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ABSTRACT 

In this study, we report the rational design of NaCl-templated iron sulfide/N-doped carbon (FeS-NaCl@NC) microspheres as 
high-performance anodes for sodium-ion batteries. A scalable spray pyrolysis process combined with subsequent sulfidation and 
polydopamine-derived carbon coating enables the formation of three-dimensional (3D) interconnected porous architectures with 
conformal N-doped carbon layers. The NaCl template plays a critical role in generating internal void networks and mesoporous 
structures, facilitating electrolyte penetration and shortening Na+ diffusion pathways, while the N-doped carbon coating enhances 
electronic conductivity and interfacial stability. As a result, FeS-NaCl@NC microspheres exhibit outstanding electrochemical 
performance, maintaining a high discharge capacity of 576.3 mA h g− 1 after 100 cycles at 1.0 A g− 1 and delivering remarkable 
rate capability (251.7 mA h g− 1 at 10.0 A g− 1 ). Notably, the improved cycling stability is rationalized by nano-indentation results, 
indicating enhanced mechanical resilience against repeated volume changes. In addition, the origin of the superior rate capability 
is comprehensively elucidated through combined electrochemical and kinetic analyses, confirming that the designed structure 
enables accelerated Na+ transport and charge transfer. Moreover, the practical feasibility of FeS-NaCl@NC microspheres is 
validated through pouch-type full-cell evaluation, demonstrating its strong potential for sodium-ion storage applications. 

1 Introduction 

The increasing demand for large-scale energy storage systems 
has accelerated the development of cost-effective and sustain- 
able alternatives to the currently dominant lithium-ion batteries 

(LIBs) [ 1–3 ]. Among various candidates, sodium-ion batteries 
(SIBs) have emerged as promising systems owing to the natural 
abundance and low cost of sodium resources, as well as their 
similar electrochemical characteristics to LIBs [ 4, 5 ]. However, 
the larger ionic radius and sluggish diffusion kinetics of Na+ 
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ions impose significant challenges in achieving high capacity 
and long-term cycling stability [ 6 ]. Metal chalcogenides have 
attracted considerable attention as high-capacity anode materials 
for SIBs due to their conversion reaction mechanism that leads 
to high theoretical capacities [ 7–9 ]. Nevertheless, their practical 
application is hindered by severe volume expansion, structural 
pulverization, and poor intrinsic electrical conductivity during 
repeated sodiation/desodiation processes [ 10, 11 ]. These issues 
result in rapid capacity fading and limited rate capability, neces- 
sitating rational structural and compositional design strategies 
[ 12, 13 ]. 

To address these challenges, previous studies have focused on 
incorporating metal sulfides with conductive carbon matrices and 
engineering hierarchical nanostructures such as porous, hollow, 
and yolk-shell architectures [ 14–17 ]. Such approaches effectively 
buffer volume changes, enhance electrical conductivity, and 
improve electrolyte accessibility [ 18, 19 ]. Recent studies have fur- 
ther demonstrated that synergistic structural and compositional 
engineering can effectively enhance reaction kinetics and cycling 
stability of metal chalcogenide anodes [ 20–22 ]. However, many of 
these strategies rely on complicated multi-step synthesis routes or 
sacrificial templates that require harsh chemical etching or high- 
temperature treatment for removal, leading to increased process 
complexity and limited scalability [ 23 ]. 

In this context, template-assisted spray-based synthesis has 
emerged as an attractive strategy for constructing structurally 
robust and scalable electrode materials [ 24 ]. Building upon 
this concept, we developed a uniquely structured metal sul- 
fide/carbon composite microsphere system featuring NaCl- 
assisted porous architecture and subsequent N-doped carbon 
coating, enabling both structural stability and enhanced electro- 
chemical kinetics. NaCl-templated framework generates internal 
voids and 3-dimensionally interconnected porous ion diffusion 
channels, while the N-doped carbon layer, which is coated con- 
formally on the surface of the porous superstructure, improves 
electronic conductivity and interfacial stability [ 25 ]. 

As a representative system, Fe-based sulfide composites with 
controlled phase composition (e.g., FeS2 /Fe7 S8 ) and hierarchi- 
cal porosity were synthesized via a scalable spray pyrolysis 
process. The resulting structure provides multiple advantages, 
including shortened Na+ diffusion pathways, improved elec- 
trolyte penetration, and effective accommodation of volume 
changes during cycling. The origin of the structural stability 
of the prepared microspheres is elucidated via various tech- 
niques, including nano-indentation and cross-sectional scanning 
electron microscopy (SEM) analyses. Importantly, beyond con- 
ventional half-cell evaluations, we further assessed the practical 
applicability of the developed materials by assembling a pouch- 
type sodium-based full-cell. This evaluation demonstrates the 
feasibility of our material design under realistic operating con- 
ditions, bridging the gap between laboratory-scale performance 
and practical energy storage applications. 

2 Results and Discussions 

The schematic diagram illustrating the formation mechanism of 
nanostructured iron sulfide composited with 3D interconnected 

void architecture formed from NaCl nanoparticles with cubic 
morphology, which is further coated with a thin N-doped carbon 
layer, is shown in Scheme 1a . First, iron nitrate, NaCl, and 
dextrin were dissolved in distilled water to form a transparent 
solution, which was then atomized using an ultrasonic nebulizer 
to generate micron-sized droplets. The droplets were transferred 
to the furnace due to the nitrogen gas flow (which acts as 
the carrier gas), which were then dried and pyrolyzed to form 

composite microspheres comprised of Fe2 O3 , NaCl, and carbon 
due to the decomposition of iron nitrate and carbonization of 
dextrin. Centrifuging of the spray-pyrolyzed powder washed away 
the NaCl nanoparticles embedded in the microsphere, which 
resulted in the formation of 3D interconnected internal void 
networks. Subsequently, the powder went through a sulfidation 
process using thiourea as the sulfur source under a reducing gas 
atmosphere, which resulted in the formation of FeS-NaCl micro- 
spheres. To reinforce the electrical and mechanical properties of 
the prepared microspheres, the powder was further coated with 
N-doped carbon layer, which can form a thin and highly confor- 
mal coating layer on the surface of the 3D porous framework. 
Sodium ion storage performance of two control samples was also 
tested for comparison purpose: (1) FeS-NaCl microspheres with 
3D internal void space originated from NaCl, but without N- 
doped carbon coating, and (2) Hollow FeS microspheres prepared 
from the spray solution that does not contain NaCl. 

Figure 1 presents the morphological, structural, and com- 
positional characterization of iron sulfide/carbon composite 
microspheres featuring a three-dimensional porous structure, 
constructed via NaCl templating during spray pyrolysis. The SEM 

images of Fe2 O3 -NaCl composite microsphere prepared directly 
from spray pyrolysis (Figure 1a and Figure S1 ) reveal independent 
microspherical morphology without any aggregation between 
the particles. The SEM images clearly show NaCl nanoparticles 
decorating the microsphere surfaces prior to removal. The mor- 
phology of Fe2 O3 -carbon composites after washing with distilled 
water is shown in Figure 1b , which reveals that NaCl nanoparti- 
cles act as a sacrificial template, which results in the generation 
of 3D porous features, as evidenced by the internal void structure. 
The x-ray diffraction (XRD) patterns of Fe2 O3 -NaCl before and 
after the distilled water washing process clearly show that NaCl 
particles are removed after washing (Figure S2 ). The correspond- 
ing SEM-energy-dispersive x-ray spectroscopy (EDS) elemental 
mapping images reveal intense and broadly distributed Na and Cl 
signals throughout the Fe2 O3 -NaCl microspheres before washing, 
whereas both signals are markedly reduced after washing while 
the Fe-containing porous framework is retained (Figure S3 ). 
Quantitative EDS analysis further shows that the Na and Cl 
contents decreased from 8.7 and 5.7 at%, respectively, to approx- 
imately 0 at% after washing. These results demonstrate that the 
NaCl template is effectively removed to below the detection 
limits of the applied techniques. FeS-NaCl microspheres were 
prepared from a one-step sulfidation heat treatment, which 
reveals FeS particles with cubic morphology, which are anchored 
on the surface of 3D porous carbon framework (Figure 1c ). The 
internal structure is further examined by transmission electron 
microscopy (TEM, Figure 1d,e ), where the microspheres exhibit 
a highly porous architecture with interconnected void spaces. 
Thin carbon networks are observed throughout the structure, 
forming a continuous conductive matrix that is composited 
with iron sulfide domains. The presence of large internal voids 
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SCHEME 1 Schematic illustration showing the formation mechanism of (a) FeS-NaCl@NC microspheres and (b) Hollow FeS microspheres. 

is expected to effectively buffer the volume expansion during 
sodiation/desodiation processes while facilitating electrolyte pen- 
etration. High-resolution TEM (HR-TEM) analysis (Figure 1f ) 
reveals the coexistence of multiple crystalline phases within the 
composite. Lattice fringes with spacings of ∼ 0.24 and ∼ 0.27 nm 

correspond to the (210) plane of pyrite-type FeS2 and the (020) 
plane of marcasite FeS2 , respectively. This phase coexistence 
is further supported by the selected area electron diffraction 
(SAED) pattern (Figure 1g ). Consistent with these observations, 
XRD patterns (Figure 1h ) confirm the presence of both phases, 
showing characteristic peaks corresponding to pyrite-type FeS2 
(JCPDS No. 42–1340) and marcasite FeS2 (JCPDS No. 37–0475). 
Raman spectroscopy (Figure 1i ) shows two prominent peaks at 
approximately ∼ 1350 cm− 1 (D band) and ∼ 1580 cm− 1 (G band), 
corresponding to disordered and graphitic carbon, respectively 
[ 26, 27 ]. The calculated intensity ratio (ID /IG = 0.75) suggests 
a highly graphitized carbon structure, which can be attributed 
to the catalytic effect of Fe species during the carbonization 
process [ 28 ]. The elemental distribution within the microspheres 
is analyzed by EDS mapping (Figure 1j ). Carbon element could 
be found throughout the entire microsphere, indicating the 
successful formation of carbon-composited iron-based sulfide 
microspheres. Sulfur and iron elements could also be observed 
throughout the microsphere, revealing that FeS particles are well 
composited with 3D carbon network. Notably, a homogeneous 
distribution of N element could also be observed in a single 
microsphere. The amounts of C and N were analyzed from the 
elemental analysis (EA) techniques, which revealed that there 
were 30.2% C and 13.0% N inside the microspheres (Table S1 ). 

The relatively high nitrogen content detected by EA is presumed 
to originate mainly from nitrogen-containing residues derived 
from the nitrate precursor and/or trapped surface species formed 
during spray pyrolysis and subsequent sulfidation [ 29, 30 ]. To 
clarify the origin of the unexpectedly high nitrogen content, 
additional EDS analysis was performed before and after DI-water 
washing. The nitrogen content of FeS-NaCl was 5.2 wt.% (5.6 
at%) before washing, whereas nitrogen was no longer detected by 
EDS after washing, indicating that the nitrogen species located 
on or near the particle surface were effectively removed to a 
level below the detection capability of EDS (Table S2 ). This result 
supports the interpretation that the high nitrogen content was 
substantially influenced by water-removable nitrogen-containing 
residues formed during the thiourea-assisted sulfidation process. 

Figure 2 presents a comprehensive structural and compositional 
characterization of 3D porous iron sulfide-carbon composite 
microspheres to which a thin N-doped carbon layer is coated. The 
SEM images (Figure 2a,b ) reveal that the synthesized materials 
consist of well-defined spherical particles with an average diame- 
ter of 1.40 µm; the size distribution of the microspheres is shown 
in Figure S4 . The spherical morphology with some degree of size 
distribution is beneficial in a way that it results in electrodes with 
high packing density. TEM analysis (Figure 2c,d ) further confirms 
the formation of hollow/porous microspheres, where a thin and 
continuous carbon shell encapsulates the internal structure. The 
TEM image (Figure 2e ) clearly shows the presence of an N-doped 
carbon coating layer, which conformally covers the surface of 
the iron sulfide nanocubes. HR-TEM imaging (Figure 2f ) reveals 
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FIGURE 1 (a) SEM image of Fe2 O3 -NaCl microspheres prepared directly from spray pyrolysis. (b) SEM image after washing the powder with 
distilled water. (c–j) Morphologies, SAED pattern, XRD pattern, Raman spectrum, and elemental mapping images of FeS-NaCl microspheres: (c) SEM 

image, (d,e) TEM image, (f) HR-TEM image, (g) SAED pattern, (h) XRD pattern, (i) Raman spectra, and (j) STEM-HAADF image and corresponding 
elemental dot mapping images. 

distinct lattice fringes separated by the interplanar spacings of 
0.28 nm and 0.15 nm, which can be indexed to the (006) plane 
of Fe7 S8 and the (023) plane of FeS2 , respectively, indicating the 
coexistence of these two phases within the composite, which is 
further supported by the SAED patterns (Figure 2g ). The XRD 

pattern (Figure 2h ) shows characteristic peaks corresponding to 
pyrrhotite Fe7 S8 (JCPDS No. 24–0220) and pyrite FeS2 (JCPDS 
No. 42–1340) phases. Raman spectroscopy (Figure 2i ) displays 
prominent D and G bands with the intensity ratio ( ID /IG ) of 

0.78, which is slightly higher than that of the uncoated FeS-NaCl 
microspheres, probably due to the coating of N-doped carbon, 
which generally exhibits amorphous nature [ 31 ]. In addition, the 
heat treatment step for the carbonization of polydopamine is 
expected to form disordered carbon. Elemental mapping via EDS 
(Figure 2j ) demonstrates a uniform distribution of C, N, S, and Fe 
throughout the microsphere, indicating the successful formation 
of iron sulfide nanocubes composited with 3D porous carbon 
microspheres. 
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FIGURE 2 Morphologies, SAED pattern, XRD pattern, and Raman spectrum, and elemental mapping images of FeS-NaCl@NC microspheres: 
(a,b) SEM image, (c–e) TEM image, (f) HR-TEM image, (g) SAED pattern, (h) XRD pattern, (i) Raman spectra, and (j) STEM-HAADF image and 
corresponding elemental dot mapping images. 

For comparison purposes, a precursor solution that does not 
contain NaCl was spray pyrolyzed, which resulted in the forma- 
tion of hollow Fe2 O3 microspheres (Scheme 1b and Figure S5 ). 
The distinct morphological evolution of the microspheres can 
be attributed to the role of NaCl during the spray pyrolysis 
process. In the absence of NaCl, rapid solvent evaporation at 
the droplet surface induces the formation of a rigid outer shell 
at an early stage. This leads to a concentration gradient where 
solutes migrate toward the droplet surface, resulting in a typical 
“shell formation” mechanism [ 32 ]. In contrast, when NaCl is 

introduced into the precursor solution, it significantly alters the 
solute distribution and drying dynamics. Due to its high solubility 
and non-volatile nature, NaCl remains uniformly distributed 
throughout the droplet during evaporation and acts as a crystal- 
lization scaffold. This suppresses the rapid formation of a dense 
outer shell and instead promotes homogeneous precipitation of 
iron precursor and dextrin across the entire droplet volume. 
As a result, the particles solidify into filled microspheres rather 
than forming hollow ones. After the sulfidation of hollow Fe2 O3 
microspheres, FeS nanocrystals were embedded on the surface 
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FIGURE 3 Comprehensive material characterization of FeS-NaCl@NC, FeS-NaCl, and Hollow FeS microspheres. (a-e) XPS spectra: (a) survey, 
(b) Fe 2p, (c) S 2p, (d) N 1s, (e) C 1s spectra. (f) TGA curves. (g) N2 adsorption–desorption isotherms and (h) BJH pore size distribution. 

of carbon microspheres, as can be seen in the SEM image in 
Figure S6a,b . The XRD pattern in Figure S6c confirms that Hollow 

FeS microspheres exhibit marcasite FeS2 (JCPDS No. 37–0475) 
and pyrite-type FeS2 (JCPDS No. 42–1340) phases. The carbon 
and nitrogen contents in Hollow FeS microspheres analyzed by 
EA were 31.4% and 12.5%, respectively (Table S1 ). The Raman 
spectrum of Hollow FeS microspheres exhibits the ID /IG ratio of 
0.76 (Figure S7 ), which indicates a moderately ordered carbon 
structure. This may be attributed to partial graphitization of 
the carbon matrix during thermal treatment in the presence of 
iron-based species [ 33 ]. 

The x-ray photoelectron spectroscopy (XPS) spectra of FeS- 
NaCl@NC and FeS-NaCl microspheres (top and bottom of the 
graphs, respectively) are shown in Figure 3a–e . The survey 

XPS spectra (Figure 3a ) of both microspheres confirm the 
presence of Fe, S, C, N, and O elements. The Fe 2p spectra 
(Figure 3b ) of the FeS-NaCl microspheres exhibit character- 
istic peaks associated with iron sulfide species. In particular, 
the Fe 2p3/2 /Fe 2p1/2 peaks centered at ∼ 706.7/719.4 eV are 
assigned to FeS2 phase [ 34, 35 ]. Meanwhile, the broadened 
component observed at higher binding energies (709.0/722.1 eV) 
is attributed to Fe3 + species formed by surface oxidation 
[ 34, 35 ]. On the other hand, Fe 2p region for FeS-NaCl@NC 

microspheres can be deconvoluted into components assigned 
to FeS2 and Fe7 S8 , confirming the formation of a FeS2 /Fe7 S8 
heterostructure after carbon coating. Notably, after the N-doped 
carbon coating, the peaks were broadened and slightly shifted 
to a higher binding energy (709.7/722.9 eV), suggesting interfa- 
cial electronic interaction between iron sulfide phases and the 

6 of 18 Small, 2026

 16136829, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.76162 by M
assachusetts Institute of T

echnolo, W
iley O

nline L
ibrary on [08/11/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



N-doped carbon layer, which induces electron redistribution at 
the heterointerface [ 36 ]. Also, the additional component appear- 
ing at higher binding energy (713.6/726.9 eV) is attributed to Fe3 + 
species originating from Fe7 S8 [ 37 ]. In the case of S 2p spectra in 
Figure 3c , the dominant peaks centered at 162.4 and 163.6 eV cor- 
respond to metal–sulfur bonds (S2 2 − ), confirming the formation of 
Fe-S compounds [ 38 ]. Weak but noticeable peaks centered at 161.3 
and 162.7 eV are observed in the N-doped carbon-coated sample, 
which can be attributed to the sulfur species in Fe7 S8 [ 39 ]. In 
addition, the presence of peaks at higher binding energies ( ∼ 167–
170 eV) can be attributed to oxidized sulfur species, likely formed 
due to surface oxidation upon air exposure [ 40, 41 ]. Notably, the 
peak assigned to C ─S/C ═ S bonding suggests chemical interaction 
between the carbon matrix and sulfur species, which can enhance 
charge transfer and kinetics of Na+ storage [ 34 ]. The N 1s XPS 
spectra of FeS-NaCl@NC microspheres (Figure 3d ) reveal the 
successful incorporation of nitrogen functionalities within the 
carbon matrix. The deconvoluted peaks can be assigned to mul- 
tiple nitrogen configurations, including pyridinic N (398.3 eV), 
pyrrolic N (399.8 eV), and graphitic N (400.9 eV) [ 42 ]. In contrast 
to FeS-NaCl microspheres, a peak corresponding to graphitic N 

could be observed in FeS-NaCl@NC microspheres; this suggests 
partial incorporation of nitrogen into the carbon lattice, which 
can further improve the electrical conductivity of the composite. 
The coexistence of these nitrogen species indicates that the 
polydopamine-derived carbon coating forms a conductive and 
chemically interactive network. The C 1s spectrum (Figure 3e ) 
shows peaks corresponding to C–C/C ═ C, C–N/C–S, and N–
C ═ N bonding configurations, further confirming the successful 
incorporation of nitrogen into the carbon framework [ 43, 44 ]. 
These observations align well with the Raman results (Figures 1i 
and 2i ), which demonstrate that the incorporation of nitrogen 
leads to an increase in structural disorder ( ID /IG ). The presence 
of these heteroatom-containing functional groups contributes 
to improved surface reactivity and charge transfer properties. 
Thermogravimetric (TG) analysis was conducted to investigate 
the thermal stability and compositional characteristics of FeS- 
based microspheres, as shown in Figure 3f . All samples exhibit 
multiple-step weight loss behavior upon heating. The initial 
slight weight loss below 200◦C can be attributed to the removal 
of physically adsorbed moisture and residual volatile species. 
A major weight loss is observed in the temperature range of 
∼ 350◦C–500◦C for all samples, which is mainly associated with 
the transformation of FeS species into Fe2 O3 and combustion of 
dextrin-derived amorphous carbon. Notably, distinct differences 
are observed among the three samples in the higher temperature 
region (500◦C–650◦C). The FeS-NaCl@NC microspheres exhibit 
a relatively larger weight loss compared to FeS-NaCl and Hollow 

FeS microspheres, which can be attributed to the oxidation of 
the N-doped carbon coating derived from polydopamine and 
graphitic carbon. In contrast, FeS-NaCl and Hollow FeS micro- 
spheres show a relatively lower weight loss in this region due 
to the absence of N-doped carbon coating. Notably, Hollow FeS 
microspheres exhibit a smaller weight loss in this temperature 
region in comparison to FeS-NaCl microspheres likely due to 
their hollow morphology that facilitates faster decomposition 
and oxidation, and combustion of graphitic carbon may have 
occurred at a relatively lower temperature. Furthermore, the 
residual weight at high temperatures ( ∼ 700◦C–800◦C) is slightly 
higher for FeS-NaCl and Hollow FeS microspheres compared to 
FeS-NaCl@NC microspheres, suggesting that N-doped carbon 

is completely burned off during heating, resulting in a lower 
final mass. This is in line with the EA results (Table S1 ), where 
FeS-NaCl@NC, FeS-NaCl, and Hollow FeS microspheres exhibit 
carbon content of 35.1%, 30.2%, and 31.4%, respectively. The 
porosity characteristics of the samples were analyzed using the 
Brunauer-Emmett-Teller (BET) analysis. In the N2 adsorption- 
desorption isotherm in Figure 3g , FeS-NaCl@NC and FeS-NaCl 
microspheres exhibit typical type IV isotherms with notice- 
able hysteresis loops, indicating the presence of mesoporous 
structures. The specific surface areas of FeS-NaCl@NC, FeS- 
NaCl, and Hollow FeS microspheres measured via BET method 
were 113.0, 64.6, and 3.3 m2 g− 1 , respectively. Among the sam- 
ples, FeS-NaCl@NC microspheres show the highest adsorption 
capacity across the entire pressure range, demonstrating their 
well-developed porous structure. This enhanced porosity can be 
attributed to the combined effect of NaCl-derived pores and the 
N-doped carbon coating. FeS-NaCl microspheres also exhibit a 
moderate adsorption behavior, confirming that the NaCl-assisted 
spray pyrolysis and the removal of NaCl particles contribute to 
the formation of porous structures. In sharp contrast, Hollow 

FeS microspheres show extremely low nitrogen adsorption over 
the entire relative pressure range, indicating negligible accessible 
surface area and pore volume. Despite its hollow morphology, the 
absence of NaCl templating results in a dense shell structure with 
limited pore accessibility, behaving as a non-porous material in 
terms of nitrogen adsorption. The Barrett–Joyner–Halenda (BJH) 
pore size distribution further supports these observations, as 
shown in Figure 3h . FeS-NaCl@NC and FeS-NaCl microspheres 
exhibit a broad size distribution of pores in the range of ∼ 3–
200 nm, which indicates the formation of hierarchical pore 
structure. Meanwhile, Hollow FeS microspheres present nearly 
flat pore size distribution with minimal pore volume, confirming 
the lack of developed porous structure. 

The electrochemical performance of FeS-NaCl@NC, FeS-NaCl, 
and Hollow FeS microspheres as anode materials for SIBs was sys- 
tematically evaluated (Figure 4 ). Cyclic voltammetry (CV) curves 
of FeS-NaCl@NC, FeS-NaCl, and Hollow FeS microspheres were 
recorded at a scan rate of 0.1 mV s− 1 within the voltage window 

of 0.001–3.0 V (vs. Na/Na+ ), as shown in Figure S8 . During 
the initial cathodic scan, all electrodes exhibit characteristic 
reduction peaks located at 1.0 V and ∼ 0.2–0.3 V. The peak at 
∼ 1.0 V can be attributed to the formation of Nax FeS accompanied 
by the decomposition of electrolyte and the formation of a solid 
electrolyte interphase (SEI) layer [ 45, 46 ]. The subsequent broad 
peak at ∼ 0.2–0.3 V is associated with the conversion reaction of 
Nax FeS into metallic Fe and Na2 S [ 46 ]. In the anodic scan, an 
oxidation peak appears at ∼ 1.1–1.2 V, which is attributed to the 
partial oxidation of Na2 S and the formation of Nax FeS species 
[ 47 ]. The two anodic peaks above 2.0 V are likely related to the 
multistep oxidation of reduced Nax FeS species into intermediate 
sodium iron sulfides and finally FeS phases [ 45 ]. From the second 
cycle onward, the CV curves of FeS-NaCl@NC and FeS-NaCl 
microspheres are well overlapped, indicating good reversibility 
(Figure S8a,b ). In contrast, the CV curves of Hollow FeS micro- 
spheres exhibit certain degree of deviations from cycle to cycle, 
suggesting inferior electrochemical reversibility (Figure S8c ). The 
initial charge-discharge profiles of FeS-NaCl@NC, FeS-NaCl, and 
Hollow FeS microspheres exhibited voltage plateaus, which are 
in good agreement with the redox behavior observed in the CV 

curves (Figure 4a–c ). The initial charge-discharge profiles of the 
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FIGURE 4 Electrochemical characterization of FeS-NaCl@NC, FeS-NaCl, and Hollow FeS microspheres: (a-c) Charge-discharge profiles of 
(a) FeS-NaCl@NC, (b) FeS-NaCl, and (c) Hollow FeS microspheres during the initial two cycles. (d) Cycling performance of the microspheres at 1.0 
A g− 1 . (e) Rate capability measured at various current densities. (f,g) Nyquist plots of the microspheres (f) prior to cycling and (g) after 100 cycles. 
(h) Relationship between Zreal vs. w− 1/2 . 

8 of 18 Small, 2026

 16136829, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.76162 by M
assachusetts Institute of T

echnolo, W
iley O

nline L
ibrary on [08/11/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



samples exhibit characteristic voltage plateaus associated with 
the conversion reaction between iron sulfide and Na+ , along with 
the formation of a SEI. Ex situ XRD and XPS analyses (Figures S9 
and S10 ) further confirmed this conversion behavior. Metallic Fe 
diffraction peaks and an increased contribution of reduced S2 − 
species were observed after discharge to 0.001 V, supporting the 
formation of metallic Fe and Na2 S-related species. After charging 
to 3.0 V, both features were substantially reduced, indicating the 
reverse conversion toward Fe-sulfide species, although the spe- 
cific reformation of crystalline Fe7 S8 could not be unambiguously 
confirmed due to peak overlap with the Cu current collector. 
The initial charge/discharge capacities of FeS-NaCl@NC, FeS- 
NaCl, and Hollow FeS microspheres were 550.2/741.5, 519.9/722.7, 
and 405.9/526.4 mA h g− 1 , with initial coulombic efficiency (ICE) 
of 74.2%, 71.9%, and 77.1%, respectively. FeS-NaCl microspheres 
exhibit lower ICE in comparison to Hollow FeS microspheres 
counterparts since they have larger surface area that leads to a 
higher contact area with the electrolyte, resulting in a higher 
amount of SEI layer formed on the surface. FeS-NaCl@NC micro- 
spheres delivered higher ICEs than the FeS-NaCl microspheres, 
despite their higher carbon content. This improvement can be 
attributed to the presence of the N-doped carbon layer, which 
enhances electrical conductivity and mitigates irreversible side 
reactions. The long-term cycling performance (Figure 4d ) at 
1.0 A g− 1 further highlights the superiority of FeS-NaCl@NC 

microspheres, where high capacity of 559.6 mA h g− 1 could be 
maintained even after 100 cycles. This value is slightly higher 
than the initial reversible capacity of 550.2 mA h g− 1 , corre- 
sponding to a capacity retention of approximately 101.7%. The 
modest capacity increase can be reasonably attributed to gradual 
electrochemical activation during repeated conversion reactions. 
Progressive electrolyte penetration into the hierarchical pore 
network, exposure of initially underutilized active sites, and 
nanoscale reconstruction of conversion-derived Fe/Na2 S domains 
can increase the number of electrochemically accessible inter- 
faces during cycling. In addition, the reversible formation of a 
kinetically activated polymer gel-like film on the surface of the 
active materials, which has been reported for FeS2 -based and 
other transition-metal compound electrodes, may also partially 
contribute to the gradual capacity increase [ 45, 48 ]. The N- 
doped carbon coating does not directly provide the additional 
capacity. Instead, it maintains electrical contact between the 
reconstructed active domains and suppresses structural and inter- 
facial degradation, thereby allowing the progressively activated 
sites to contribute reversibly. FeS-NaCl microspheres exhibit 
high cycling stability until 70th cycle due to the 3D intercon- 
nected pore structure that effectively accommodates the volume 
changes during the repetitive sodiation/desodiation process. 
However, a gradual capacity decay is observed beyond the 70th 
cycle for FeS-NaCl microspheres, which clearly demonstrates 
the critical role of the N-doped carbon coating in enhancing 
structural stability and maintaining long-term electrochemical 
performance. Hollow FeS microspheres show significantly lower 
capacity ( ∼ 344 mA h g− 1 for the second cycle) and continuous 
capacity decay throughout cycling, reaching below ∼ 100 mA 

h g− 1 after 100 cycles, indicating poor structural stability and 
limited electrochemical utilization. This inferior performance 
can be attributed to the formation of a dense and relatively 
non-porous shell structure with the absence of NaCl template- 
derived pore structure, which restricts electrolyte penetration 
and limits the accessibility of active sites. Furthermore, the 

hollow shell is prone to structural collapse and pulveriza- 
tion during repeated sodiation/desodiation processes, leading to 
loss of electrical contact and progressive capacity fading. The 
coulombic efficiencies of FeS-NaCl@NC and FeS-NaCl micro- 
spheres rapidly converge to nearly 99% after the initial cycles, 
indicating highly reversible sodium storage reactions and the 
formation of stable electrode/electrolyte interfaces (Figure S11 ). 
Notably, FeS-NaCl@NC microspheres exhibit more consistent 
and stable coulombic efficiency throughout prolonged cycling, 
which can be attributed to the conformal N-doped carbon 
coating that effectively suppresses continuous side reactions 
and stabilizes the SEI layer. To further correlate the excellent 
long-term cycling performance with the structural stability of 
the active material, post-cycling TEM analysis was performed 
on FeS-NaCl@NC microspheres after 100 cycles (Figure S12 ). 
The cycled FeS-NaCl@NC microspheres largely retained their 
three-dimensional porous morphology without severe structural 
collapse or pulverization (Figure S12a ). The higher-magnification 
TEM image further confirmed the preservation of the porous 
framework after prolonged cycling (Figure S12b ). The SAED 

pattern (Figure S12c ) exhibited predominantly diffuse diffraction 
features, indicating substantial amorphization of the Fe sulfide 
phases after repeated conversion reactions. Local structural char- 
acteristics were further examined by HR-TEM (Figure S12d ) and 
corresponding fast Fourier transform (FFT) analyses. The FFT 
pattern obtained from region A showed predominantly diffuse 
features, confirming its amorphous nature (Figure S12e ), whereas 
distinct diffraction features corresponding to crystalline Fe sul- 
fide phases were observed in region B (Figure S12f ), indicating 
the partial retention of crystalline FeS2 and Fe7 S8 domains within 
the predominantly amorphous matrix. These results demonstrate 
that prolonged cycling induces substantial amorphization and 
structural reconstruction of the Fe sulfide phases while locally 
preserving crystalline Fe sulfide domains. In contrast, Hollow 

FeS microspheres display relatively fluctuating and delayed sta- 
bilization behavior in coulombic efficiency, particularly during 
the early cycles. This behavior reflects sluggish electrochemical 
kinetics and unstable interfacial reactions, which originate from 

the dense shell structure with limited electrolyte accessibility and 
the absence of a conductive carbon network. The rate capability 
of the electrodes was evaluated under progressively increasing 
current densities (Figure 4e ). FeS-NaCl@NC microspheres main- 
tain high reversible capacities even at elevated current densities, 
and their capacity is largely recovered when the current density 
is returned to a lower value. This behavior indicates excellent 
structural robustness and fast reaction kinetics. The capacities of 
FeS-NaCl@NC microspheres were 622.8, 575.0, 548.6, 524.4, 510.8, 
455.9, 370.1, and 251.7 mA h g− 1 at current densities of 0.2, 0.5, 1.0, 
2.0, 3.0, 5.0, 7.0, and 10.0 A g− 1 , respectively. On the other hand, 
FeS-NaCl microspheres show moderate rate performance with 
noticeable capacity loss at high current densities, while Hollow 

FeS microspheres exhibit the poorest rate capability due to their 
limited ion transport pathways and low electrical conductivity. 
The superior electrochemical performance of FeS-NaCl@NC 

microspheres can be attributed to the synergistic combination of 
NaCl-templated porous architecture and conformal N-doped car- 
bon coating. The interconnected porous network facilitates rapid 
electrolyte penetration and shortens Na+ diffusion pathways, 
while the conductive carbon layer enhances charge transport 
and stabilizes the electrode structure. Accordingly, the improved 
rate capability primarily originates from enhanced reaction 
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accessibility and reduced electrode-level transport resistance 
rather than a substantial increase in the intrinsic solid-state 
Na+ diffusion coefficient. Also, formation of Fe7 S8 /FeS2 het- 
erointerfaces at nanoscale has been reported to accelerate the 
Na+ ion storage kinetics due to the embedded built-in potential 
formed between the two different phases [ 11, 49 ]. To further 
verify the beneficial role of the heterointerfaces, phase-controlled 
Fe7 S8 -NaCl@NC microspheres consisting of only Fe7 S8 phase 
were additionally prepared by increasing the amount of thiourea 
during the sulfidation heat treatment, while retaining the 
NaCl-templated porous structure and N-doped carbon coating. 
Compared with the FeS2 /Fe7 S8 heterostructured FeS-NaCl@NC 

microspheres, Fe7 S8 -NaCl@NC microspheres exhibited lower 
reversible capacity and coulombic efficiency as well as inferior 
rate capability, particularly at high current densities (Figure S13 ). 
These results further support the beneficial contribution of 
FeS2 /Fe7 S8 heterointerfaces to the enhanced electrochemical 
performance. Electrochemical impedance spectroscopy (EIS) 
measurements were conducted to investigate the interfacial 
charge transfer behavior and ion diffusion kinetics of the FeS- 
based electrodes. Nyquist plots for FeS-NaCl@NC, Hollow FeS, 
and FeS-NaCl electrodes were collected at different cycling states, 
including fresh, first, fifth, 10th , 50th , and 100th cycles (Figure 4f,g 
and Figure S14 ). All the Nyquist plots were deconvoluted with 
the Randles-type equivalent circuit shown in Figure S15 . In 
the fresh state, all electrodes exhibit a depressed semicircle in 
the high-to-medium frequency region followed by an inclined 
line in the low-frequency region, corresponding to the charge 
transfer resistance (Rct ) and Warburg impedance associated with 
Na+ diffusion, respectively [ 50 ]. FeS-NaCl microspheres exhibited 
higher Rct values than Hollow FeS microspheres, which can be 
attributed to their 3D porous walls with a larger surface area. 
FeS-NaCl@NC microspheres show a relatively smaller semicircle 
compared to FeS-NaCl and Hollow FeS microspheres, indicating 
reduced interfacial resistance due to the conductive N-doped 
carbon network. To quantitatively evaluate the evolution of the 
electrode/electrolyte interface during cycling, the RSEI and Rct 
values were plotted as functions of cycle number (Figure S16 ). 
In the fresh state, only one depressed semicircle was clearly 
resolved; therefore, the corresponding resistance was assigned 
to Rct , while RSEI was not separately determined. After the 
first cycle, Rct markedly decreased for all electrodes, indicating 
electrochemical activation and improved electrolyte accessibility 
following the initial conversion reaction. During subsequent 
cycling, FeS-NaCl@NC maintained substantially lower Rct values 
than the control electrodes, indicating well-preserved charge- 
transfer pathways. Similarly, its RSEI remained relatively low 

and stable, whereas FeS-NaCl and Hollow FeS exhibited more 
pronounced SEI growth during prolonged cycling. These results 
demonstrate that the NaCl-derived porous architecture combined 
with the conductive carbon coating effectively suppresses both 
RSEI and Rct growth during repeated cycling, thereby maintain- 
ing stable electrode/electrolyte interfaces and efficient charge 
transport. The impedance analysis in the low-frequency region 
(Figure 4h ) reveals the correlation between Zre and ω− 1/2 for 
the prepared microspheres. Notably, the slope of FeS-NaCl@NC 

microspheres is significantly lower than that of FeS-NaCl and 
Hollow FeS counterparts after 100 cycles. This indicates that FeS- 
NaCl@NC microspheres maintain enhanced Na-ion diffusion 
kinetics even after prolonged cycling, demonstrating their supe- 
rior structural stability and preserved charge transport pathways 

[ 51 ]. In contrast, the steeper slopes observed for the latter samples 
after 100 cycles suggest increased diffusion resistance, likely aris- 
ing from structural degradation and sluggish ion transport during 
repeated sodiation/desodiation processes. These features collec- 
tively enable improved reversibility, cycling stability, and rate 
capability, demonstrating the effectiveness of the proposed struc- 
tural design for high-performance sodium-ion battery anodes. To 
further elucidate the dynamic evolution of interfacial resistance 
during electrochemical reactions, in situ EIS measurements 
were performed for FeS-NaCl@NC, FeS-NaCl, and Hollow FeS 
microspheres, as shown in Figure S17a–c . The Nyquist plots 
were collected at selected potentials along the charge-discharge 
profiles, enabling real-time tracking of resistance variation during 
electrochemical reactions. The total resistance (Rtot ) was esti- 
mated from the combined contribution of SEI resistance (RSEI ) 
and Rct , and its variation as a function of potential was analyzed 
(Figure S17d–f ). For FeS-NaCl@NC microspheres, Rtot gradually 
decreases during the initial sodiation process (down to ∼ 1.0 V), 
which can be attributed to the formation of a thin ion-conductive 
SEI layer [ 52 ]. As the potential further decreases to ∼ 0.2–0.3 V, 
corresponding to the conversion reaction of FeS into metallic Fe 
and Na2 S, Rtot shows an additional decrease due to the generation 
of conductive metallic Fe [ 52 ]. A progressive decrease in Rct was 
observed during the charge process, which is closely related to 
the volume contraction occurring upon desodiation. For FeS- 
NaCl@NC microspheres, an abrupt increase in Rtot value is 
observed at 1.5-2.0 V, which is due to the conversion reaction from 

metallic Fe into Nax FeS species [ 53 ]. This feature is not clearly 
observed for FeS-NaCl and Hollow FeS microspheres, presumably 
because their inherently large resistance and sluggish reaction 
kinetics obscure such localized resistance variation, while the 
highly conductive and structurally stable N-doped carbon-coated 
framework enables a more distinct and synchronized phase evo- 
lution in FeS-NaCl@NC microspheres. After the transformation 
of Nax FeS species back into FeS, Rtot values decreased again. 
FeS-NaCl@NC microspheres exhibit much smaller Rtot values in 
comparison to FeS-NaCl and Hollow FeS microspheres, which 
clearly demonstrates the role of N-doped carbon coating layer on 
enhancing Na+ diffusion, stabilizing the SEI layer, and promoting 
fast charge transfer kinetics. 

To closely elucidate the enhanced structural stability of FeS- 
NaCl@NC microspheres during cycling, cross-sectional SEM 

analysis was conducted (Figure 5a–c ). In case of FeS-NaCl@NC 

microspheres, the electrode thickness increased from 37.8 µm 

in the fresh state to 68.1 µm after the first sodiation, corre- 
sponding to a moderate volume expansion of approximately 
80.2% (Figure 5d ). Upon subsequent desodiation, the thickness 
decreased to 38.4 µm, showing only a slight residual increase of 
1.6% compared to the initial state. The increase in the thickness of 
FeS-NaCl and Hollow FeS microspheres after 1 full cycle was 2.4% 

and 49.3% in comparison to the initial state (Figures S18 and S19 ). 
The minimal irreversible expansion of FeS-NaCl@NC micro- 
spheres indicates that the electrode structure is well preserved 
during cycling, effectively accommodating the volume change 
during repetitive cycling. The mechanical characteristics of the 
FeS-NaCl and Hollow FeS microspheres were further analyzed 
by nano-indentation to understand the effect of NaCl-derived 
pores during cycling. The SEM images of the nano-indented 
electrodes after cycling (Figure 5e,f and Figure S20a,b ) confirm 

that the electrode surfaces remain mechanically intact, enabling 
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FIGURE 5 Cross-sectional FE-SEM images of FeS-NaCl@NC microspheres: (a) Prior to cycling, (b) after initial sodiation, (c) after de-sodiation 
process and (d) electrode swelling rate observed during the initial sodiation/de-sodiation step. (e,f) SEM images from the nano-indentation analysis of 
FeS-NaCl and Hollow FeS microspheres. (g,h) Loading force–displacement curves, (i) contact depth, (j) modulus (k) hardness of FeS-NaCl and Hollow 

FeS microspheres after the 100th cycle, highlighting the effect of NaCl-derived pore structures on mechanical stability. 

reliable indentation measurements. To evaluate the mechanical 
response, the electrodes were pressed by an indenter tip, and 
the corresponding loading force and displacement were recorded 
(Figure 5g,h and Figure S20c,d ). After the second cycle, FeS-NaCl 
and Hollow FeS electrodes exhibited no distinct trend in mechan- 

ical properties despite some differences in absolute values, with 
contact depths of approximately 1.25 µm for FeS-NaCl and 0.9 µm 

for Hollow FeS (Figure S20e ). Similarly, the modulus was 1.87 GPa 
for FeS-NaCl and 2.63 GPa for Hollow FeS, while the hardness 
values were 0.12 GPa and 0.23 GPa, respectively (Figure S20f,g ). 
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This can be attributed to its denser surface structure with fewer 
internal pores, which provides greater resistance to deformation 
under applied stress. In contrast, the FeS-NaCl microspheres, 
possessing a porous architecture, show relatively lower modu- 
lus and hardness at the early stage. However, after prolonged 
cycling (100th cycle), a pronounced difference emerged. FeS-NaCl 
electrode showed a significantly lower contact depth (0.48 µm) 
compared to Hollow FeS (1.23 µm), indicating reduced plastic 
deformation under applied load (Figure 5i ). Correspondingly, the 
modulus of FeS-NaCl (15.78 GPa) was markedly higher than that 
of Hollow FeS (2.28 GPa), along with a substantially enhanced 
hardness of 0.85 GPa for FeS-NaCl compared to 0.12 GPa for Hol- 
low FeS (Figure 5j,k ). As a result, FeS-NaCl microspheres exhibit 
superior resistance to deformation and structural degradation 
compared to the Hollow FeS counterpart. These findings clearly 
demonstrate that the NaCl-templated structure plays a crucial 
role in stabilizing not only the material-level structure but also 
the electrode-level framework, which is directly correlated with 
the improved cycling performance. 

To quantitatively elucidate the origin of the enhanced rate 
capability arising from the NaCl-assisted structural design and 
N-doped carbon coating, CV measurements were conducted 
for FeS-NaCl@NC, FeS-NaCl, and Hollow FeS microspheres at 
various scan rates ranging from 0.1 to 3.0 mV s− 1 within a poten- 
tial window of 0.001–3.0 V (Figure 6a–c ). The electrochemical 
kinetics of the three samples were analyzed based on the power- 
law relationship ( i = avb ), where the b -value provides insight 
into the charge storage mechanism [ 54 ]. A b -value approaching 
1 indicates a dominant surface-controlled (capacitive) process, 
whereas a value near 0.5 corresponds to diffusion-limited behav- 
ior. The calculated b -values for FeS-NaCl@NC microspheres at 
the representative redox peaks were significantly higher (close 
to unity) than those of FeS-NaCl and Hollow FeS microspheres 
(Figure 6d–f ), indicating that the charge storage process in 
FeS-NaCl@NC microspheres is predominantly governed by fast 
surface capacitive reactions. In contrast, Hollow FeS micro- 
spheres exhibited relatively lower b -values, suggesting sluggish 
Na+ diffusion kinetics and a diffusion-controlled reaction mech- 
anism. To further quantify the charge storage contributions, 
the total current response at a given potential was separated 
into capacitive ( k1 v ) and diffusion-controlled ( k2 v1/2 ) components 
using the equation i = k1 v + k2 v1/2 [ 55 ]. Based on this equation, the 
capacitive contributions were visualized as shaded regions in the 
CV curves at various scan rates (Figure 6g–i and Figures S21–S23 ). 
FeS-NaCl@NC microspheres exhibited the largest capacitive con- 
tribution, accounting for approximately 94% of the total current 
at 3.0 mV s− 1 , which is higher than those of FeS-NaCl (92%) 
and Hollow FeS (57%) microspheres (Figure 6g–i ). Figure 6j 
summarizes the capacitive contribution as a function of scan 
rate. Even at a low scan rate of 0.1 mV s− 1 , FeS-NaCl@NC 

microspheres maintained a high capacitive contribution of 73%, 
exceeding those of FeS-NaCl and Hollow FeS microspheres. As 
the scan rate increased, the capacitive contribution of all samples 
increased; however, FeS-NaCl@NC microspheres consistently 
exhibited the highest values over the entire scan rate range. 
Hollow FeS microspheres exhibited a markedly low capacitive 
contribution, accounting for only ∼ 21% at 0.1 mV s− 1 and ∼ 57% 

at 3.0 mV s− 1 , respectively, clearly highlighting the crucial role of 
NaCl incorporation in enhancing surface-driven charge storage 
behavior. The hierarchical porosity induced by NaCl templating 

facilitates electrolyte penetration and shortens Na+ diffusion 
pathways, while the conductive carbon matrix improves electron 
transport and provides abundant active sites. Consequently, 
FeS-NaCl@NC microspheres exhibit accelerated electrochemical 
kinetics and superior rate capability compared to the control 
samples. 

To further elucidate the Na+ diffusion kinetics of FeS-NaCl@NC, 
FeS-NaCl, and Hollow FeS microspheres, galvanostatic intermit- 
tent titration technique (GITT) measurements were conducted 
(Figure S24 ) [ 56, 57 ]. The GITT measurements were performed 
at a current density of 0.1 A g− 1 using 20 min current pulses 
followed by 60 min relaxation periods to ensure sufficient voltage 
equilibration. The Na+ diffusion coefficient (DNa + ) was calculated 
according to the following equation: 

𝐷𝑁𝑎+ =
4 

𝜋𝜏

( 

𝑚𝐵 𝑉𝑀 

𝑀𝐵 𝑆 

) 2 ( 

Δ𝐸𝑆 

Δ𝐸𝜏

) 2 ( 

𝜏 ≪
𝐿
2 

𝐷𝑁𝑎+ 

) 

where τ is the duration of the current pulse, mB and MB are the 
mass and molar mass of the active material, respectively, VM 

is 
the molar volume, and S is the electrode/electrolyte contact area. 
ΔES represents the steady-state voltage change after the relaxation 
period, whereas ΔEτ corresponds to the transient voltage change 
during the current pulse after correcting for the iR drop. The 
values of the parameters used for the calculation of the Na+ 
diffusion coefficient are summarized in Table S3 . The GITT 
voltage profiles (Figure S24a ) exhibit typical stepwise responses 
during both sodiation and desodiation processes, reflecting the 
transient polarization and subsequent relaxation behavior of 
the electrode. Based on the GITT analysis, DNa + values were 
calculated as a function of potential (Figure S24b,c ). The three 
electrodes exhibit DNa + values within a broadly comparable range 
over most of the sodiation and desodiation processes, although 
local variations occur at selected potentials. This result indicates 
that the distinct rate capabilities of the electrodes cannot be 
primarily attributed to a substantial difference in their intrinsic 
solid-state Na+ diffusion coefficients. Instead, the superior rate 
performance of FeS-NaCl@NC mainly originates from its higher 
surface-controlled contribution, lower charge-transfer resistance, 
improved electrolyte accessibility, and preservation of short 
ion/electron transport pathways. Therefore, the GITT results, 
together with the CV and EIS analyses, distinguish the com- 
parable intrinsic bulk diffusion behavior from the substantially 
improved electrode-level reaction kinetics of FeS-NaCl@NC. 

To evaluate the practical applicability of the well-controlled FeS- 
NaCl@NC composite anode, a pouch-type full-cell was fabricated 
using NaNi0.33 Mn0.33 Fe0.33 O2 as the cathode (N/P electrode capac- 
ity ratio of 1.1:1). NaNi0.33 Mn0.33 Fe0.33 O2 was selected as it is 
one of the promising cathode material candidates for SIBs. As 
shown in Figure 7a , NaNi0.33 Mn0.33 Fe0.33 O2 ||FeS-NaCl@NC full- 
cell was pre-activated at a rate of 0.1 C in the voltage range of 
0.8–4.0 V. Although the full-cell exhibited a high initial charge 
capacity of 153.0 mA h g− 1 , its initial discharge capacity was 
approximately 81.2 mA h g− 1 , resulting in a low ICE of 53.1%. 
This large initial irreversible capacity is attributed to the low 

ICE ( ∼ 74.2%) of FeS-NaCl@NC microspheres and the initial 
irreversible capacity of NaNi0.33 Mn0.33 Fe0.33 O2 . As cycling pro- 
gresses, the coulombic efficiency of the full-cell steadily improves, 
ultimately exceeding 99.8% (Figure 7a,c ). As shown in the 

12 of 18 Small, 2026

 16136829, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.76162 by M
assachusetts Institute of T

echnolo, W
iley O

nline L
ibrary on [08/11/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



FIGURE 6 Electrochemical kinetics of the microspheres: (a–c) CV curves measured at various scan rates for (a) FeS-NaCl@NC, (b) FeS-NaCl, and 
(c) Hollow FeS microspheres. (d–f) Corresponding log v vs. log i plots with derived b -values for both anodic and cathodic peaks. (g–i) Deconvolution of 
capacitive and diffusion-controlled current contributions at a scan rate of 3 mV s− 1 , and (j) comparison of the capacitive contribution ratios as a function 
of scan rate. 
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FIGURE 7 (a) The galvanostatic charge-discharge profiles of the full-cell comprising the FeS-NaCl@NC anode and NFM cathode. (b) Rate 
performance of the full-cell at various C-rates from 0.2 to 1.0 C (1.0 C = 120 mA g− 1 ). (c) Cycling performance of the full-cell at 1.0 C for 200 cycles 
(inset NFM||FeS-NaCl@NC full-cell). 

rate capability results (Figure 7b ), NaNi0.33 Mn0.33 Fe0.33 O2 ||FeS- 
NaCl@NC full-cell exhibited capacities of 69.6, 64.3, 59.0, and 
55.7 mA h g− 1 at 0.2, 0.5, 0.8, and 1.0 C, respectively, maintaining 
a remarkable 80.0% capacity retention at 1.0 C relative to 0.2 
C. These results highlight the excellent practical applicability 
of the fast sodium-ion storage capabilities of FeS-NaCl@NC 

microspheres, benefiting from their porous framework and N- 
doped carbon coating layer. Furthermore, the 3D structure and 
the stable N-doped carbon coating layer on the surface ensure 
excellent mechanical and chemical stability even in the full-cell 
application, demonstrating a superior capacity retention of 96.0% 

after 100 cycles and 91.2% after 200 cycles at 1.0 C. Therefore, FeS- 
NaCl@NC microspheres developed in this study, which feature a 
well-designed 3D porous structure and a stable, highly conductive 
N-doped carbon coating layer, possess excellent practical poten- 
tial. We expect that it will provide an important guide for the 
development of advanced SIBs. 

3 Conclusions 

In this work, we developed NaCl-derived 3D porous iron sulfide- 
carbon composite microspheres to which a conformal N-doped 
carbon layer is coated via a scalable spray pyrolysis process 
combined with sulfidation heat treatment and polydopamine- 
derived carbon coating. The NaCl template plays a critical role 
in constructing a 3D interconnected porous architecture with 
internal void networks, while the conformal N-doped carbon 
layer enhances electronic conductivity and interfacial stability. 
This synergistic structural design enables efficient electrolyte 
penetration, shortened Na+ diffusion pathways, and improved 

charge transfer kinetics. As a result, FeS-NaCl@NC microspheres 
exhibit significantly enhanced electrochemical performance 
compared to FeS-NaCl and Hollow FeS microsphere counter- 
parts, delivering superior cycling stability, high rate capability, 
and stable coulombic efficiency. Nano-indentation and cross- 
sectional SEM analyses conf irm that the NaCl-templated porous 
framework effectively accommodates volume changes, leading to 
improved mechanical robustness and structural integrity during 
prolonged cycling. In addition, kinetic analyses reveal a dominant 
surface-controlled capacitive behavior and reduced electrode- 
level transport resistance. Furthermore, the practical applicability 
of FeS-NaCl@NC microspheres is demonstrated through pouch- 
type full-cell evaluation with an NFM cathode, showing stable 
long-term cycling performance with high-capacity retention. 
Overall, this study provides a scalable and effective strategy 
for designing high-performance metal sulfide-based anodes for 
advanced sodium-ion batteries. 

4 Experimental Section 

4.1 Materials 

FeS-NaCl@NC microspheres were synthesized via a spray pyrol- 
ysis process combined with subsequent sulfidation treatment 
and polydopamine-derived carbon coating process. Initially, the 
spray solution was prepared by dissolving 0.1 M iron nitrate 
nonahydrate (Fe(NO3 )3 ⋅9H2 O, JUNSEI, 98.0%, Mw = 404.00), 30 g 
L− 1 dextrin ((C6 H10 O5 )x ⋅n H2 O, SAMCHUN), and 75 g L− 1 sodium 

chloride (NaCl, SAMCHUN, 99.5%) in 500 mL of distilled (DI) 
water. The solution was vigorously stirred to ensure complete 
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dissolution. The prepared solution was then atomized into 
droplets using an ultrasonic nebulizer, and the droplets were 
transferred to a quartz reactor, which was heated to 700◦C. N2 gas 
(10 L min− 1 ) was supplied as the carrier gas to carry the atomized 
droplets. The powder obtained after the spray pyrolysis was 
designated as ‘Fe2 O3 -NaCl’. Thereafter, Fe2 O3 -NaCl powder was 
thoroughly washed with deionized water to completely remove 
the NaCl template, thereby forming the internal empty nanoroom 

structure. 

For the subsequent sulfidation process, a small alumina boat 
containing the prepared powder was loaded onto a larger alumina 
boat to which a cover was later put onto. Thiourea was placed 
in the space between the outer wall of the small boat and 
the inner wall of the large boat. This nested setup was heat- 
treated at 200◦C for 6 h at a ramping rate of 5◦C min− 1 under 
a 10% H2 /Ar gas mixture. During the sulfidation process, H2 S 
gas is generated, which subsequently facilitates the sulfidation 
reaction. The sample obtained after this sulfidation process was 
named FeS-NaCl microspheres. 

Finally, an N-doped carbon coating layer was introduced 
to FeS-NaCl microspheres. 0.1214 g of Tris buffer (Sigma 
7–9, NH2 C(CH2 OH)3 , Sigma–Aldrich, ≥ 99% (titration)) was 
dissolved in 100 mL of DI water, followed by the disper- 
sion of 0.1 g of the FeS-NaCl powder. After achieving a 
homogeneous mixture, 0.025 g of dopamine hydrochloride 
((HO)2 C6 H3 CH2 CH2 NH2 ⋅HCl, Sigma-Aldrich, ≥ 98%) was added. 
The solution was continuously stirred for 24 h at room tempera- 
ture to allow the uniform coating of polydopamine. The resulting 
powder was washed thoroughly with DI water and dried. To 
obtain the N-doped carbon-coated sample, designated as FeS- 
NaCl@NC, the powder was carbonized at 400◦C for 3 h with a 
heating rate of 5◦C min− 1 under an Ar atmosphere. 

For comparison, Hollow FeS microspheres were synthesized 
using the identical procedure, but without NaCl and the N-doped 
carbon coating. Instead, the NaCl-free precursor was directly 
sulfidized. 

4.2 Materials Characterization 

Surface morphology and elemental distribution were charac- 
terized using field emission scanning electron microscopy (FE- 
SEM; Hitachi S-4800) and field emission transmission electron 
microscopy (FE-TEM) equipped with energy dispersive x-ray 
spectroscopy (EDS) (JEOL JM-2100F). Crystallographic proper- 
ties were analyzed by x-ray diffraction (XRD; X-Pert PRO, Cu Kα
radiation) at Korea Basic Science Institute (KBSI) Daegu Center, 
while the chemical states of FeS-NaCl@NC and FeS-NaCl micro- 
spheres were identified via x-ray photoelectron spectroscopy 
(XPS; Thermo Scientific K-Alpha). To evaluate the carbon con- 
tent, thermogravimetric analysis (TG; Pyris 1 Thermogravimetric 
Analyzer, Perkin Elmer) was performed between 25 and 800◦C 

under an air atmosphere. The pore structure of the materials was 
assessed via the N2 adsorption using the Brunauer-Emmett-Teller 
method (TriStar 3000 and 3Flex 3500, Micromeritics). The struc- 
tural characteristics of carbon were examined using Raman spec- 
troscopy (Jobin Yvon LabRam HR800) equipped with a 632.8 nm 

He-Ne laser. Lastly, the elemental composition was determined 

via elemental analysis (vario MICRO cube, Elementar), where 
the measurements were conducted through high-temperature 
combustion at 1200–1400◦C. Nano-indentation measurements 
were performed using a PI-85 nanoindenter (Bruker Corporation, 
USA) integrated with a FE-SEM (Nova Nano SEM, FEI Company, 
USA) under an argon-filled environment. 

4.3 Electrochemical Characterization 

The electrochemical sodium-ion storage properties of FeS- 
NaCl@NC composite were evaluated using 2032-type coin cells 
assembled in an argon-filled glovebox (with H2 O and O2 levels 
below 0.1 ppm). To prepare the working electrode, a slurry 
was prepared by homogenizing FeS-NaCl@NC active material, 
Super P conductive carbon, and sodium carboxymethyl cellulose 
binder in a weight ratio of 7:2:1 using deionized water. The 
resulting mixture was cast onto a copper foil current collector and 
subsequently dried. The electrodes were punched into circular 
discs with a diameter of 14 mm. For half-cell configurations, 
sodium metal served as both the counter and reference electrodes, 
while a microporous polypropylene membrane was employed as 
the separator. The electrolyte consisted of 1 m NaClO4 dissolved in 
a mixture of ethylene carbonate and dimethyl carbonate (1:1, v/v), 
to which 5 wt.% fluoroethylene carbonate was added. Galvano- 
static charge–discharge test was carried out within a potential 
window of 0.001–3.0 V (vs. Na/Na+ ) using a battery testing system 

at various current densities. To investigate the sodium-ion storage 
kinetics and electrochemical reaction mechanisms, cyclic voltam- 
metry was performed over the same potential range at sweep 
rates ranging from 0.1 to 3.0 mV s− 1 . To elucidate the sodium- 
ion storage mechanisms and kinetic behavior, in situ and ex 
situ electrochemical impedance spectroscopy analyses were per- 
formed over a frequency range of 0.01 Hz–100 kHz. Additionally, 
the sodium-ion diffusion coefficients ( DNa + ) were determined 
through the galvanostatic intermittent titration technique to eval- 
uate the rate of ion transport during the sodiation/desodiation 
processes. 

For full-cell tests, NaNi0.33 Mn0.33 Fe0.33 O2 (NFM) and FeS- 
NaCl@NC microspheres were used as the cathode and anode, 
respectively, with a negative-to-positive (N/P) electrode capacity 
ratio of 1.1:1. To fabricate the cathode, a slurry was prepared 
by mixing NFM powder, Super P conductive carbon, and 
polyvinylidene fluoride binder in a weight ratio of 8:1:1 in 
N-methyl-2-pyrrolidone. The resulting slurry was cast onto an 
aluminum foil current collector. For the anode, FeS-NaCl@NC 

powder (80 wt.%), Super P conductive carbon (10 wt.%), and 
poly(acrylic acid) (10 wt.%) binder were mixed using deionized 
water and ethanol to prepare a homogeneous slurry, which was 
then cast onto a copper foil current collector. All electrodes 
were dried in a vacuum oven at 100◦C for 12 h. The pouch-type 
full-cells were assembled inside an argon-filled glovebox (with 
H2 O and O2 levels below 0.1 ppm). The separator and electrolyte 
used here were Al2 O3 -coated polyethylene and 0.73 m NaFSI in 
a mixed solvent of N,N-dimethyl fluorosulfonamide (DMFSA) 
and N,N-dimethyltrifluoromethanesulfonamide (DMTMSA) 
(2:1, molar ratio), respectively. The full-cells were activated in the 
range of 0.8–4.0 V at 0.1 C (1.0 C = 120 mA g− 1 ) using a battery 
testing system. The rate capability and cycling performance tests 
were conducted at various C-rates (0.2, 0.5, 0.8, and 1.0 C), and at 
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1.0 C, respectively, with a potential window ranging from 0.8 to 
3.8 V. Additionally, all the pouch-cells were tested with a uniaxial 
pressure of ∼ 300 kPa. 
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Figure S1. SEM image showing multiple Fe2O3-NaCl microspheres prepared directly from 
spray pyrolysis. 

 

 

 

 

 
Figure S2. XRD pattern of Fe2O3-NaCl microspheres (a) before and (b) after washing. 

 



 

Figure S3. SEM images and corresponding elemental dot mapping images of Fe2O3-NaCl 
microspheres (a) before and (b) after washing with deionized water, and the corresponding 
quantitative EDS results (c) before and (d) after washing. 

 

 

 

 



 

Figure S4. Size distribution of FeS-NaCl@NC microspheres.  

 

 

Table S1. EA results of FeS-NaCl@NC, FeS-NaCl, and Hollow FeS microspheres.  

  

 

Table S2. EDS analysis results of FeS-NaCl microspheres before and after DI-water washing. 



 
Figure S5. (a,b) SEM images and (c) XRD pattern of Hollow Fe2O3 microspheres.  

 

 

 

Figure S6. (a,b) SEM images and (c) XRD pattern of Hollow FeS microspheres.  

 

 



 

Figure S7. Raman spectra of Hollow FeS microspheres.  

 

 

 
Figure S8. CV curves of (a) FeS-NaCl@NC, (b) FeS-NaCl, and (c) Hollow FeS microspheres.   

 



 

Figure S9. Ex-situ XRD patterns of FeS-NaCl@NC microspheres after the initial discharge 
and charge processes. 

 



 

Figure S10. Ex situ XPS spectra of FeS-NaCl@NC microspheres after the initial discharge 

and charge processes: (a) S 2p spectra and (b) Fe 2p spectra. 

 

 

 

Figure S11. Coulombic efficiency vs cycle number for FeS-NaCl@NC, FeS-NaCl, and 
Hollow FeS microspheres.  

 



 
Figure S12. (a,b) TEM images and (c) SAED pattern of the overall FeS-NaCl@NC 
microsphere after 100 cycles, and (d) HR-TEM image with selected regions A and B, and (e,f) 
corresponding FFT patterns obtained from regions A and B, respectively. 
 



 

Figure S13. (a) SEM image, (b) XRD pattern, (c) charge-discharge profile, (d) cycle and (e) 

rate performances of phase-controlled Fe7S8-NaCl@NC microspheres. 

 

 



 
Figure S14. EIS Nyquist plots of FeS-NaCl@NC, FeS-NaCl, and Hollow FeS microspheres for the 
(a) 1st, (b) 5th, (c) 10th, and (d) 50th cycles. 

 

 

 

Re: the electrolyte resistance, corresponding to the intercept of high frequency semicircle at Zre axis 

Rf: the SEI layer resistance corresponding to the high-frequency semicircle 

Q1: the dielectric relaxation capacitance corresponding to the high-frequency semicircle 

Rct: the charge transfer resistance related to the middle-frequency semicircle 

Q2: the associated double-layer capacitance related to the middle-frequency semicircle 

Zw: the Na-ion diffusion resistance 

 

Figure S15. Randles type equivalent circuit. 



 

 

 

Figure S16. Evolution of (a) RSEI and (b) Rct as functions of cycle number for the FeS-
NaCl@NC, FeS-NaCl, and Hollow FeS microspheres, and (c) corresponding resistance values 
at different cycling stages. 
 

 



Figure S17. In situ EIS characterization of the microspheres: (a-c) Nyquist plots obtained at 
selected potential during the first cycle, (d-f) Rtot vs. potential graph. 

 

 

Figure S18. Cross-sectional FE-SEM images of FeS-NaCl microspheres: (a) Prior to cycling, 
(b) after initial sodiation, (c) after de-sodiation process and (d) electrode swelling rate observed 
during the initial sodiation/de-sodiation step. 

 



 

Figure S19. Cross-sectional FE-SEM images of Hollow FeS microspheres: (a) Prior to cycling, 
(b) after initial sodiation, (c) after de-sodiation process and (d) electrode swelling rate observed 
during the initial sodiation/de-sodiation step. 

 

 

Figure S20. (a,b) SEM images from the nanoindentation analysis of FeS-NaCl and Hollow 
FeS microspheres. (c,d) Loading force–displacement curves, (e) contact depth, (f) modulus (g) 
hardness of FeS-NaCl and Hollow FeS microspheres after the 2nd cycle. 



 

Figure S21. Deconvolution of capacitive and diffusion-controlled current contributions for 
FeS-NaCl@NC microspheres at various scan rates of (a) 0.1, (b) 0.2, (c) 0.5, (d) 1.0, (e) 2.0, 
and (f) 3 mV s-1. 

 

 



 

Figure S22. Deconvolution of capacitive and diffusion-controlled current contributions for 
FeS-NaCl microspheres at various scan rates of (a) 0.1, (b) 0.2, (c) 0.5, (d) 1.0, (e) 2.0, and (f) 
3 mV s-1. 

 

 



 

Figure S23. Deconvolution of capacitive and diffusion-controlled current contributions for 
Hollow FeS microspheres at various scan rates of (a) 0.1, (b) 0.2, (c) 0.5, (d) 1.0, (e) 2.0, and 
(f) 3 mV s-1. 

 

 
 



 

Figure S24. GITT analysis of FeS microspheres: (a) Voltage profiles of FeS-NaCl@NC, FeS-
NaCl, and Hollow FeS microspheres during sodiation/desodiation processes. (b,c) 
Corresponding Na⁺ diffusion coefficients as a function of potential during (b) sodiation and (c) 
desodiation, calculated from the GITT responses. 

 



 

Table S3. Experimental and calculation parameters used for GITT analysis and determination 
of the Na⁺ diffusion coefficient. 

 

For the calculation, the effective molar volume VM was estimated from the geometric 

electrode volume and active-material loading according to 

 

𝑉ெ =
𝑀஻𝜋𝑟

ଶ𝑡

𝑚஻
. 

 

Accordingly, when the calculated VM is substituted into the GITT equation, the MB and mB 

terms are canceled.  
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