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A B S T R A C T

Here, the rational design strategy of three-dimensional porous SnO2/FexOy microspheres with a conformal N- 
doped carbon coating as a high-performance anode for lithium-ion batteries is reported. The unique architecture 
was fabricated via spray pyrolysis using a precursor solution containing Sn-based metal–organic frameworks 
(MOFs), Fe nitrate, polyvinylpyrrolidone (PVP), and polystyrene (PS) nanobeads, followed by polydopamine 
(PDA) coating and subsequent carbonization. The resulting microspheres exhibit a continuous mesoporous 
framework composed of homogeneously dispersed ultrafine SnO2 and FexOy nanoparticles, where PS nanobead 
decomposition generates abundant interconnected pores and Sn-MOF-derived organic framework suppresses 
particle aggregation. A uniform N-doped carbon layer derived from PDA significantly enhances the electrical 
conductivity and mechanical stability, facilitating rapid charge transport and effectively mitigating the volume 
expansion of metal oxides during galvanostatic charge and discharge processes. The microspheres with an 
optimized amount of N-doped carbon coating layer demonstrate remarkable electrochemical performance, 
including high reversible capacity, excellent rate capability, and outstanding cycling stability. The microspheres 
delivered a capacity of 397 mA h g− 1 after 300 cycles at 5.0 A g− 1, which corresponds to the capacity retention of 
86 %. In terms of rate capability, a high discharge capacity of 184 mA h g− 1 was observed even at 10.0 A g− 1.

Introduction

The rapid advancement of portable electronics, electric vehicles, and 
grid-scale energy storage systems has driven an ever-increasing demand 
for lithium-ion batteries (LIBs) with higher energy density, superior rate 
capability, and extended cycle life [1,2]. Graphite, despite being the 
most widely used commercial anode material, possesses a relatively low 
theoretical capacity (372 mA h g− 1), which imposes a fundamental 
limitation on further performance improvements in next-generation 
LIBs [3,4]. To address these limitations, transition metal oxides 
(TMOs) have been extensively investigated as promising alternative 

anode materials owing to their high theoretical capacities and diverse 
redox chemistry [5,6]. Among these candidates, SnO2 has attracted 
particular attention due to its high theoretical capacity of 1,494 mA h 
g− 1 and relatively low operating voltage [7]. However, the practical 
application of SnO2-based anodes is significantly hindered by severe 
volume expansion during lithiation and delithiation, which induces 
pulverization of active materials, loss of electrical contact, and rapid 
capacity degradation [8]. Hybridization with other TMOs, such as iron 
oxides (FexOy), has been proposed as a viable strategy to mitigate the 
mechanical instability of SnO2 and introduce additional electrochemical 
activity [9,10]. Despite these benefits, both SnO2 and FexOy anodes 
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suffer from intrinsic drawbacks, including poor electrical conductivity 
and substantial mechanical degradation over repeated cycling, which 
collectively limit their practical viability [11,12].

Recent research efforts have focused on the design of nanostructured 
composites with engineered porosity and integrated conductive net
works [13–15]. Three-dimensional (3D) porous architectures are 
particularly effective in accommodating volume changes, enhancing 
lithium-ion transport, and enlarging the electrode–electrolyte interfacial 
area [16–18]. Additionally, surface modification with conductive car
bon layers, especially nitrogen-doped carbon can significantly enhance 
electrical conductivity and mechanical integrity, enabling stable long- 
term cycling and enhanced rate performances [19–22]. Among various 
polymeric precursors for N-doped carbon, such as polypyrrole and pol
yvinylpyrrolidone (PVP), polydopamine (PDA) offers distinct advan
tages. Owing to its abundant catechol and amine functional groups, PDA 
can be spontaneously polymerized under mild aqueous conditions, 
providing a facile and controllable synthesis route [23]. Additionally, 
PDA exhibits strong adhesion to diverse substrates, which allows for the 
formation of uniform and conformal coatings [24]. Upon carbonization, 
PDA yields N-doped carbon with high nitrogen content and good elec
trical conductivity, both of which are highly beneficial for improving the 
electrochemical performance of LIB anodes. Nevertheless, the scalable 
synthesis of hierarchical porous TMO-based composites, featuring ho
mogeneously distributed active phases and conformal N-doped carbon 
coatings, remains a significant challenge. Spray pyrolysis, a continuous 
and scalable technique, has emerged as a promising approach for the 
fabrication of advanced electrode materials with controlled morphology 
and tunable composition [25,26].

In this work, we report a rational design and scalable synthesis of 
three-dimensional porous SnO2/FexOy microspheres uniformly coated 
with N-doped carbon. The synthesis is accomplished via spray pyrolysis 
using a precursor solution comprising Sn-based metal–organic frame
works (MOFs), Fe nitrate, PVP, and polystyrene (PS) nanobeads, fol
lowed by PDA coating and subsequent carbonization. The use of Sn-MOF 
as a precursor plays a critical role in the formation of ultrafine SnO2 
nanoparticles, which are homogeneously dispersed throughout the 
porous framework. The decomposition of PS nanobeads during pyrolysis 
generates a continuous mesoporous structure, while the PDA-derived N- 
doped carbon coating forms a uniform and conductive shell that en
hances the overall electrical conductivity and mechanical stability of the 
composite. The resulting N-doped carbon coated 3D porous SnO2/FexOy 
microspheres exhibit a highly integrated architecture, which effectively 
accommodates volume changes, promotes rapid ion and electron 
transport, and maintains excellent cycling stability. The carefully engi
neered microspheres maintained a capacity of 397mA h g− 1 after 300 
cycles at a high current density of 5.0 A g− 1, corresponding to a 
remarkable capacity retention of 86 %. Furthermore, microspheres 
achieved a discharge capacity of 184 mA h g− 1 at 10.0 A g− 1, high
lighting their outstanding rate capability.

Experimental section

Synthesis of Sn-MOF

Sn-based metal–organic framework (Sn-MOF) was synthesized as 
follows. First, Solution A was prepared by dissolving 1.01 g LiOH⋅H2O 
(JUNSEI, 95 %) and 1.99 g terephthalic acid (DAEJUNG, 97.0 %) in a 
mixture of 50 mL DI water and 50 mL N,N-dimethylformamide (DMF, 
SAMCHUN, Special grade, 99.5 %). Solution B was separately prepared 
by dissolving 1.13 g SnCl2⋅2H2O (ORIENTAL, 95 %) in 20 mL DI water. 
Solution B was then rapidly added to Solution A under vigorous stirring. 
After stirring for 60 min at room temperature, the resulting precipitate 
was collected by centrifugation, subsequently washed with DI water and 
ethanol, and dried overnight at 60◦C.

Preparation of P-SnO2/Fe2O3 microspheres

Half of the total PVP (DAEJUNG, Mw = 40,000; 2 g) was dissolved 
along with 2.5 g of synthesized Sn-MOF in 200 mL DI water and 
dispersed overnight using a probe ultrasonicator. After overnight soni
cation, the remaining half of PVP (2 g), 12.3 g Fe nitrate nonahydrate (Fe 
(NO3)3⋅9H2O, KANTO, 98.5 %), and 200 mL of PS nanobeads solution 
(particle size ~ 100 nm) were added. The mixture was stirred continu
ously for 6 h. The homogeneous precursor solution was subjected to 
spray pyrolysis at 700◦C in air, with an air flow rate of 10 L min− 1, which 
resulted in the formation of P-SnO2/Fe2O3 microspheres. For preparing 
the comparison sample (F-SnO2/FexOy without PS nanobeads), an 
identical procedure was carried out, excluding the addition of PS 
nanobeads.

Preparation of P-SnO2/FexOy@PDA10 microspheres

For PDA coating, 0.12 g of tris buffer (Sigma-Aldrich, ≥99 %) was 
dissolved in 100 mL DI water, followed by the addition of 0.1 g spray- 
pyrolyzed powder under stirring. Subsequently, 1.0 g dopamine hy
drochloride (Sigma-Aldrich, ≥98 %) was added, and the mixture was 
stirred for 16 h at room temperature. The resulting coated powder was 
collected by centrifugation at 8000 rpm for 20 min, washed three times 
with DI water, and dried at 60 ◦C. Subsequently, the composite was 
subjected to heat treatment at 400 ◦C for 3 h under a N2 atmosphere for 
carbonization purpose.

Materials characterization

The structural and physicochemical properties of the synthesized 
microspheres, namely P-SnO2/FexOy@PDA10, P-SnO2/Fe2O3, and F- 
SnO2/FexOy, were comprehensively investigated using various analyt
ical techniques. Crystal phase identification was performed via X-ray 
diffraction (XRD, Malvern Panalytical, Cu Kα radiation, λ = 1.5418 Å) at 
the Korea Basic Science Institute (Daegu). Surface morphology and 
microstructural features were examined using field-emission scanning 
electron microscopy (FE-SEM, Hitachi S-4500) and field-emission 
transmission electron microscopy (FE-TEM, JEM-2100F, JEOL). Ther
mogravimetric analysis (TGA) was conducted in air from 30 to 600 ◦C at 
a heating rate of 10 ◦C min− 1 to assess compositional stability. Chemical 
bonding and elemental states were probed by X-ray photoelectron 
spectroscopy (XPS, K-Alpha, Thermo Scientific, Al Kα source) at the 
Korea Basic Science Institute (Busan). Nitrogen adsorption–desorption 
isotherms were collected to determine the specific surface area and pore 
size distribution, with data analysis based on the Brunauer–Emmett–
Teller (BET) method. The carbon and nitrogen contents were quantified 
by elemental analysis (EA). Raman spectroscopy (RAMANtouch, Nano
photon) was employed to evaluate the crystallinity of the carbonaceous 
species. The elemental composition ratios were further verified by 
inductively coupled plasma optical emission spectroscopy (ICP-OES, 
Spectro ARCOS).

Electrochemical measurements

Electrochemical performance of the prepared microspheres was 
evaluated using 2032-type coin cells. Working electrodes were prepared 
by blending active material, Super-P conductive carbon, and sodium 
carboxymethyl cellulose (CMC) binder in a mass ratio of 7:2:1, followed 
by casting the resulting slurry onto copper foil. The coated electrodes 
were dried at 60 ◦C overnight, then punched into 14  mm diameter disks 
with an average active material loading of ~ 0.7  mg cm− 2 (total active 
mass ≈ 1.0  mg). All cell assembly steps were conducted in an argon- 
filled glovebox to minimize moisture and oxygen exposure. Lithium 
metal and microporous polypropylene film served as the counter elec
trode and separator, respectively. The electrolyte consisted of 1  M LiPF6 
dissolved in a 1:1 vol ratio mixture of fluoroethylene carbonate (FEC) 
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and dimethyl carbonate (DMC). Galvanostatic charge–discharge cycling 
was performed over a voltage range of 0.001–3.0  V (vs. Li/Li+) at 
various current densities (0.1–10 A g− 1) using a WBCS3000 battery 
cycler (WonATech). Cyclic voltammetry (CV) was carried out at a scan 
rate of 0.1  mV s− 1. Electrochemical impedance spectroscopy (EIS) was 
recorded in the frequency range of 100  kHz to 0.01  Hz with an 
amplitude of 10  mV.

Results and discussion

PDA-derived N-doped carbon coated porous SnO2/FexOy micro
spheres (P-SnO2/FexOy@PDA microspheres), featuring a porous frame
work composed of SnO2 derived from Sn-MOF and FexOy, were 
synthesized through spray pyrolysis and PDA coating (Scheme 1). The 
colloidal precursor solution consisting of Sn-MOF, Fe nitrate, PVP, and 
PS nanobeads (ϕ = 100 nm) was atomized into fine droplets using an 
ultrasonic nebulizer (Scheme 1-①). Sn-MOF and Fe nitrate were used as 
Sn and Fe precursors, respectively, while PVP and PS nanobeads served 
as sacrificial carbon precursors and porogen. The generated droplets 
were transported by air through the vertical quartz reactor tube at 700 
◦C, leading to the crystallization of SnO2 and Fe2O3 and the decompo
sition of PS nanobeads and PVP. In particular, during SnO2 crystalliza
tion, the organic framework in Sn-MOF effectively prevented the 
aggregation of SnO2, thereby promoting the formation of smaller 
nanoparticles. The decomposition of PS nanobeads generated pores, 
forming the continuous mesoporous framework throughout the micro
sphere. PVP was introduced as a sacrificial additive to enhance the 
dispersion stability of precursors and suppress particle aggregation 
during spray pyrolysis. Through the spray pyrolysis process, porous 

microspheres consisting of SnO2 and Fe2O3 nanoparticles (P-SnO2/ 
Fe2O3 microspheres) were successfully collected from the bag filter 
(Scheme 1-②). P-SnO2/Fe2O3 microspheres treated with PDA were 
carbonized at 400 ◦C in N2 atmosphere, which formed the uniform N- 
doped carbon coating on the surface (Scheme 1-③). The PDA-derived N- 
doped carbon layer significantly enhances electrical conductivity, 
facilitating faster electron and lithium-ion transport. Additionally, this 
carbon layer effectively suppresses the volume expansion of SnO2 and 
iron oxides during charge/discharge process, improving structural sta
bility and cycling performance. During the carbon coating process, 
partial reduction of Fe2O3 to Fe3O4 was observed. This reduction is 
primarily attributed to the carbothermal reduction effect, wherein the 
carbonaceous species derived from the thermal decomposition of poly
dopamine act as a reducing agent for Fe2O3 [27,28]. In an oxygen- 
deficient (N2) environment, carbon originating from the polydop
amine coating reacts with Fe2O3, removing oxygen and thereby facili
tating its conversion to Fe3O4. Even after the coating process, the porous 
structure is well-maintained, allowing smooth electrolyte penetration 
and expanding the active surface area for efficient redox reactions. The 
interconnected pores also shorten lithium-ion diffusion pathways, 
enabling faster ion transport and improving reaction kinetics.

The comprehensive analysis was conducted to characterize the 
nanostructures obtained at various stages of the synthesis and to eluci
date the formation mechanism. The FE-SEM image and XRD pattern of 
Sn-MOF used in this study are presented in Fig. S1, where the average 
size of Sn-MOF particles calculated from the FE-SEM image is 44.5 nm. 
The morphological, crystallographic, and elemental mapping analyses 
for P-SnO2/Fe2O3 microspheres, which are collected directly from the 
one-pot spray pyrolysis of a precursor solution that contains Sn-MOF, Fe 

Scheme 1. Schematic representation (①–③) of the formation mechanism of porous SnO2/FexOy composite microsphere with polydopamine-derived N-doped carbon 
coating layer (P-SnO2/FexOy@PDA10).
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nitrate, PVP, and PS nanobeads, are presented in Fig. 1. Microspheres 
exhibited porous structures with an average pore size of approximately 
50 nm (Fig. 1a and b). These pores originated from the removal of PS 
nanobeads (initially 100 nm in diameter) during spray pyrolysis, and the 
pore size reduction to 50 nm is attributed to the microsphere shrinkage 
during the thermal process. As shown in the fractured cross-section, the 
pores are uniformly present on the surface as well as inside the spheres 
(Fig. 1c). The TEM images in Fig. 1d and e confirm the presence of 
microspheres with uniformly distributed pores, consistent with the FE- 
SEM results. In Fig. 1e, the bright regions correspond to open pores, 
while the dark regions represent the framework composed of SnO2 and 
Fe2O3 nanoparticles. As shown in Fig. 1f, the TEM image illustrates the 
porous framework composed Fe2O3 and ultrafine SnO2 nanoparticles. 
This is corroborated by the HR-TEM image in Fig. 1g, which reveals the 
(110) lattice planes of SnO2 with the spacing of 0.34 nm and the (104) 
lattice planes of Fe2O3 with the spacing of 0.27 nm. The selected area 
electron diffraction (SAED) pattern in Fig. 1h distinctly displays 
diffraction rings corresponding to SnO2 and Fe2O3. The XRD results 
shown in Fig. 1i further confirm that the microspheres are composed of 
SnO2 and Fe2O3 phases. The average size of SnO2 and Fe2O3 particles 
calculated from the Scherrer equation were 14.1 and 3.2 nm, respec
tively, consistent with the TEM results shown in Fig. 1f. Elemental 
mapping in Fig. 1j confirms that Sn, Fe, O, C, and N are evenly 

distributed across the structural framework. The faint C and N mapping 
indicates that the spray pyrolysis process in an air atmosphere resulted 
in negligible carbon content, consistent with the EA and TG results 
shown in Fig. S2. Based on the EA analysis in Fig. S2a, the P-SnO2/Fe2O3 
microspheres are composed of 0.4 wt% carbon and 0.9 wt% nitrogen. 
Supporting this observation, the TG results obtained under an air at
mosphere indicate that the slight weight loss is attributed to moisture 
evaporation and the combustion of a small amount of carbon present in 
the microspheres (Fig. S2b).

To enhance electrochemical performance, P-SnO2/Fe2O3 micro
spheres were coated with PDA-derived N-doped carbon (Fig. 2), where 
the optimum amount of PDA for coating was determined by controlling 
the weight of PDA added to P-SnO2/Fe2O3 microspheres. The coating 
was carried out by mixing 0.1 g of P-SnO2/Fe2O3 microspheres with 0.5, 
1.0, and 2.0 g of PDA (referred to as PDA5, PDA10, and PDA20, 
respectively) followed by heat treatment at 400 ◦C under a nitrogen 
atmosphere. N-doped carbon coating offers advantages including 
improved electrical conductivity and structural stability, as well as 
suppression of active material volume expansion, thereby enhancing 
electrochemical performance. Fig. 2a–d show FE-SEM images of the 
composite microspheres according to the PDA coating amount, 
demonstrating the blockage of surface pores with increasing carbon 
content. As confirmed by EA analysis, the carbon contents in 

Fig. 1. Physical characterizations of P-SnO2/Fe2O3 microspheres prepared by spray pyrolysis: (a–c) FE-SEM images, (d–f) TEM images, (g) HR-TEM images, (h) SAED 
pattern, (i) XRD pattern, and (j) elemental mapping images.
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microspheres mixed with PDA amounts of 0.5, 1.0, and 2.0 g are 24.1, 
30.1, and 36.1 wt%, respectively, indicating an increase in carbon 
content at higher PDA amount (Table S1). Additionally, at higher PDA 
coating amount, the amount of nitrogen increased, reaching 5 wt% 
when PDA amount of 2.0 g was used; the nitrogen-rich PDA can facilitate 
the formation of an electrically conductive nitrogen-doped carbon ma
trix. Electrochemical performance according to coating amounts was 
evaluated by testing the cycle performance at current densities of 0.5 
and 1.0 A g− 1, as shown in Fig. 2e and f. Prior to evaluating cycling 
performance at 0.5 and 1.0 A g− 1, an activation step was performed for 
two cycles at 0.1/0.2/0.5 A g− 1, respectively. The capacities of P-SnO2/ 
FexOy microspheres composited with N-doped carbon initially increased 
with the amount of PDA coating, peaking at a content of 10 times. This 
enhanced performance resulted from the development of a three- 
dimensional conductive carbon network derived from PDA. However, 
when the PDA content was increased to 20 times, the capacity decreased 
rapidly, reflecting the inherently lower specific capacity of excessive 
carbon content. P-SnO2/Fe2O3 microspheres without carbon coating 
showed rapid deterioration of cycling stability since the fragile pore- 
wall structure is susceptible to structural degradation during repeated 
lithiation/delithiation cycles. PDA-derived N-doped carbon coated 

microspheres exhibited superior capacity retention over repeated cycles 
compared to the pristine microspheres without carbon coating, clearly 
highlighting the benefits of the conductive and mechanically robust 
carbon matrix. This enhancement is attributed to the effective sup
pression of structural degradation caused by repeated lithiation/deli
thiation cycles, reinforcing structural integrity. In addition to cycling 
performance, Fig. 2g illustrates the rate capability test results according 
to coating amount. P-SnO2/FexOy microspheres with PDA 1.0 g exhibi
ted the highest rate performance, where capacities of 1206, 1054, 955, 
850, 787, 715, 558, 470, 360, 276, and 184 mA h g− 1 were obtained at 
0.1, 0.2, 0.3, 0.5, 0.7, 1.0, 2.0, 3.0, 5.0, 7.0, and 10.0 A g− 1, respectively. 
Since the 3D continuous conductive carbon matrix was formed on the 
surface of P-SnO2/FexOy microspheres, the microspheres with 0.5 g and 
2.0 g carbon coating also exhibited high rate performance. Similar to the 
cycling performance evaluation, microspheres with PDA 1.0 g demon
strated the best rate capability. P-SnO2/FexOy@PDA10 microspheres 
likely achieved optimal balance, improving electrical conductivity and 
effectively suppressing active material volume expansion.

Fig. 3 presents comprehensive morphological, structural, and 
compositional analyses of P-SnO2/FexOy@PDA10 microsphere. FE-SEM 
images (Fig. 3a–c) demonstrate the spherical morphology with 

Fig. 2. (a–d) FE-SEM images and (e–g) electrochemical properties of P-SnO2/FexOy@PDA microspheres synthesized with different amounts of dopamine hydro
chloride: (a) Without PDA, (b) PDA 0.5 g, (c) PDA 1.0 g, (d) PDA 2.0 g, (e) cycling performances at current density of 0.5 A g− 1, (f) cycling performances at current 
density of 1.0 A g− 1, and (g) rate performances.
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diameters predominantly in the micron range and a porous surface, as 
observed in the magnified view (Fig. 3b). The fracture surface (Fig. 3c) 
clearly reveals the internal porous framework, suggesting effective pore 
generation during synthesis due to the decomposition of PS nanobeads. 
TEM analysis further confirms the highly porous structure with uni
formly dispersed nanopores (Fig. 3d). A distinct PDA-derived N-doped 
carbon layer uniformly coats the surface, as revealed by TEM imaging 
(Fig. 3e and Fig. S3), which clearly distinguishes the PDA-coated P- 
SnO2/FexOy@PDA10 microspheres from the uncoated P-SnO2/Fe2O3 
counterparts, thereby providing structural integrity and enhancing 
electrical conductivity. Notably, ultrafine Fe2O3 and SnO2 nanoparticles 
with sizes less than 5 nm could be observed (Fig. 3f); The SnO2 nano
particles originated from the Sn-based MOF precursor, while the FexOy 
nanoparticles formed through nucleation and growth of Fe3O4, gener
ated via partial reduction of Fe2O3 during N2 annealing. The polydop
amine coating effectively suppressed grain growth, leading to the 
formation of ultrafine FexOy particles. HR-TEM images (Fig. 3g) show 
clear lattice fringes separated by 0.34, 0.27, and 0.25 nm, corresponding 
to the (110) plane of SnO2, (104) plane of Fe2O3, and (103) plane of 
Fe3O4, respectively. SAED patterns in Fig. 3h further corroborate the 
polycrystalline nature, displaying characteristic diffraction rings 
attributed to SnO2, Fe2O3, and Fe3O4 phases. This is in line with the XRD 
pattern of P-SnO2/FexOy@PDA10 microspheres in Fig. 3i. P-SnO2/ 

FexOy@PDA5 and P-SnO2/FexOy@PDA20 also revealed identical XRD 
patterns, indicating that the carbothermal reduction takes place during 
the heat treatment in N2 atmosphere when PDA is present (Fig. S4). 
Elemental mapping images (Fig. 3j) demonstrates uniform distribution 
of Sn, Fe, O, C, and N elements throughout the microspheres, confirming 
homogeneous composition and successful PDA-derived N-doped carbon 
coating.

The chemical states and surface composition of the P-SnO2/Fex

Oy@PDA10 microspheres were systematically investigated by X-ray 
photoelectron spectroscopy (XPS), as summarized in Fig. 4. The survey 
spectrum (Fig. 4a) clearly demonstrates the presence of Sn, Fe, O, C, and 
N elements, confirming the successful formation of SnO2/FexOy com
posites coated with N-doped carbon. The high-resolution Sn 3d spectrum 
(Fig. 4b) shows two distinct peaks at approximately 495.0 eV and 486.5 
eV, corresponding to Sn 3d3/2 and Sn 3d5/2, respectively [29]. The 
binding energies are characteristic of Sn4+, confirming that tin exists 
predominantly as SnO2 in the composite. The Fe 2p spectrum (Fig. 4c) 
reveals multiple components. Peaks at 725.7 eV (Fe 2p1/2) and 712.2 eV 
(Fe 2p3/2) can be assigned to Fe3+, while those at 723.8 eV (Fe 2p1/2) and 
710.5 eV (Fe 2p3/2) are attributed to Fe2+ [30]. A large peak is also 
observed at 716.2 eV, which corresponds to the Sn 2p2/3 [31]. The O 1 s 
spectrum (Fig. 4d) can be deconvoluted into three main peaks. The 
peaks at 533.3 and 531.5 eV correspond to adsorbed H2O molecules and 

Fig. 3. Physical characterizations of P-SnO2/FexOy@PDA10 microspheres after coating process: (a–c) FE-SEM images, (d–f) TEM images, (g) HR-TEM images, (h) 
SAED pattern, (i) XRD pattern, and (j) elemental mapping images.
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–OH groups, respectively, while the peak at 530.0 eV is attributed to 
metal–oxygen bonds (Sn–O/Fe–O) [32]. This suggests the coexistence of 
lattice oxygen, surface hydroxyl groups, and moisture on the sample 
surface. The C 1 s spectrum (Fig. 4e) shows multiple peaks, indicating 
the complex carbon environment introduced by PDA-derived carbon. 
The main peaks at 288.0, 286.3, 285.1, and 284.3 eV are attributed to 
O–C=O, C–O, C–N/C–C, and C=C/C–C bonds, respectively, confirming 
the successful N-doping and oxygen-containing functional groups within 
the carbon [33–35]. The N 1 s spectrum (Fig. 4f) is deconvoluted into 
four peaks centered at 402.5, 400.5, 399.8, and 398.6 eV, which are 
ascribed to oxidized N, graphitic N, pyrrolic N, and pyridinic N, 
respectively [36,37]. The presence of multiple types of nitrogen func
tionalities highlights the effective incorporation of N-doped sites within 
the carbon layer, which is beneficial for enhancing electrical conduc
tivity and providing active sites for electrochemical reactions. 

Collectively, these XPS results confirm that P-SnO2/FexOy@PDA10 mi
crospheres are composed of SnO2, Fe2O3, and Fe3O4 uniformly coated 
with N-doped carbon, endowing the material with improved electronic 
conductivity and structural stability. Additionally, ICP-OES analysis 
(Table S2) further supports the coexistence of Sn and Fe species, 
revealing an atomic ratio of approximately 1:5 (Sn:Fe). As shown in 
Fig. S5a, the TGA curve exhibits an initial weight loss below 150 ◦C, 
which is attributed to the evaporation of physically adsorbed water. A 
more significant weight loss of approximately 33 wt% occurs between 
200 and 500 ◦C, primarily due to the thermal decomposition of the N- 
doped carbon layer. During this temperature range, the oxidation of 
Fe3O4 to Fe2O3 also takes place, which involves oxygen uptake and 
contributes to a slight mass increase. Nevertheless, the dominant com
bustion of the carbon coating results in a net weight loss of 33 wt%. This 
aligns closely with elemental analysis, which indicates the presence of 

Fig. 4. (a) XPS survey spectrum, (b) Sn 3d, (c) Fe 2p, (d) O 1 s, (e) C 1 s, and (f) N 1 s XPS spectrum of P-SnO2/FexOy@PDA10 microspheres.
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30.1 wt% carbon and 4.4 wt% nitrogen, confirming the successful 
incorporation of PDA-derived N-doped carbon into the composite. 
Raman analysis of P-SnO2/FexOy@PDA10 microspheres (Fig. S5b) 
shows the characteristic D and G bands at around 1340 and 1590  cm− 1, 
respectively, with an ID/IG ratio of 0.88. This value reflects the coexis
tence of ordered and disordered structures in the N-doped carbon 
coating. N2 adsorption–desorption isotherms (Fig. S5c) reveal a BET 
surface area of 70  m2 g− 1, indicative of a high degree of porosity. The 
corresponding BJH pore size distribution (Fig. S5d) shows a dominant 
pore diameter centered at ~ 30–40  nm, which is consistent with the 
mesoporous nature observed in the TEM images (Fig. 3e).

To elucidate the effect of 3D porous structure, F-SnO2/FexOy mi
crospheres were prepared from the spray solution that does not contain 
PS nanobeads (Fig. S6). The microspheres exhibited non-aggregated 
independent microspherical morphology as can be ascertained from 
the FE-SEM image in Fig. S6a. From the fractured FE-SEM image and 
TEM image shown in Figs. S6b and c the filled interior could be 

identified since PS nanobeads that act as a porogen were not included 
inside the microspheres. Notably, lattice fringes in Fig. S6d, SAED 
pattern in Fig. S6e, and the XRD pattern shown in Fig. S6f altogether 
reveal that the microspheres are consisted of SnO2 and Fe2O3, together 
with Fe3O4 phases. It is in direct contrast to P-SnO2/Fe2O3 microspheres, 
where only SnO2 and Fe2O3 phases could be identified. This phenome
non can be explained as follows: When PS nanobeads are introduced 
during the synthesis, a porous structure is formed, facilitating effective 
oxygen diffusion throughout the particle. Consequently, the oxidation of 
iron nitrate (Fe(NO3)3) fully progresses to Fe2O3. In contrast, in the 
absence of PS nanobeads, particles aggregate more densely, restricting 
oxygen penetration into the interior regions. Under these relatively 
oxygen-deficient conditions, partial reduction of Fe2O3 occurs, resulting 
in the additional formation of Fe3O4 phases. The elemental mapping 
images in Fig. S6g clearly reveals the homogenous distribution of Sn, Fe, 
and O elements in the microspheres, with the negligible amount of C and 
N, consistent with the TG result presented in Fig. S2c.

Fig. 5. Electrochemical properties of P-SnO2/FexOy@PDA10, F-SnO2/FexOy, and P- SnO2/Fe2O3 anodes: (a) CV curves for initial five cycles of P-SnO2/FexOy@PDA10 
anode, (b) initial discharge/charge curves at a current density of 0.1 A g− 1, (c) cycling performance at 3.0 A g− 1, (d) cycling performance at 5.0 A g− 1, and (e) rate 
performance.
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The electrochemical performance of P-SnO2/FexOy@PDA10, P- 
SnO2/Fe2O3, and F-SnO2/FexOy microspheres as anode materials for 
LIBs is systematically presented in Fig. 5. Here, P-SnO2/Fe2O3 and F- 
SnO2/FexOy microspheres were adopted as control samples to directly 
examine the effect of carbon coating and 3D interconnected pores on the 
lithium-ion storage performance, respectively. CV measurements were 
performed for P-SnO2/FexOy@PDA10, P-SnO2/Fe2O3, and F-SnO2/ 
FexOy microspheres at a scan rate of 0.1 mV s− 1 within the potential 
window of 0.001–3.0 V over the first five cycles, as depicted in Fig. 5a 
and S7. In the initial cathodic scan for P-SnO2/FexOy@PDA10 micro
spheres, the peaks observed from ~1.1 to 0.7 V (vs. Li+/Li) are attrib
uted to the overlapping stepwise conversion reactions of SnO2, Fe2O3, 
and Fe3O4 [38–40]. Fe2O3, Fe3O4, and SnO2 is converted to Fe0 and Sn0, 
all accompanied by the formation of Li2O [38–40]. The broad peak 
centered at ~ 0.5 V is associated with the alloying of metallic Sn with Li+

to form LixSn [41]. During the initial anodic scan, distinct oxidation 
peaks can be observed primarily around 0.6, 1.6, and 1.8 V, corre
sponding to the reversible electrochemical reactions of Sn and Fe-based 
species [42,43]. The broad oxidation peak centered near 0.6 V is 
attributed to the partial oxidation of LixSn alloys formed during the 
cathodic process back to Sn [43]. The two distinct anodic peaks 
observed at approximately 1.6 and 1.8 V are ascribed to the successive 
oxidation of Fe0 to Fe2+ and Fe2+ to Fe3+, respectively [42]. It should be 
noted that the first CV cycle shows clear differences from the subsequent 
cycles. These deviations mainly originate from irreversible processes in 
the initial lithiation/de-lithiation, such as electrolyte decomposition 
with SEI formation, irreversible conversion of SnO2 and FexOy into 
metallic Sn, Fe, and Li2O, and partial trapping of Li-ion within the 
electrode matrix [44,45]. In this initial conversion step, the oxide par
ticles are decomposed into ultrafine Sn and Fe nanocrystals uniformly 
dispersed in a Li2O matrix, which improves the reversibility of subse
quent conversion/alloying reactions and modifies the reaction kinetics 
[44,45]. As a result, the redox peaks in the following cycles shift to 
slightly different potentials, after which the CV curves stabilize with 
reproducible peak positions and intensities. The consistent shape and 
position of the anodic peaks from the 2nd to the 5th cycles indicate the 
good reversibility and electrochemical stability of the electrode mate
rial. Moreover, the slightly increased current intensity after the initial 
cycle suggests the activation of the electrode material upon cycling and 
the enhanced kinetics facilitated by the conductive N-doped carbon 
coating derived from PDA. The CV curves for P-SnO2/Fe2O3 and F-SnO2/ 
FexOy microspheres exhibited peaks at similar potential (Fig. S7). The 
charge–discharge profiles of the microspheres during the initial cycle at 
0.1 A g− 1 are presented in Fig. 5b. Distinct plateaus associated with the 
redox reactions of Fe and Sn species were observed at similar potentials, 
which are consistent with the CV results. The discharge/charge capac
ities of P-SnO2/FexOy@PDA10, F-SnO2/FexOy, and P-SnO2/Fe2O3 mi
crospheres were 1679/1101, 1573/1075, 1689/1222 mA h g− 1, with 
initial Coulombic efficiencies of 65.6 %, 68.3 %, and 72.3 %, respec
tively. P-SnO2/Fe2O3 microspheres exhibited the highest initial 
Coulombic efficiency (ICE) among the three, despite its relatively large 
specific surface area, which is generally expected to promote increased 
SEI formation and lower ICE. This may be attributed to the absence of 
Fe3O4 in the composite, which generally exhibits lower ICE in compar
ison to Fe2O3 counterpart, as reported in the previous reports [46,47]. 
The ICE of P-SnO2/FexOy@PDA10 was the lowest, which can be 
attributed to the presence of the nitrogen-doped carbon coating derived 
from PDA. This N-doped carbon layer, while enhancing electronic con
ductivity and structural integrity during subsequent cycling, increases 
surface area and introduces more active sites for electrolyte decompo
sition. Consequently, this amplifies initial irreversible capacity losses 
associated with SEI formation, resulting in lower ICE compared to un
coated porous samples.

The long-term cycle performances of P-SnO2/FexOy@PDA10, P- 
SnO2/Fe2O3, and F-SnO2/FexOy microspheres were tested at various 
current densities (0.5, 1.0, 3.0 and 5.0 A g− 1, Fig. 5c, d and S8). P-SnO2/ 

FexOy@PDA10 microspheres exhibited remarkable cycling stability 
even at high current densities, retaining capacities of 406 mA h g− 1 after 
400 cycles at 3.0 A g− 1 and 397 mA h g− 1 after 300 cycles at 5.0 A g− 1. In 
stark contrast, the uncoated P-SnO2/Fe2O3 microspheres exhibited rapid 
capacity fading, attributed to structural degradation resulting from the 
fragile pore-wall architecture, which is susceptible to mechanical stress 
during repetitive lithiation/delithiation processes. Dense F-SnO2/FexOy 
microspheres demonstrated intermediate stability but notably inferior 
capacity retention compared to P-SnO2/FexOy@PDA10 microspheres, 
highlighting the critical role of N-doped carbon coating in buffering 
volume changes. The rate capability test (Fig. 5e) further confirms the 
superior performance of the N-doped carbon-coated porous micro
spheres. The capacity retention of P-SnO2/FexOy@PDA10 microspheres 
when the current density changed from 0.1 A g− 1 to 10.0 A g− 1 was 15.3 
%, exceeding twice the value observed for F-SnO2/FexOy microspheres 
(7.1 %). The origin for the high rate capability may be attributed to the 
conformal N-doped carbon coating that provided 3D conductive 
carbonaceous matrix and porous structure that enabled the facile 
penetration of the electrolyte and enhanced the contact between elec
trode and electrolyte. P-SnO2/Fe2O3 microspheres exhibited severe ca
pacity decay at the initial few cycles, which resulted in very low 
capacities at higher current densities. Furthermore, to emphasize the 
advantages of the present material, a comparative summary of the 
electrochemical performance of recently reported SnO2-, FexOy-, and 
SnO2/FexOy-based anodes is provided in Table S3. As shown, the P- 
SnO2/FexOy@PDA10 anode exhibits superior reversible capacity, rate 
capability, and long-term cycling stability compared with previously 
reported materials, highlighting the effectiveness of the design strategy.

To clarify the mechanism underlying the rapid Li-ion storage in P- 
SnO2/FexOy@PDA10 microspheres, CV measurements were carried out 
for three different anodes at scan rates ranging from 0.1 to 2.0 mV s− 1 

(Fig. 6 and S9). The relationship between the peak current (i) and the 
scan rate (v) follows a power law (i = aνb), where the b-value offers 
insights into the charge storage mechanism—whether it is primarily 
governed by surface capacitive processes or by diffusion [48,49]. When 
the b-value approaches 1, the behavior is mainly surface-controlled, 
while a b-value near 0.5 points to a diffusion-limited process. By plot
ting log(i) against log(v) for the main redox peaks (R1, R2, O1, O2, and 
O3) indicated by arrows in Fig. 6a, S9a, and S9c, the b-values were 
extracted. For P-SnO2/FexOy@PDA10, these b-values were determined 
to be 0.89, 0.60, 0.52, 0.80, and 0.81, respectively. P-SnO2/Fex

Oy@PDA10 higher b-values than F-SnO2/FexOy microspheres, likely due 
to the N-doped carbon coating that improves the electrical conductivity 
and 3D porous structure which minimizes Li-ion diffusion pathways and 
maximizes electrode/electrolyte interface, thus promoting capacitive 
charge storage. Despite the intrinsic advantages of P-SnO2/Fe2O3 mi
crospheres, such as increased electrode–electrolyte contact area and 
shortened diffusion pathways, the b-values obtained from the CV anal
ysis are notably lower compared to those of the filled-structure micro
spheres (Fig. S9b). This unexpected result can be primarily attributed to 
the fragile nature of the pore-wall framework, which is verified by the 
cycling performance. The mechanically unstable and thin pore walls in 
the porous structure are highly susceptible to structural collapse and 
pulverization during repeated charge–discharge cycles (five CV curves 
were obtained at each scan rates, meaning that the CV curves of the 
anode at sweep rate of 2.0 mV s− 1 are collected after 25 cycles, for which 
P-SnO2/Fe2O3 microspheres already suffered from a large capacity 
decay). As a result, the accessible surface area and the integrity of the 
electrochemically active sites are significantly compromised over 
cycling, which in turn reduces the overall capacitive contribution to the 
charge storage process. To quantitatively separate capacitive and 
diffusion-controlled contributions, the current at each potential was 
deconvoluted, allowing the relative fraction of capacitive response to be 
calculated using the following equation: i = k1ν+k2ν1/2 [50,51]. The 
former reflects a surface-controlled charge storage mechanism, in 
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contrast to the latter, which represents a diffusion-limited electro
chemical response. At a scan rate of 2.0 mV s− 1, capacitive contributions 
accounted for 72 %, 27 %, and 61 % of the total current in P-SnO2/ 
FexOy@PDA10, P-SnO2/Fe2O3, and F-SnO2/FexOy microspheres, 
respectively (Fig. 6c, e, and g). The evolution of capacitive behavior with 
increasing scan rate from 0.1 to 2.0 mV s− 1 is shown in Fig. 6d, f, and h. 
P-SnO2/FexOy@PDA10 characterized by the interconnected 3D porous 
matrix, which amplifies surface capacitive effects and electro
de–electrolyte contact and highly conductive N-doped carbon exhibited 
the highest capacitive contributions.

To elucidate the differences in electrochemical behavior and struc
tural stability among the three samples, EIS measurements and FE-SEM 
analyses were conducted before and after cycling (Fig. 7a–g). Nyquist 
plots (Fig. 7a–c) were collected for P-SnO2/FexOy@PDA10, F-SnO2/ 
FexOy, and P-SnO2/Fe2O3 electrodes before cycling (denoted as “Fresh”), 
after the 9th cycle, and after 300 cycles, which were further deconvo
luted by Randles-type equivalent circuit shown in Fig. S10. Charge 
transfer resistance (Rct) values calculated from the semicircle in the 
high-frequency region for the microspheres were 41, 53, and 59 Ω, 
respectively (Table S4) [52,53]. P-SnO2/Fe2O3 exhibited a higher Rct in 

Fig. 6. Electrochemical reaction dynamics analysis of (a–d) P-SnO2/FexOy@PDA10, (e, f) P- SnO2/Fe2O3, (g, h) F-SnO2/FexOy anodes: (a) CV curves obtained at 
various scan rates, (b) current response (i) vs. scan rate (n) at each redox peak, (c, e, g) CV curves with the capacitive fraction shown by the red region at a scan rate of 
2.0 mV s− 1, and (d, f, h) bar chart showing the percentage of the capacitive contribution at different scan rates. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.)
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comparison to F-SnO2/FexOy, which can be attributed to its relatively 
higher exposed surface area. The enhanced surface area, while benefi
cial for active site exposure, can also lead to an increase in interfacial 
charge-transfer barriers, thereby resulting in elevated Rct values 
compared to the denser, filled microsphere counterparts. After 9 cycles 
(Fig. 7b), Rct of P-SnO2/FexOy@PDA10 microspheres was found to be 
comparable to that of F-SnO2/FexOy microspheres, while P-SnO2/Fe2O3 
microspheres exhibited a relatively higher Rct. This increase is pre
sumably due to the collapse of the porous nanostructure, leading to 
extensive formation of the SEI and, consequently, greater interfacial 
resistance. Upon extended cycling (300 cycles, Fig. 7c), the disparity in 
impedance became more pronounced. P-SnO2/FexOy@PDA10 micro
spheres still maintained a low resistance, which can be attributed to the 
enhanced structural robustness imparted by the N-doped carbon 
coating, effectively mitigating nanostructural degradation and sup
pressing excessive SEI formation during repetitive cycles. F-SnO2/FexOy 
electrode retained better stability than the porous sample, but still suf
fered from a gradual increase in impedance. To further investigate the 

lithium-ion diffusion characteristics, the Warburg impedance (Zw) was 
analyzed by plotting Zre versus ω− 1/2 (Fig. 7d). P-SnO2/FexOy@PDA10 
electrode exhibited the lowest slope, indicating the highest Li+ diffusion 
coefficient among the three samples after extended cycling. FE-SEM 
images after 300 cycles (Fig. 7e–g) reveal the morphological evolution 
of each electrode. P-SnO2/FexOy@PDA10 sample (Fig. 7e) retains its 
original microsphere structure with minimal cracking or fragmentation, 
confirming the superior mechanical stability imparted by the carbon 
shell. By contrast, F-SnO2/FexOy (Fig. 7f) and especially P-SnO2/Fe2O3 
(Fig. 7g) show pronounced structural disintegration and collapse, with 
the latter exhibiting severe pulverization and loss of the spherical 
morphology. Collectively, these results demonstrate that the integration 
of a robust N-doped carbon coating on the P-SnO2/FexOy microspheres is 
crucial for achieving long-term electrochemical stability and fast charge 
transfer kinetics. The combination of high electrical conductivity and 
structural resilience enables P-SnO2/FexOy@PDA10 electrode to 
outperform both the dense and bare porous counterparts under high-rate 
and prolonged cycling conditions.

Fig. 7. (a–d) Nyquist impedance plots and (e–g) FE-SEM images of P-SnO2/FexOy@PDA10, F-SnO2/FexOy, and P-SnO2/Fe2O3 anodes after 300th cycle: (a) before 
cycling, (b) after 9th cycle, (c) after 300th cycle, (d) relationships between the real part of the impedance (Zre) and ω− 1/2 obtained after 300 cycles at 3.0 A g− 1, (e) P- 
SnO2/FexOy@PDA10, (f) F-SnO2/FexOy, and (g) P-SnO2/Fe2O3 anodes obtained after 300 cycles at 3.0 A g− 1.
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Conclusion

In summary, we present a scalable method for synthesizing three- 
dimensional porous SnO2/FexOy microspheres uniformly coated with 
N-doped carbon, serving as advanced anode materials for lithium-ion 
batteries. The unique microspheres, fabricated via spray pyrolysis 
using Sn-based MOF, Fe nitrate, PVP, and PS nanobeads, followed by 
polydopamine-derived carbonization, feature a highly interconnected 
porous network of ultrafine SnO2 and FexOy nanoparticles. The abun
dant mesopores facilitate lithium-ion diffusion and maximize the elec
trode–electrolyte interface, while the conformal N-doped carbon shell 
enhances electronic conductivity and mechanical robustness, effectively 
accommodating volume changes during cycling. Electrochemical eval
uations confirm that the optimized P-SnO2/FexOy@PDA10 microspheres 
deliver high reversible capacity, outstanding rate performance, and 
excellent cycling stability, clearly outperforming both dense and un
coated porous controls. These results highlight the critical synergy be
tween hierarchical porosity and robust carbon coating in promoting 
rapid charge transport and long-term structural integrity. This work 
provides valuable insight into the rational design of durable, high- 
performance anode materials and demonstrates a promising strategy 
for scalable production of next-generation lithium-ion battery 
electrodes.
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