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A B S T R A C T   

Developing effective anode materials for sodium-ion batteries (SIBs) remains challenging. Although FeS2 has a 
high theoretical capacity, it suffers from significant volume changes during charge/discharge and forms soluble 
polysulfides at lower potentials (below 0.8 V vs. Na/Na+), making practical application difficult. We have 
developed an effective strategy to synthesize N-doped carbon-coated FeS2 nanorattles encapsulated in N/S dual- 
doped graphene/single-walled carbon nanotubes (G/SWCNTs) via hydrothermal vulcanization (FSCGS). This 
approach enabled the simultaneous formation of nanorattle structures and N/S dual-element doping into the G/ 
SWCNT network. Using the FSCGS sample as an anode for SIBs, a remarkable specific capacity of 1,190 mAh g− 1 

at a current density of 0.1 A g− 1 was achieved, with an excellent rate capability of 476 mAh g− 1 at 10.0 A g− 1. 
Moreover, it exhibited superior cyclic stability, with a capacity retention of 91.3% at 0.5 A g− 1 after 200 cycles. 
First-principles calculations revealed that pyridinic-N/S doping of the basal graphene network improved Na+

reduction, resulting in enhanced electrochemical performance. The effective electrochemical functioning of the 
FSCGS anode material was attributed to an optimized hierarchical architecture and the excellent electrical 
conductivity/electrochemical activity provided by the dual carbon entities (N-doped carbon and N/S dual-doped 
G/SWCNT network).   

1. Introduction 

By supporting the digital arena and technological developments to
ward electrification of vehicles, energy storage devices have become 
vital for our daily lives [1,2]. Consequently, extensive research has been 
devoted to developing efficient energy storage devices, such as lithium 
(Li)-ion batteries (LIBs), sodium (Na)-ion batteries (SIBs), and potassium 
(K)-ion batteries to make this possible [3–9]. Among these, SIBs are of 
particular interest because of the high natural abundance of Na, which 
would reduce the fabrication cost for commercial use in many practical 
applications [10–12], including transportation, grid-level applications, 
defense, and aerospace [13,14]. However, the atomic radius of Na+ is 
1.34-times larger than that of Li+, [15–17] making it challenging to 
intercalate into graphite (a typical Li-ion anode material), which limits 

practical applications [18,19]. Furthermore, the larger radius of Na+

results in massive volume expansion of electrodes during charge/ 
discharge, resulting in electrode pulverization and degeneration 
[20–22]. Therefore, designing a suitable anode host with excellent 
specific capacity and energy density is essential to mitigate pulveriza
tion during charge/discharge. 

Various carbonaceous materials and metal oxides/sulfides/phos
phides have been explored as anode materials for SIBs [19,23–29]. 
Carbonaceous materials exhibit huge irreversible capacity loss and 
ambiguous potential windows, leading to poor rate capability. 
Conversely, metal oxides/sulfides/phosphides suffer from significant 
volume expansion, and material degeneration causes inferior electro
chemical performance. Metal sulfides are of interest because of their 
high theoretical capacity [30,31]. Particularly, iron sulfide (FeS2) is 
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environmentally benign, intrinsically safe, naturally abundant, and has 
a high theoretical capacity (894 mAh g− 1) [32,33]. The marcasite FeS2 
(m-FeS2) possesses a lower bandgap (0.40 eV) than pyrite FeS2 (p-FeS2) 
(0.95 eV), demonstrating better electrical conductivity in m-FeS2 [34]. 
However, the metastable nature and typical synthetic procedure of m- 
FeS2 restrict its exploration towards practical energy storage. Therefore, 
p-FeS2 has been explored as a LIB and SIB anode material. It undergoes 
intercalation and conversion reactions during charge/discharge, similar 
to transition-metal sulfides [35,36]. However, p-FeS2 stores energy via a 
diffusive mechanism rather than capacitive charge storage, accompa
nied by sluggish kinetics, resulting in inferior electrochemical perfor
mance [32,36]. Moreover, p-FeS2 suffers from poor electrical 
conductivity and displayed significant volume expansion (280%) during 
cyclic stability testing [37,38]. 

Various strategies have been explored to overcome these issues 
[19,32,38–43]. One approach has been to close the potential window at 
0.8 V, resulting in improved cyclic stability. However, this sacrifices 
reversible capacity and energy density, which is a major barrier to 
practical applications [32,39,40]. For better rate capability and cyclic 
stability, tuning the FeS2 particle size from micro- to nanosized has been 
proposed using foam-like nanoparticle aggregates [38] and nano
particles embedded in a micro-sized carbon matrix [42]. However, 
nanoparticle-based materials typically experience low tap density and 
initial Coulombic loss, which are major concerns for practical applica
tions. To accommodate the volume expansion of FeS2, yolk@shell ma
terials have been suggested as anodes for SIBs. Carbon-encapsulated 
FeS2 (FeS2@C) yolk@shell nanoboxes demonstrated better cyclic sta
bility with improved specific capacity than fully occupied FeS2@C 
nanoboxes [41] but still exhibited lower specific capacity [39]. To 
improve the conductivity of FeS2, integration with highly conductive 
graphene networks was performed;[19,40], which provided better cy
clic stability but low specific capacity. Heteroatom doping to carbon 
shells has also been studied and provided good specific capacity but poor 
rate performance and cycle stability [43]. Recently, Hao et al. have 
explored dual crystalline FeS2 towards Na+ storage and observed that 
volume expansion was controlled by asynchronous reactions of ‘‘self- 
matrix’’ effect of dual crystalline FeS2 [44]. Extensive research has 
focused on efficient FeS2-based anode materials for SIBs, but achieving 
superior cyclic stability, specific capacity, and rate capability simulta
neously remains a challenge. 

Herein, we demonstrate a novel structure encapsulating FeS2@N-C 
nanorattles in an N/S dual-doped graphene/single-walled carbon 
nanotube (G/SWCNT) network composite prepared via a one-step hy
drothermal approach. Here, the high conductivity and nanometer-thick 
graphene and SWCNTs tightly and thoroughly attach to the FeS2@N-C 
nanorattles, providing highly conductive multiple pathways and pre
venting the agglomeration of the nanorattles, playing crucial role in 
improving the electrical transport within the FSCGS composites, which 
is a drawback of core–shell or nanorattle structures. The synthesized 
hierarchical architecture was optimized for energy storage as follows: 
nanorattle structures accommodating significant volume changes; N- 
doped carbon coating over FeS2 protecting from direct interaction with 
electrolyte; highly conductive graphene/SWCNT network providing 
multiple electrical highways and high surface area; and pyridinic-N/S 
doping into G/SWCNT network enhancing the carrier density and 
facilitating Na+ diffusion. As a result, the multi-featured FeS2@N-C 
nanorattles, encapsulated in an N/S dual-doped G/SWCNT network 
composite electrode as an anode for SIBs, demonstrated a remarkable 
specific capacity of 1,190 mAh g− 1 at a current density of 0.1 A g− 1, 
along with excellent rate capability (476 mAh g− 1 at 10.0 A g− 1). 
Moreover, it exhibited specific capacity retention of 91.3% at 0.5 A g− 1 

and 83.6% at 1.0 A g− 1 after 200 cycles in the large potential window of 
0.005–3.0 V vs. Na/Na+. Through first-principles calculations, we 
investigated the theoretical background for the performance improve
ment derived from changes in Na overpotential and differences in partial 
charge due to N/S doping in graphene networks. As a result, we 

successfully implemented the optimized architecture and enlarged the 
working potential window, resulting in superior specific capacity and 
rate capability along with significantly improved cyclic stability, which 
are vital characteristics for practical SIB applications. 

2. Results and discussion 

A schematic representation of the synthesis of FeS2@N-C nanorattles 
encapsulated in an N/S dual-doped graphene/SWCNT network com
posite (FSCGS) is presented in Fig. 1. The reaction between Fe2O3 
nanocubes and dopamine hydrochloride at room temperature in Tris- 
HCl buffer resulted in a uniformly coated polydopamine (PDA) layer 
on the surface of Fe2O3 nanocubes. Calcination of Fe3O4@PDA at high 
temperature under argon atmosphere produced Fe3O4@N-C core@shell. 
The Fe3O4@N-C core@shell nanocubes were mixed in a graphene oxide 
(GO; 36 mg) aqueous solution, tip-sonicated for uniform dispersion, and 
combined with a tip-sonicated SWCNT (15 mg) dispersion. Quenching of 
the Fe3O4@N-C core@shell nanocubes in the GO/SWCNT dispersion in 
liquid nitrogen, followed by freeze-drying, encapsulated the Fe3O4@N-C 
core@shell nanocubes into the GO/SWCNT network. Finally, hydro
thermal sulfurization with thioacetamide at 200 ◦C for 6 h formed 
FeS2@N-C nanorattles encapsulated in an N/S dual-doped graphene/ 
SWCNT (mass ratio 1.5:1) network (FSCGS) composite. The formation of 
nanorattle structures can be explained by Ostwald ripening [45,46]. 

Various characterization techniques were used to confirm the for
mation of pure FeS2 nanoparticles (FS), FeS2@N-C nanorattles (FSC), 
and the FSCGS network. Initially, the morphology of all of the samples 
was examined using field-emission scanning electron microscopy (FE- 
SEM). Transmission electron microscopy (TEM) was then carried out to 
explore the FSCGS sample. The FE-SEM image of Fe3O4@N-C shows a 
uniform coating of carbon shells over the surface of Fe3O4 nanocubes, 
and the mean diameter was estimated to be about 550 ± 10 nm 
(Fig. 2a). The FE-SEM image of pure FeS2 shows aggregated nano
particles (Fig. 2b), and the size of the nanoparticles was estimated to be 
about 100 ± 20 nm. The FE-SEM image of FeS2@N-C shows an aggre
gated FS core with transparent carbon shells (Fig. 2c); here, the carbon 
coating is protected from the aggregation of FS. Fig. 2d illustrates the 
uniform distribution of FeS2@N-C nanorattles in a network of N/S dual- 
doped G/SWCNT. The TEM images of the FSCGS sample clearly show a 
void space between the FS and N-C shell, indicating the formation of FSC 
structures (Fig. 2e and f). In addition, the images offer the wrapping of 
graphene layers and SWCNTs over the surface of the FSC. The high- 
resolution TEM image indicates a clear interface between the gra
phene, carbon, and FeS2 (Fig. 2g), with a lattice spacing of 0.54 nm 
consistent with the (100) plane of p-FeS2. The selected area electron 
diffraction pattern demonstrates the polycrystalline nature of FeS2 
(Fig. 2h) and indicates diffractions corresponding to the dual phases of 
p- and m-FeS2. The FE-SEM images of FSCG and FSCS samples are shown 
in Fig. S1. The elemental composition and color mapping of FS, FSC, and 
FSCGS samples were analyzed using energy-dispersive X-ray spectros
copy (EDS) coupled with FE-SEM (Figs. S2-S4). The EDS color mapping 
further confirmed the formation of FeS2 in all three samples. Notably, 
Figure S3 shows intense colors corresponding to S and N throughout the 
sample, suggesting the doping of N and S into the G/SWCNT network. 
The TEM-EDS color mapping further indicated the presence of required 
elements, suggesting the formation of FSC encapsulated into the N/S 
dual-doped G/SWCNT network composite (Fig. 2i-n). 

The phase purity of all of the samples was examined using XRD 
analysis, which confirmed the formation of p-FeS2 (JCPDS no: 42–1340) 
(major contribution) and m-FeS2 (JCPDS no: 37–0475) (minor contri
bution) (Fig. S5a). The presence of a minor percentage of m-FeS2 in the 
FSC may boost electrical conductivity and ensure the structural integrity 
of FSC. However, no reflections due to carbon or G/SWCNT were 
observed in the XRD patterns of the FSC and FSCGS samples. To confirm 
the presence of carbon or G/SWCNT in these samples, we conducted a 
non-destructive Raman spectroscopy analysis (Fig. 3a). All three 
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samples (FS, FSC, and FSCGS) displayed Raman vibrations at 320, 335, 
380, and 433 cm− 1. Among them, the Raman vibration at 320 cm− 1 is 
consistent with the Ag characteristic mode of m-FeS2 [34,47]. The other 
three vibrations, at 335, 380, and 433 cm− 1, are attributed to Eg (out-of- 
plane displacement of S atoms), Ag (in-plane S-S stretching), and Tg 
(symmetry mode), respectively, of p-FeS2 [48,49]. The GS, FSC, and 
FSCGS samples showed two additional Raman vibrations at 1,330 and 
1,590 cm− 1, corresponding to the D and G bands of carbon or G/SWCNT 
[39,50]. The GS sample showed a broad D band with an intense G band 
(ID/IG = 0.5), indicating the presence of sp2-hybridized graphene/CNT. 
The FSC sample showed an intense broad D band and weak G band (ID/ 
IG = 3.9), indicating more defective and less graphitized carbon with the 
presence of a short-range graphitic structure in the N-C shell [50,51]. In 
contrast, the FSCGS sample displayed a highly intense G band compared 
with the D band (ID/IG = 0.1) because of the high content of sp2-hy
bridized graphene/CNT materials [43]. The Raman analysis further 
confirmed the co-existence of p- and m-FeS2 and highly graphitized 
carbon in the FSCGS sample. 

The FeS2 content of the FSC and FSCGS samples determined by 
thermogravimetric analysis under air atmosphere was 94.0% and 
84.0%, respectively (Fig. S5b). Pore size distribution and specific sur
face area (SSA) studies were also carried out (Fig. S6). All of the samples 
(FS, FSC, and FSCGS) displayed a type-IV curve with H3 hysteresis, 
which indicated the presence of mesopores (Figs. S6a-c). The SSA of FS, 
FSC, and FSCGS was estimated as 40.8, 68.0, and 94.2 m2 g− 1, respec
tively. The presence of atomically thin G/SWCNT in the FSCGS sample 
enhanced the surface area, providing additional active sites for better 
Na+ storage. The pore size, derived from Barrett-Joyner-Halenda anal
ysis, was less than 2.0 nm for all samples, indicating the presence of 

distinct mesopores; these are vital for Na+ storage (Fig. S6d). 
The surface oxidation states and composition of the FS, FSC and 

FSCGS samples were assessed using X-ray photoelectron spectroscopy 
(XPS). Fig. S7 displays the survey spectra of the FSCGS sample, and the 
XPS spectra of FS and FSC samples are shown in Figs. S8 and S9, 
respectively. The high-resolution Fe 2p spectrum displayed two char
acteristic peaks at 707.1 and 719.8 eV, corresponding to Fe 2p3/2 and Fe 
2p1/2 doublet splitting due to spin–orbit coupling of FeS2 (Fig. 3b) 
[34,40]. The high-resolution S 2p spectrum was deconvoluted into 
several peaks (Fig. 3c). The peaks at 162.5 and 164.8 eV correspond to 
Fe-S 2p3/2 and Fe-S 2p1/2, respectively, and another peak at 163.6 eV 
relates to C-S 2p3/2, indicating S doping into the G/SWCNT network 
[52]. The C 1s spectrum was deconvoluted into four peaks corre
sponding to C–C/C = C (284.5 eV), C-N (285.1 eV), C-S (286.3 eV), and 
O-C = O (288.4 eV) bonds, indicating successful doping of N/S into the 
G/SWCNT network (Fig. 3d) [43,52]. The electron-rich donors (pyr
idinic N/S) co-doped into the G/SWCNT network improved charge 
carrier density, thus enhancing electrical conductivity via improved 
charge kinetics [40]. The N 1s spectrum comprised three peaks corre
sponding to relatively strong pyridinic N (398.3 eV) (compared with the 
FSC sample), pyrrolic N (399.9 eV), and graphitic N (401.4 eV) (Fig. 3e) 
[43,52]. Pyridinic N can introduce defects into the G/SWCNT network, 
resulting in more active sites for Na+ insertion and extraction (supported 
by the later theoretical analysis) [51]. Therefore, the N content of the 
FSC and FSCGS samples was estimated as 3.4 and 5.8 at%, respectively, 
indicating higher N content in the FSCGS sample. The high-resolution O 
1s spectra showed three peaks centered at 530.9, 531.7, and 532.9 eV, 
corresponding to O-Fe, O-C, and O-C = O bonds (Fig. 3f) [25]. These 
results further support the formation of FSC encapsulated into N/S dual- 

Fig. 1. Schematic representation of the synthesis of FeS2@N-C nanorattles encapsulated in an N/S dual-doped graphene/SWCNT network.  
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Fig. 2. (a-c) Field-emission scanning electron microscopy (FE-SEM) images of the Fe3O4@C, FS, and FSC samples. (d) FE-SEM, (e, f) transmission electron micro
scopy (TEM), (g) high-resolution TEM, (h) selected area electron diffraction, and (i-n) energy-dispersive X-ray spectroscopy color mapping of the FSCGS sample. 

Fig. 3. (a) Raman spectra of the FS, GS, FSC, and FSCGS samples. High-resolution X-ray photoelectron spectra of the (b) Fe 2p, (c) S 2p, (d) C1s, (e) N1s, and (f) O 1 s 
regions of the FSCGS sample. 
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doped G/SWCNT network composites. 
To understand the effect of Na+ storage on the unique structural 

features of the FSCGS sample compared with the FS and FSC samples, we 
evaluated each sample as an anode for SIBs. It is established that elec
trolyte solvents and salts play crucial roles in electrode performance, 
especially for metal sulfides. Based on the experimental results for 
suitable electrolyte solvents (Fig. S10) and salts (Fig. S11) for higher 
voltage windows, we chose 1.0 M NaClO4 in diglyme with 10.0 vol% 
fluoroethylene carbonate for electrochemical tests. Cyclic voltammetry 
(CV) analysis of the FS, FSC, and FSCGS samples was conducted using a 
potential window of 0.005–3.0 V vs. Na/Na+ at a scan rate of 0.2 mV s− 1

; 
the corresponding first cycle CV results are shown in Fig. S12a (the first 
cycle analyses are described in the Supporting Information.). After the 
first cycle, the electrode kinetics of all samples was verified at a scan rate 
of 0.2–1.0 mV s− 1 (Fig. 4a, Figs. S12b, and S12c). All of the samples 
exhibited a new cathodic peak at 2.0 V vs. Na/Na+, with the disap
pearance of the cathodic peak near about 0.8 V vs. Na/Na+, indicating 
Na insertion at higher voltage; this can be expressed according to Eq. 
(1), as follows [38]:. 

Nax− yFeS2 + yNa+ + ye− → NaxFeS2 (y < x < 2) (1) 

The FSCGS sample showed prominent redox peaks with a higher area 
under the CV curve at all scan rates than the FS and FSC samples 
(Fig. 4a), indicating excellent electrode kinetics and faster diffusion of 
Na+ ions during insertion and extraction via the N/S dual-doped G/ 
SWCNT network. To understand the improved electrochemical perfor
mance of the FSCGS sample, the charge-storage mechanism was evalu
ated according to Eqs. (2) and (3) as follows [39,40]:. 

i = aνb (2)  

logi = loga+ blogν (3) 

Plots of a logν as a function of logi showed a linear relationship for all 
samples (Figs. S12d-f). Among them, the slope of the FSCGS sample was 
much greater than 0.5 for all of the peaks (Fig. S12f), suggesting a 
significant charge contribution from capacitive charge storage (b = 1.0) 
rather than the ion-diffusion process (b = 0.5) [25,53]. The impact of the 

capacitive and ion-diffusion processes in these samples was enumerated 
according to Eq. (4), as follows [25,39]. 

i(V) = k1ν+ k2ν1/2 (4) 

The charge contribution at various scan rates for all samples is shown 
in Fig. 4b. The FS sample showed a significant charge contribution from 
the ion-diffusion controlled process (85.0% at 1.0 mV s− 1) rather than 
capacitive charge storage, indicating ion diffusion-dominated electrode 
kinetics. In the FSC sample, the capacitive and ion-diffusion contribution 
was almost 50:50, demonstrating improved capacitive charge input 
compared with pure FeS2. In the FSCGS sample, the capacitive charge 
contribution was 73.0% at 1.0 mV s− 1, showing enhanced capacitive 
charge input offered by oxygen-functional groups (OFS) present in N/S 
dual-doped G/SWCNT network in the FSCGS sample, and thus excellent 
electrochemical performance compared with the FS and FSC samples. 
The presence of OFS, especially carbonyl (C = O) and carboxyl (COOH) 
groups, act as redox-active sites, which can store the Na-ion via a faster 
charge storage kinetics [54]. Moreover, OFS can also help enlarge the 
interlayer distance, create more active sites, and promote faster charge 
transfer in the N/S dual-doped G/SWCNT network, resulting in 
improved specific capacity in the FSCGS sample [55]. 

Galvanostatic charge–discharge (GCD) analysis was carried out to 
verify the exemplary electrochemical behavior of the FSCGS sample 
compared with the FS, FSC, FSCG, and FSCS samples (Fig. 4c and 
Fig. S13). The discharge and charge specific capacities in the first cycle 
for the FS, FSC, and FSCGS samples, at a current density of 0.1 A g− 1, 
were 1,393.3 and 776.1, 955.9 and 547.8, and 1,848.7 and 1,122.5 mAh 
g− 1, respectively. The corresponding Coulombic efficiencies were 55.7, 
57.3, and 60.7%. The discharge capacity in the next cycle at the same 
current density was 807.5, 553.6, and 1,188.9 mAh g− 1 for the FS, FSC, 
and FSCGS samples, respectively. A capacity loss between the first two 
cycles occurred due to forming a stable solid electrolyte interphase (SEI) 
layer and intercalation of Na into the crystal lattice of FeS2 [19,25,43]. 
The high discharge capacity of the FSCGS sample is attributed to the 
contribution of specific capacity offered by FeS2 and dual carbon en
tities. Afterward, to enumerate the rate capability of the samples, GCD 
was carried out at various current densities between 0.1 and 10.0 A g− 1 

Fig. 4. (a) Cyclic voltammetry spectra of the FSCGS samples at different scan rates. (b) Current contribution ratio plots of the FS, FSC, and FSCGS samples. (c) 
Galvanostatic charge–discharge plots of the FSCGS sample. (d) Rate capability plots of the FS, FSC, and FSCGS samples. (e) Comparison of specific capacity at 
different current densities with literature data. (f) Cyclic stability plots of the FS, FSC, and FSCGS samples at 1.0 A g− 1 for 200 cycles. 
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(Fig. 4d). The measured discharge capacities of the FS and FSC samples 
were 276.6, 153.4, 95.0, 59.5, 16.7, and 3.2 mAh g− 1 and 417.0, 347.4, 
276.8, 190.1, 119.0, and 64.6 mAh g− 1 at 0.2, 0.5, 1.0, 2.0, 5.0, and 10.0 
A g− 1, respectively. The FS sample showed rapid capacity fading in the 
initial cycles at 0.1 A g1, indicating the development of a fresh SEI layer 
in each cycle due to direct exposure of FeS2 with the electrolyte [25]. 
The FS and FSC samples retained only 36.9% and 77.3% of their initial 
capacities when returning to 0.1 A g− 1, indicating large capacity loss due 
to the formation of soluble polysulfide in the electrolyte. The discharge 
capacities of the FSCGS sample were 1,115.7, 1,073.9, 1,019.7, 947.2, 
710.3, and 476.5 mAh g− 1 at the same current densities. Upon returning 
the current density to 0.1 A g− 1, the FSCGS sample exhibited a discharge 
capacity of about 1,205.9 mAh g− 1, slightly higher than the initial 
discharge capacity. Moreover, it exhibited a higher specific capacity 
(~107.4%) than at initial cycles, indicating stable SEI formation and 
reduced polysulfide dissolution during the rate capability test. Fig. 4e 
compares the specific capacities at various current densities of the 
FSCGS sample with literature data (Table S1). It reveals extraordinary 
specific capacities compared with previously reported FeS2-based ma
terials until 5.0 A g− 1, and comparable specific capacity at 10.0 A g− 1 

[19,38,42–44,50,51,56,57]. The previously reported tapped densities & 
Coulombic efficiencies of nano-embedded microstructured FeS2@C of 
15 nm (1.4 g cm− 3 & 84.7 %) [42], pitaya-structured p-FeS2 of 200 nm 
(1.3 g cm− 3 & 90.0 %) [58], H-MoS2 nanosheets (0.8 g cm− 3 & 75.0 %) 
[59], p-FeS2 microspheres of 3 μm (2.2 g cm− 3 & 71.4 %) [32], and 
FeSe2 microspheres of 5 μm (1.85 g cm− 3 & 88.0 %) [60], respectively. 
The FSCGS sample shows tapped density of 2.19 g cm− 3 with a 
Coulombic efficiency of 60.7%. It demonstrates better tap density with 
comparable Coulombic efficiency. 

The cyclic stability of three samples was assessed at a current density 
of 1.0 A g− 1 for 200 cycles (Fig. 4f). The FS sample underwent rapid 
discharge capacity decay during the first 10 cycles and stabilized at 
about 100.0 mAh g− 1 until 200 cycles. The rapid capacity deterioration 
during the first 10 cycles is attributed to the electrolyte decomposition of 
a stable SEI layer during the initial cycles. The FSC sample also showed 
capacity fading during the initial 100 cycles and then exhibited slow 
capacity decay in the subsequent 100 cycles. In contrast, the FSCGS 
sample displayed increased discharge capacity from 1,023 to 1,096 mAh 
g− 1 until 100 cycles. The enhancement in discharge capacity during the 
first 100 cycles is attributed to the activation process of FeS2, which 
could be due to the improved electrical conductivity offered by the 
synergistic interaction between the N/S dual-doped highly graphitized 
G/SWCNT network and N-C shell [38,50]. However, there was a 
decreasing trend in discharge capacity over the subsequent 100 cycles, 
where it reached about 855.9 mAh g− 1 with retention of 83.6% of its 
initial capacity. The decreasing trend of specific capacity can be 
attributed to the formation and establishment of a stable SEI layer by 
inferential decomposition of electrolyte; also the occurrence of irre
versible reactions between Na+ and residual oxygen functional groups of 
PDA-derived carbon, as well as rGO derived graphene [41,50]. We also 
tested the FSCGS sample’s cyclic stability at 0.5 A g− 1 for 200 cycles and 
at 5.0 A g− 1 for 1,000 cycles (Figs. S14a and S14b). At 0.5 A g− 1, a 
similar trend was observed to that at 1.0 A g− 1, and about 91.3% (964.7 
mAh g− 1) of its initial capacity (1,056.9 mAh g− 1) was retained. 

To understand the capacity decay as a function of cycles in the three 
samples, we examined the morphology of the cells after different 
numbers of cycles using FE-SEM (Figs. S15 and S16). FE-SEM images of 
fresh electrodes and electrodes after 20 cycles at 1.0 A g− 1 are shown in 
Fig. S15. The FS sample showed a large aggregation of FeS2 particles 
(Fig. S15b). At the same time, the FSC sample also lost its nanorattles 
morphology (Fig. S15d), suggesting an interaction of the active 
component with the electrolyte and subsequent capacity fading. In 
contrast, the FSCGS sample accommodated the volume change of 
FeS2@NC from 0.7 μm to 0.9 μm during the cycling. The NC shell pro
tects the FeS2 nanoparticles aggregation and significant expansion at 
this stage. Moreover, it retained the FSC morphology and was tightly 

encapsulated into an N/S dual-doped G/SWCNT network, resulting in 
enhanced capacity due to the FeS2 activation process (Fig. S15f). These 
results suggest a crucial role of the N-C shell, with an N/S dual-doped G/ 
SWCNT network, in boosting the electrochemical performance of FeS2. 

The enhanced electrochemical behavior of the FSCGS sample 
compared with the FS and FSC samples were evaluated using electro
chemical impedance spectroscopy to understand the electrode kinetics 
after 200 cycles at 1.0 A g− 1; the Nyquist plot is presented in Fig. 5a. The 
equivalent circuit model is shown in the inset of Fig. 5a, and the required 
parameters were assessed by fitting the curve to the model. The ohmic 
resistance (Rs) from the electrode and electrolyte was estimated as 7.0, 
5.5, and 3.7 Ω, and the charge-transfer resistance (Rct) was calculated as 
769.1, 518.3, and 370.6 Ω for the FS, FSC, and FSCGS samples, 
respectively. These results suggest that the FSCGS sample experienced 
lower Rs and Rct, indicating that faster electron transfer was enabled by 
the N/S dual-doped, highly graphitized G/SWCNT network. In addition, 
the FCSGS sample exhibited a better slope in the low-frequency region 
than the FS and FSC samples, indicating better Na+ diffusion via the 
defective active sites provided by electron-rich dopants in the G/SWCNT 
network. 

The Na+ diffusion coefficient of the three samples was determined 
using the galvanostatic intermittent titration technique; the results for 
the FSCGS sample are shown in Fig. 5b, and those for the FS and FSC 
samples are shown in Figs. S17a and S17b, respectively. According to 
Fick’s second law, the Na+ diffusion coefficient was evaluated [25,28]. 
The plot of τ1/2 vs V (V vs Na/Na+) shows a linear relationship 
(Fig. S17c). Fig. 5c plots the chemical diffusion of Na+ as a function of 
voltage for the three samples, which was estimated as 8.2 × 10− 12 to 7.2 
× 10− 10, 1.9 × 10− 11 to 8.9 × 10− 10, and 6.8 × 10− 12 to 2.8 × 10− 9 cm2 

s− 1 for the FS, FSC, and FSCGS samples, respectively. These findings 
indicated better Na+ diffusion in the FSCGS sample due to defective 
active sites created by electron-rich dopants in the highly graphitized G/ 
SWCNT network, which improved Na+ accommodation during the GCD 
cycles. To further understand the structural transformation in the FSCGS 
sample during the GCD cycles, ex-situ XRD analysis was carried out 
during the second discharge/charge cycle (Fig. S18). The results indi
cate that an irreversible phase transformation of FeS2 into NaFeS2 
occurred during the first cycle. It converted to iron and polysulfide in 
subsequent discharge cycles and amorphous NaFeS2 during charging 
(Fig. 5d). These results suggest that the N-C shell and N/S dual-doped G/ 
SWCNT network could not avoid complete shuttling of polysulfide 
during the charge/discharge cycles. 

First-principles calculations were also performed to determine the 
origin of the excellent electrochemical performance of the FSCGS sam
ple. Analysis of the experimental results suggests that high contents of N 
and S doped in the carbon network of the FSCGS composite increased the 
interaction between Na and the carbonaceous surface. This promoted 
Na+ accommodation on the surface, thereby decreasing the over
potential of sodiation. To verify this, sodiation potentials were calcu
lated for each adsorption site on the N- and S-doped basal graphene 
surface in various doped structures (graphitic, pyridinic, and pyrrolic 
structures). The basal graphene model was selected because the basal 
plane occupied a large portion of the microscale FSCGS carbon network. 

The Na adsorption sites nearest and farthest from the N and S doping 
sites were chosen as structurally independent sites; the structurally 
optimized final adsorption positions, and their binding energies, are 
shown in Fig. 6a and Table S2, respectively. The Na binding energy was 
calculated according to the atomic energy of body-centered cubic Na 
metal and converted into the sodiation potential vs. Na/Na+ at each site 
using the Nernst equation (ΔGB = − nFE, where ΔGB is the binding en
ergy, n is the number of electrons transferred (n = 1 in our case), F is the 
Faraday constant, and E is the potential). The Na binding energy in 
perfect graphene was estimated as 0.49 eV, indicating that sodiation on 
the surface of perfect graphene required a large overpotential since the 
sodiation potential was − 0.49 V vs. Na/Na+. In the graphitic-N/S and 
pyrrolic-N models, the binding energy ranged from 0.31 to 0.65 eV, 
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depending on the binding sites. Thus, there was no significant difference 
in binding energy compared with perfect graphene. On the other hand, 
the pyridinic-N/S models exhibited significantly improved binding 

energy compared with perfect graphene (pyridinic N: − 1.18 to − 0.31 
eV; pyridinic S: − 0.31 to 0.18 eV). In the latter case, binding was 
strongest to the defect site (five-membered-ring site) formed adjacent to 

Fig. 5. (a) Electrochemical impedance spectra of the FS, FSC, and FSCGS samples after 200 cycles at 1.0 A g− 1. (b) Galvanostatic intermittent titration plot of the 
FSCGS sample. (c) Sodium-ion chemical diffusion coefficient plots of the FS, FSC, and FSCGS samples. (d) Schematic illustration of the Na-ion insertion/extraction 
mechanism during charging and discharging of the FSCGS sample. 

Fig. 6. (a) Perfect and various other N/S-doped basal graphene structures and Na binding sites. (b) Correlation between the Na binding energy and Bader partial 
charge of the Na atom. (c) Representative differential charge density map before and after Na binding. 
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the doping site; the binding weakened with increasing distance from the 
doping site. However, considering that the binding energy was signifi
cantly improved compared with perfect graphene at the six-membered- 
ring site farthest from the doping site, it was concluded that pyridinic-N/ 
S doping not only provided a strong local binding site but also improved 
the sodiation performance of the entire graphene basal plane. 

The mechanism of enhanced Na binding upon pyridinic-N/S doping 
was investigated using Bader partial charge analysis. Fig. 6b shows that 
the partial charge of adsorbed Na and its binding energy were strongly 
correlated. In perfect graphene, adsorbed Na has a partial charge of 
0.74, and every pyridinic-N/S site with significantly enhanced binding 
energy had higher oxidation states with partial charge ranging from 0.77 
to 0.98. In contrast, the rest of the structures, with Na binding energies 
similar to that of perfect graphene, had partial charges in the range of 
0.62–0.76. This is because changes in the local atomic and electronic 
structures due to pyridinic-N/S doping enhanced the uptake ability of 
additional electrons during reduction. Thus, Na was adsorbed in the 
stable monovalent oxidation state, which maximized Coulombic inter
action between Na and the surface. Furthermore, the differential elec
tron density analysis before and after Na adsorption (Fig. 6c and 
Fig. S19) revealed that additional electrons were localized near the 
pyridinic-N/S and binding sites. On the other hand, the perfect grapene 
structure had a much lower and more distributed differential electron 
density on the surface. These results suggest that the pyridinic form of 
N/S doping on the basal graphene network efficiently reduced the 
sodiation overpotential and was responsible for the enhanced experi
mental electrochemical performance. 

3. Conclusion 

We designed and synthesized N-doped carbon-coated FeS2 nano
rattles encapsulated in N/S dual-doped G/SWCNT network composites 
and evaluated their utility as anodes for SIBs. The presence of carbon 
entities of N-doped carbon shells and an N/S dual-doped highly 
conductive G/SWCNT network significantly improved the active mate
rial’s pseudocapacitive nature and electrical conductivity. It thus 
ensured excellent specific capacity and rate capability. The FSCGS 
sample exhibited a remarkable specific capacity of 1,190 mAh g− 1 at a 
current density of 0.1 A g− 1 with an excellent rate capability of 476 mAh 
g− 1 at 10.0 A g− 1. Furthermore, the protection of FeS2 by the nanorattle- 
structured N-doped carbon coating, as well as the N/S dual-doped G/ 
SWCNT network, accommodated the volume expansion during charge/ 
discharge cycles, which resulted in improved specific capacity retention 
of 91.3% at 0.5 A g− 1 and 83.6% at 1.0 A g− 1 after 200 cycles. 
Furthermore, first-principles calculations revealed that reducing the 
sodiation overpotential by pyridinic-N/S doping of the basal graphene 
network improved electrochemical performance. The current approach 
is a universal and promising solution that effectively maximizes the 
performance of active anode materials, which are difficult to apply in 
practice due to volume expansion and low electrical conductivity. 
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