xSx/FeSes xSy @NSC@rGO (371.2mA h g’1 after 160 cycles).
As shown in Tab. S1, the reversible capacity of the FesSes.,Sy/FeSes.
xSx@NSC@rGO is comparable /superior to that of previously reported
selenide and sulfide anodes. Fig. 5d shows the rate performance of the
three samples at different current densities. When the current densities
are 0.1, 0.2, 0.5, 1, 2 and 5 A/g, the average discharge capacities of the
Vse-FesSesxSx/FeSes xSx@NSC@rGO are 552.2, 496.9, 479.4, 458.3,
428.6 and 377.5 mA h g1, respectively, while when the current density
is restored to 0.1 A/g, the average discharge capacity can be restored to
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Fig. 5. (a) CV tests of Vge-FesSesSy/FeSes Sx@NSC@rGO electrode; (b) Discharge-charge cycle curves at 0.5 A/g; (c) Cycling stability of Vs.-Fe3Se4.,Sx/FeSes.
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e2,@NC@rGO and Fe;Sg@NSC@rGO; (e) Long-term cyclic stability of Vge-FesSes.xSx/FeSes xSx@NSC@rGO at 3 A/g.

615.4 mA h g~1. The long-cycle test in Fig. 5e further indicates that the
Vse-FesSes.xSx/FeSes «Sx@NSC@rGO electrode is one of the promising
candidates as long-life anodes for SIBs. After 500 cycles, the Vg.-Fe3Se4.
«Sx/FeSes xSy @NSC@rGO electrode retains 319.8 mA h g_1 at 3 A/g
(79.9 % capacity retention and 0.016 % capacity decay per cycle). As
shown in Fig. S7 (a-c), the Vge-FesSes.4Sx/FeSea xSx@NSC@rGO elec-
trode do not fall off and chap after 50 and 100 cycles at 0.5 A/g
compared with that before cycling. And the Vge-FegSes.xSx/FeSeo.
xSx@NSC@rGO composite presented in Fig. S7 (e-f) still maintains the
3D cross-linked structure, being consistent with that before cycling,
indicating that the double carbon confinement strategy can effectively
alleviate the volume change, pulverization and agglomeration of the
material during cycling. In addition, according to previous studies
[50,51], Cu element in the electrode may penetrate into the active
material of the electrode during cycling, further improving the sodium
storage performance of the material. As shown in Fig. S8 and Tab. S2, Cu
element is detected in the electrode material after 300 cycles and the
molar ratio of Cu to Fe element is 1:7.7. In order to make the sodium
storage performance of the Vge-FesSes.xSx/FeSes xSx@NSC@rGO com-
posite more comparable, the cycling performance of the rGO is tested at
0.5 A/g and 3 A/g. Fig. S9 (a-b) shows that the rGO has a capacity of
161.8 mA h g~ ! after 100 cycles at 0.5 A/g and 111.8 mA h g~ ! after 500
cycles at 3 A/g, respectively. In order to verify the practicability of the
Vse-Fes3Ses xSx/FeSes xSx@NSC@rGO anode material, the full battery is
assembled using the Vge.-FesSes xSx/FeSes xSx@NSC@rGO as the anode,
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the NagV,(PO4)3 as the cathode, and the NaPFg non-aqueous solution
(NP-005) as the electrolyte. Fig S10a shows the simulation diagram of
the full battery. From Fig. S10b, the Vge-FesSesSx/FeSes.
xSx@NSC@rGO//NazV(PO4)s contributes a reversible capacity of 59.6
mAh g’1 after 100 cycles at 0.5 A/g, suggesting that the Vge-FegSes.xSx/
FeSe xSx@NSC@rGO anode material has a certain practical application
prospect.

To further explore the rationales for the excellent performance of the
Vse-FesSeq xSy/FeSes xSy @NSC@rGO as an advanced anode material for
SIBs, CV curves test at various scan rates, electrochemical impedance
spectroscopy (EIS) analysis and galvanostatic intermittent titration
technique (GITT) test are performed. As shown in Fig. 6a, at the scan-
ning rates of 0.2 — 1.0 mV s~!, the CV curves exhibits similar profile
accompanied by small peak displacement along with the increasing
scanning rate, indicating that the Vg.-Fe3Ses xSx/FeSes xSx@NSC@rGO
electrode has slight polarization and excellent reversibility [16]. Based
on previous studies [52-54], the charge storage is controlled by both
ionic diffusion contribution and pseudo-capacitance contribution. The
contribution ratio of the pseudo-capacitance can be determined quan-
titatively by the following equations:
i =a’ (@D)]
log(iy) = blog(v) +log(a) @

where, i) and v represent peak current and scan rate, respectively, and a
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and b are adjustable parameters. In general, when the b value is close to
0.5, the process is controlled by ion diffusion, while when the b value is
close to 1, the capacitive control process is dominant [55]. As shown in
Fig. 6b, the anode peak fitting b values are 0.83, 0.75 and 1.0, respec-
tively, while the cathode peak fitting b values are 0.97 and 0.90,
respectively. Clearly, Na™ storage in the electrode is mainly controlled
by the pseudo-capacitance behavior [56]. Furthermore, the specific
proportion of the contribution of pseudo-capacitance to the total ca-
pacity can be calculated from Equation (3):
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i=kyv+ky'? 3)
The former kv represents the contribution of the pseudo-capacitance
process to the total current value (i), and the latter kzvl/ 2 represents
the contribution of the diffusion process to the total current. According
to the calculation, as shown in Fig. 6¢, when the scan rate is 1.0 mV s L
the contribution of the pseudo-capacitance accounts for 83.4 % of the
total charge. At scan rates of 0.2 mV s~ ! to 1.0 mV s~1, the contribution
of the pseudo-capacitor increases from 69.9 % to 83.4 % (Fig. 6d). The



P. Wang et al.

high contribution of pseudo-capacitors to the total capacity is attributed
to the existence of a large number of Se vacancies that can expose more
active sites and provide three-dimensional transport paths for Na™, thus
enhancing the electrochemical reaction kinetics of the materials.

The diffusion coefficient of Na™ is measured by GITT at the voltage
range of 0.1 V — 3.0 V. The diffusion coefficient of Na* can be obtained
by Equation (4):

Dyes = (4/77)A-(n,,A-V,,/S)*A-(AEs/ AEr)? 4)
where t, ny,, Vi, S, AEs and AEt represent the intermittent time, molar
mass, molar volume, electrode cross-sectional area, voltage change
caused by pulse and constant current, respectively [46]. As shown in
Fig. 6Ge, the Na' diffusion coefficient of the Vge-FesSesSy/FeSes.
Sx@NSC@rGO electrode is higher than those of FegSes/FeS-
e2@NC@rGO and Fe;Sg@NSC@rGO electrodes in the processes of
charge and discharge.

The Nyquist diagram consists of the arched part of the high-
frequency region and the linear part of the low-frequency region
(Fig. 6f). By equivalent circuit analysis (Fig. S11), Re, Rf and R are
electrolyte resistance, electrode surface film resistance and charge
transfer resistance, respectively. As shown in Fig. 6f, the initial R (4.1
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Q) of the Vse-FesSe4 xSy/FeSes xSy @NSC@rGO electrode is much smaller
than those of the FesSes/FeSe;@NC@rGO (24.8 Q) and Fe;Sg@-
NSC@rGO (37.6 Q) electrodes. The results show that the introduction of
heteroatoms and the formation of Se vacancies significantly improve the
charge transfer kinetics [39].

According to CV test curve and previous reports [52,57-59], the
sodium storage mechanism of Vge-FesSes4Sy/FeSesSx@NSC@rGO is
inferred as follows:

FesSeq xSy + x Na™ + x e~ « NayFe;Seq Sy 5)
FeSe, Sy + x Nat + x e~ « NayFeSe;_,Sx (6)
NayFesSes,Sx + (8-x) Na™ + (8-x) e~ © Nag,Sesy + Nan Sy + 3Fe  (7)
NayFeSe, Sy + (4-x) Nat + (4-x) e~ © NayoSes + Nap Sy + Fe 8)

Here, Equations (5) and (6) represent the Na* embedding process,
which takes place at 1.75 V — 2 V. Equations (7) and (8) show the
conversion reaction during sodium storage, which occurs at about 0.75
V. Since the above sodium storage reactions are all reversible reactions,
according to the out-of-situ XRD and CV test curves [60], the reverse
reaction process of Equations (7) and (8) occurs at 1.5 V and 1.7 V,
respectively, and the Na' removal process of Equations (5) and (6)
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Fig. 7. (a) Charge-discharge curves at 0.5 A/g and matching ex-situ XRD patterns of Vse-FesSes Sy/FeSesSx@NSC@rGO electrode between 0.1 and 3.0 V; (b)
Evolution diagram of charging and discharging materials of Vs.-Fe3Ses Syx/FeSes Sx@NSC@rGO.
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occurs at 2.3V — 2.4 V.

As shown in Fig. 7a, the galvanostatic charge/discharge (GCD) curve
at a current density of 0.5 A/g can be divided into 11 states (OCV;
Discharge: 1.0V, 0.6 V, and 0.2 V; Charge: 0.4 V,0.8V,1.2V,1.6 V, 2.0
V, 2.4 V and 2.8 V). It can be seen from Fig. 7a that there are obvious
diffraction peaks in the initial state, corresponding to (004) and (—312)
crystal planes of FesSes and (101), (111), (012) and (121) crystal
planes of FeSe,. During the discharge process, the diffraction peaks of
FesSe4 and FeSe; gradually disappear, while those of NaySe, NayS and Fe
gradually appear. The presence of NayS here proves that the doped S is
involved in the process of sodium storage, which is considered to be one
of the major reasons for the high capacity of the Vg.-FesSe4xSx/FeSes.
xSx@NSC@rGO. On the contrary, during the charging process, the
diffraction peaks of NagSe, NayS and Fe gradually disappear, while those
of Fe3Se4 and FeSe, gradually appear, and finally return to the initial
state. The analysis of ex-situ XRD patterns proves our inference on the
sodium storage mechanism of the Vge-FesSes.4Sx/FeSes xSy @NSC@rGO,
which is consistent with Fig. 7b, resulting in good reversibility in the
charge and discharge processes.

In order to further explore the synergistic effect of electron density
regulation and Se vacancy on Na' storage in the material, the first
principle calculations (DFT) are performed [61]. Figs. S12(a-d) show the
crystal structures of FeSep, Vg.-FeSes Sy, FesSes and Vge-FegSes«Sx,
respectively. As expected, Fig. 8(e, f) show that the Vge-FeSey.«Sx and
Vse-FesSeq xSy has significantly higher electron state densities at the
Fermi level when compared to FeSe; and FesSe4 [62,63]. This indicates
that the introduction of S regulates the electronic structure, promotes
the charge transfer, and improves the intrinsic conductivity of the ma-
terial. The Climbing-Image NEB method is used to calculate the migra-
tion energy barriers of Na® in FeSes, Vse-FeSes.,Sy, FesSeq and V-
FesSe4.xSx to evaluate the effect of Se vacancy on ion migration [64,65].
The possible migration paths of Na™ in the four models are shown in
Fig. 8(a — d). It is worth noting that the migration energy barriers of Na™*
in the vacancies of the Vge-FeSes Sy and Vge-FesSes4Sy, as shown in
Fig. 8(g, h), are much less than that between the layers of FeSey and
FesSe4 [66]. This verifies that the Se vacancy can effectively reduce the
diffusion resistance of Na' and improve the reaction kinetics of the
material. The theoretical calculation results show that the introduction
of S leads to the reconstruction of the electronic structure of iron
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selenide and Se vacancies, which not only improves the conductivity of
the material, but also promotes the migration of Na* in the electrode
material. As a result, the material exhibits excellent sodium storage and
rate properties.

4. Conclusion

In summary, we have constructed spatially dual-carbon-confined
Vse-FesSeq xSx/FeSes Sy nanohybrids with abundant Se vacancies by
anion doping and carbon confinement engineering. The composite ma-
terial synthesized by precipitation, freeze-drying and sulfurization/
selenization possesses 3D cross-linked structure, alleviating the
agglomeration of active substances and achieving excellent cycling
performance [67]. In addition, Se vacancy induces the electronic
structure transformation of the material and provides a large number of
transmission paths for Na™, promoting the electron transfer and reduces
the Na' diffusion energy barrier [39]. Therefore, the Vge-FesSes.xSy/
FeSey.xSx@NSC@rGO has excellent electrochemical performance, giv-
ing the reversible capacities of 630.1 mA h g1 after 160 cycles at 0.5 A/
g, and 319.8 mA h g~ ! after 500 cycles at 3 A/g. This study indicates that
the excellent structural design and abundant Se vacancies have great
potential to improve the storage performance of Na® in iron selenides
[39,68].
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