Rare Met. (2025) 44(5):3026-3036
https://doi.org/10.1007/s12598-024-03077-x

RARE METALS

ORIGINAL ARTICLE

q

Check for
updates

Antimony nanoparticles encapsulated in three-dimensional
porous carbon frameworks for high-performance rechargeable

batteries

An-Qi Chen, Si-Guang Guo, Yu Liu*, Ling Long, Zhuo Li*, Biao Gao,

Paul K. Chu, Kai-Fu Huo

Received: 4 August 2024 /Revised: 22 August 2024/ Accepted: 23 August 2024 / Published online: 3 February 2025

© Youke Publishing Co., Ltd. 2025

Abstract Antimony (Sb) is regarded as a potential can-
didate for next-generation anode materials for rechargeable
batteries because it has a high theoretical specific capacity,
excellent conductivity and appropriate reaction potential.
However, Sb-based anodes suffer from severe volume
expansion of > 135% during the lithiation—delithiation
process. Hence, we construct a novel Sb@C composite
encapsulating the Sb nanoparticles into highly conductive
three-dimensional porous carbon frameworks via the one-
step magnesiothermic reduction (MR). The porous carbon
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provides buffer spaces to accommodate the volume
expansion of Sb. Meanwhile, the three-dimensional (3D)
interconnected carbon frameworks shorten the ion/electron
transport pathway and inhibit the overgrowth of unsta-
ble solid-electrolyte interfaces (SEIs). Consequently, the
3D Sb@C composite displays remarkable electrochemical
performance, including a high average Coulombic effi-
ciency (CE) of >99%, high initial capability of
989 mAh-g~', excellent cycling stability for over 1000
cycles at a high current density of 5 A-g~'. Furthermore,
employing a similar approach, this 3D Sb@C design
paradigm holds promise for broader applications across
fast-charging and ultralong-life battery systems beyond
Li". This work aims to advance practical applications for
Sb-based anodes in next-generation batteries.

Keywords Rechargeable battery; Antimony anode;
Porous carbon framework; Magnesiothermic reduction;
Cycle life

1 Introduction

Rechargeable batteries (lithium-ion batteries (LIBs) and
sodium-ion batteries (SIBs)) undoubtedly play a dominant
role in modern society by powering electric vehicles, smart
grids and portable electronics due to their large capacity,
eco-friendliness and long cycle life [1, 2]. However, the
state-of-the-art graphite anodes have a small theoretical
specific capacity of 372 mAh-g™', and the commercial
LIBs almost reach their theoretical density limit
(< 300 Wh~kg_1) [3]. In order to satisfy the demands for
high-energy—density storage systems, developing novel
electrode materials has widely stimulated extensive
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research interest. Among all the candidates for anode
materials, Sb-based anodes have a high theoretical capacity
of 660 mAh-g~' (almost 2 times the theoretical specific
capacity of the graphite anode) and a low reduction
potential of 0.152 V (vs. Li*/Li) [4]. Therefore, Sb-based
anodes have been regarded as prospective anode materials
for high-energy—density LIBs [5]. However, Sb anodes
undergo a large volume variation of > 135% during elec-
trochemical cycling, leading to pulverization of Sb parti-
cles and subsequently resulting in rapid deterioration in the
electrochemical performance.

Hybridization of Sb particles with highly conductive
carbon is one of the most effective methods to address the
aforementioned challenges of Sb-based anodes [6]. Nota-
bly, constructing nanodots/carbon networks composite is a
valid strategy to prolong the cycle life [7, 8]. The car-
bonaceous materials can be used as a dispersion medium or
matrix-to-hybrid with metal-based nanoparticles to prevent
Sb nanoparticles from agglomerating [9]. Particularly, the
Sb-C coordination compounds can buffer the large volume
change of Sb nanodots and prevent solid-electrolyte inter-
face (SEI) film damage [10]. For example, Ramireddy et al.
[11] have demonstrated that embedded antimony
nanoparticles can afford superior cycling stability.
Although excellent lithium storage properties were
obtained, the method above may result in different surface
structures and inhomogeneous material, causing cycle life
fugitiveness and unstable rate performance. Moreover, the
ion diffusion kinetics in conventional carbon layers (e.g.,
amorphous carbon, graphitized carbon and hard carbon) is
very sluggish, limiting the rate performance of composite
materials [12]. Additionally, the synthetic procedure was
cumbersome when combining the hydrothermal and
annealing methods [13].

In this work, we report a feasible pathway for large-scale
green preparation of a Sb-based composite anode (three-
dimensional (3D) Sb@C) by encapsulating Sb nanoparticles
in 3D porous carbon frameworks. The 3D Sb@C composite
was synthesized via magnesiothermic reduction of
CgH4K;,01,Sb,-3H,0, followed by subsequent tartaric acid
etching. As expected, the 3D porous carbon frameworks
inlaid with Sb nanoparticles not only effectively mitigate the
huge volume expansion of Sb anodes during discharge—
charge processes but also shorten the ion/electron transport
pathway, which accelerates the electrochemical kinetics of
the energy storage. Moreover, the carbon skeleton isolates
the Sb particles from the liquid electrolyte, avoiding the
overgrowth of unstable SEIs. Consequently, the 3D Sb@C
composite displays outstanding rate performance and
excellent cycling stability in LIBs and SIBs. The Sb@C
anode with low preparation cost featuring mass production
as well as superior electrochemical performance promotes
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the commercial application of Sb for next-generation
rechargeable batteries.

2 Experimental
2.1 Preparation of 3D Sb@C

1.00 g antimony potassium tartrate (CgH4K,0;,Sb,-3H,0,
solid, Aladdin) and 0.69 g magnesium powder (200 mesh
number, Aladdin) were mixed in a mortar for about
20 min. Then, the obtained powders were transferred into a
sealed stainless-steel autoclave and heated at 340 °C for
3 h to eliminate the bound water, followed by a magnesium
heat reaction at 700 °C for 3 h under an Ar atmosphere.
After cooling to room temperature, the 3D Sb@C product
was obtained by washing with 2 wt% tartaric acid
(C4H40g, Aladdin) solution for stirring for 4 h at 40 °C and
then drying at 80 °C for 12 h in a vacuum.

2.2 Characterizations

The morphology was characterized using a scanning elec-
tron microscope (SEM, ThermoFisher Apreo S HiVac) and
transmission electron microscope (TEM, FEI Titan G260-
300) equipped with an X-ray energy dispersive spectrom-
eter (EDS). The internal composition was confirmed by
X-ray diffraction (XRD, Rigaku nSLIKW), Raman Spec-
trometer (Raman, LabRAM HR Evolution), thermo-
gravimetry analysis (TGA) instrument (TG/DSC,
Discovery SDT 650), and X-ray photoelectron spec-
troscopy (XPS, AXIS SUPRA+).

2.3 Electrochemical measurements

The electrode was composed of active material, acetylene
black and carboxymethyl cellulose with a weight ratio of
7:1:2. The obtained mixture was further stirred with a
deaeration mixer (Kurabo, KK-300SSE) for 1.5 h, then a
homogeneous slurry was obtained. After being coated on
the copper foil, the electrode was dried in a vacuum oven at
80 °C for 24 h and subsequently punched into circular
plates with a diameter of 12 mm. The CR2032 coin-type
cell was assembled in an air-filled glove box with oxygen
and water content of less than 1 ppm. Celgard 2400 PE/PP/
PE and glass fiber membrane were used as separators for
LIBs and SIBs, respectively. Lithium and sodium metal
were used as the counter electrode, respectively. 1.0 M
LiPFg in ethylene carbonate (EC): diethyl carbonate (DEC)
(1:1 vol%) with 10.0% fluoroethylene carbonate (FEC),
and 1 M sodium hexafluorophosphate (NaPFg) in 1,2-
dimethoxyethane (DME) were used as the electrolytes,
respectively. The electrochemical performances of half-

a



3028

A.-Q. Chen et al.

cells, including long-term cycling performance, rate per-
formance and galvanostatic charge—discharge, were con-
ducted on a Neware batteries testing system (CT-4008-
5V20mA-164). An electrochemical workstation (CHI760e,
Shanghai Chenhua Instrument Co., Ltd.) was utilized for
cyclic voltammetry tests and electrochemical impedance
spectroscopy (EIS) tests.

3 Results and discussion

3.1 Materials characterizations

The 3D Sb@C composite was obtained via embedding the
nanosized Sb into carbon matrixes, as presented

schematically in Fig. 1a. The 3D Sb@C composite was
fabricated by simply annealing the mixture of the com-
mercial CgHyK;01,Sb,-3H,O and magnesium (Mg) at
700 °C for 3 h. The magnesiothermic reaction proceeds
spontaneously at a reaction temperature of 450 °C. During
this process, 3D porous carbon frameworks are generated
in-situ induced by MgO [14]. Based on XRD and Raman
analysis (Figs. S1, S2) of the sample before acid washing,
the reaction process of the magnesiothermic reaction can
be represented as:

CsHyK,01,5b, 4+ 8Mg = 8MgO + 8C + K,0, + 2Sb
-+ 2H,0

(1)

After etching using a 2 wt% tartaric acid solution, the

Fig. 1 Synthesis and characterization of 3D Sb@C composite. a Synthesis schematic diagram; b XRD patterns; ¢ TGA profile;

d Raman spectrum; e SEM image; f TEM and g HRTEM images
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oxides pore former was eliminated, and the final product of
a 3D carbon skeleton encapsulated with Sb nanoparticles
was accomplished. In comparison to other methods, the
one-step-synthetic procedure is very convenient and eco-
effective. The crystallographic structures of the 3D Sb@C
sample were analyzed using XRD. All diffraction peaks of
the 3D Sb@C composite perfectly match with the
hexagonal antimony (PDF No. 85-1322), indicating no
impurities in the composite (Fig. Ib). The surface
electronic states of Sb@C were characterized using XPS.
As shown in Fig. S3a, XPS spectra show the strong
characteristic peaks of Sb 3ds,; at ~ 528.78 eV (Sb metal)
and ~ 530.78 eV (Sb oxidization), Sb 3ds, at ~ 537.3
(Sb metal) and 539.58 eV (Sb oxidization). It is concluded
that the surface of the Sb nanoparticles is partially
oxidized, but the amount of Sb,O;3 is quite small in these
composites because no Sb,O5 signal was observed in XRD
patterns. The C 1s profile of the Sb@C composite is
deconvoluted into three peaks at 284.8, 2859 and
287.8 eV, corresponding to the C—C, C=0O and C—H
bonds, respectively (Fig. S3b). From the thermogravimetric
analysis of the Sb@C, the Sb content is calculated to be
72.2 wt%, while the remaining content (27.8 wt%) is
assumed to be carbon (Fig. 1c) [15, 16]. According to XRD
patterns, for the residue after the TG test (Fig. S4), the
carbon present in the sample undergoes oxidation,
producing carbon dioxide that escaped from the system.
Simultaneously, monomorphic antimony undergoes
transformation to eventually form Sb,O,4 [17].

Figure 1d demonstrates the Raman spectrum of Sb@C
particles. Peaks located at ~ 1350 and ~ 1550 cm ™' are
assigned to disordered sp3-hybridised C (D-band) and
graphitic sp2-hybridised C (G-band), respectively. The
ratio of D and G band intensity (Ip:g) is 0.617, implying
more defects in the carbon layers, which improves the
electrical conductivity [18]. According to Brunauer—
Emmett-Telle (BET) results, the pore volume is
0.134 cm’-g~" with a surface area of ~ 59.79 m*.g~'
(Fig. S5). This unique 3D architecture enables the
accommodation of volume changes in the active substance,
facilitates electrolyte penetration, and shortens the ion
diffusion distance. The structure of the synthesized Sb@C
composite was observed using SEM. As shown in Figs. le,
S6, S7, the 3D Sb@C composite exhibits a hollow porous
structure, wherein the Sb nanoparticles are homogeneously
distributed inside the carbon matrix, as confirmed by EDS
mapping (Fig. S8). TEM images (Figs. 1f, S9) illustrate the
nanocrystal Sb particles uniformly embedded in amorphous
carbon skeletons. High-resolution TEM (HRTEM) image
reveals an estimated lattice spacing of ~ 0.216 nm
(Fig. 1g), corresponding to the (110) plane of Sb. EDS
mapping in Fig. S10 shows that abundant Sb nanoparticles
are found to be embedded in the 3D carbon matrix.
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3.2 Electrochemical performance

To elucidate the mechanism for lithiation/delithiation of
the 3D Sb@C electrode, CR2032-type half-cells were
assembled. Cyclic voltammetry (CV) tests were performed
at a scan rate of 0. mV-s~' in the potential range of
0.01-2.00 V versus Li*/Li for five cycles (Fig. 2a). During
the first cathodic scan, two peaks at 1.23 and 0.57 V are
clearly observed, which can be ascribed to the formation of
a SEI and the alloying reaction of Sb with Li forming
Li;Sb, respectively [19]. In the subsequent cycles, only one
reduction peak appears at 0.76 V, which corresponds to the
multistep conversion from Sb to LizSb. During the anodic
scan, two oxidation reaction peaks at 1.11 and 1.43 V are
attributed to two-step dealloying reactions of cubic Liz;Sb
to hexagonal Li,Sb, and Li,Sb to rhombohedral Sb
[20-23]. It is worth noting that CV curves of the second to
the fifth cycle were almost overlapped, indicating the
extraordinary reversibility of the 3D Sb@C electrodes.
Galvanostatic discharge—charge tests were conducted to
evaluate the electrochemical performances of 3D Sb@C
electrodes in LIBs, and the nano Sb was adopted as the
reference electrode. Hence, the 3D Sb@C electrode
delivers a first discharge capacity of 989 mAh-g~' with a
74% initial CE and a reversible specific capacity of
593 mAh-g~' at 0.1 A-g~" after 200 cycles with an aver-
age CE of 99.6% (Fig. 2b, d). In contrast, the first dis-
charge capacity of the nano Sb electrode is 686 mAh-g~"
and the reversible specific capacity is 134 mAh-g~' at
0.1 A-g~" after 160 cycles with an average CE of 98.2%
(Fig. 2c, d). Impressively, the 3D Sb@C has better cycling
stability, which is higher than the nano Sb electrode. The
better cycling performance of the 3D Sb@C composite is
closely related to smaller volume expansion, as expected.
The rate performance was further conducted at
0.1-5 A-g~' (Fig. 2e, f). Obviously, the 3D Sb@C com-
posite exhibits better rate capability with average reversible
capacities of 712, 681, 631, 586, 536, 437 mAh~g71 at 0.1,
02, 05,1, 2,5 A-gfl, respectively. When the current
density returns to 0.2 A-g~', the capacity is recovered to
636 mAh-g~', 93.4% of its initial capacity, demonstrating
good robustness to tolerate the current changes. In contrast,
the nano Sb electrode presents a poor rate capability and
only delivers reversible capacities of 606, 572, 518, 479,
434 and 361 mAh-g~' at 0.1, 0.2, 0.5, 1, 2 and 5 A-g™",
respectively. Upon returning the current density to
0.2 A-g~", the capacity retention of the nano Sb electrode
is 86.23%. These results are mainly ascribed to the large
electrode volume changes of the nano Sb during cycling.
Moreover, the unique structure of Sb nanoparticles
embedded in 3D porous carbon frameworks has a high
specific surface area, which can improve the kinetics of the
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Fig. 2 Electrochemical performance of 3D Sb@C and nano Sb electrodes for LIBs. a CV curves at 0.1 mV-s~" within 0.01-2.00 V;
galvanostatic discharge—charge curves of b 3D Sb@C and nano Sb electrode at 0.1 A-g~"; ¢ nano Sb electrode at different current
densities and e 3D Sb@C electrode at different current densities; d cyclic stability of both electrodes at 0.1 A-g~"; f rate performance of
both electrodes; g cycling performance of both electrodes at a high current of 5 A-g™"

alloying-dealloying reactions and provide plentiful void
space to accommodate volume change [24].

The long-term cycling performance of both Sb elec-
trodes at a high current density of 5 A-g~' was also eval-
uated. As shown in Fig. 2g, the 3D Sb@C electrode still
retains a reversible capacity of 410 mAh-g~' after 1000
cycles with an average CE of 99.73%. In contrast, the nano
Sb electrode decays quickly in capacity. These results
demonstrate that the 3D Sb@C composite could serve for
long-term cycling at a high C-rate because of the unique
porous carbon frameworks embedded with Sb nanoparti-
cles. To the best of our knowledge, the Li storage perfor-
mance of the 3D Sb@C electrode in this study is
comparable or even superior to those of other previously
reported Sb@C composite anodes with a similar Sb content

2

of approximately 68.2% + 15% in LIBs (Fig. Sl1,
Table S1).

The electrochemical impedance spectroscopy technique
is used to analyze the operating mechanism of the 3D
Sb@C electrode. The Nyquist plots of both electrodes
before and after cycling are presented in Fig. 3a, b, and the
equivalent circuit models are shown in Fig. S12, wherein
Ra, R and R, indicate the electrolyte resistance, SEI layer
resistance and charge-transfer resistance, respectively. The
fitting impedance results are summarized in Fig. 3c and
Table S2. Within 100 cycles, the electrolyte resistance
values of both electrodes were almost similar during
cycling. The Ry of the 3D Sb@C electrode slightly
increases from 1.26 to 4.12 Q, while R, decreases from
41.56 to 11.01 Q during cycling. Although the nano Sb

Rare Met. (2025) 44(5):3026-3036



Antimony nanoparticles encapsulated in three-dimensional porous carbon frameworks 3031

Fig. 3 Diffusion kinetic analysis of 3D Sb@C and nano Sb electrodes in LIBs. Nyquist plots of a 3D Sb@C and b nano Sb electrodes
in fully charged state after different cycles at different cycles; ¢ summary of calculated impedances; CV curves of d 3D Sb@C and
e nano Sb electrodes at different scan rates; f logarithmic peak current vs. scan rate relationship; contribution ratio of diffusion-
controlled and capacitance of g 3D Sb@C and h nano Sb electrodes at different scan rates; i Li* diffusion rate for 3D Sb@C and nano

Sb electrodes

electrode has lower charge-transfer impedance after 5
cycles, the R significantly increases from 21.48 Q after 5
cycles to 31.79 Q after 100 cycles, and the Ry value
increases from 3.72 to 8.16 Q. The poor electrochemical
performance is attributed to uncontrollable side-reaction
between electrolyte and nano Sb electrode, the large vol-
ume change and the resultant cracking of the active
material during cycling.

3.3 Diffusion kinetics
The CV was employed to analyze the kinetics of the 3D

Sb@C electrode with varied scan rates in the range of 0.2—

Rare Met. (2025) 44(5):3026-3036

1.0 mV-s~! (Fig. 3e, f). For both electrodes, the shapes of
profiles at different scan rates are similar, indicating
remarkable reversibility. However, the intensity of redox
peaks gradually increased with the increase of scanning
rate; the peak current (i) and scan rate (v) could be
expressed as the following Eq. (2) [25]:

i=a’ (2)

where a and b are characteristic constants for the
electrochemical processes (b =0.5 for diffusion-
controlled behavior and » = 1.0 for capacitive-controlled
behavior). Based on CV curves, the value of b is
determined via linear fitting of Eq. (3) [26]:

I
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lgi = blgv + 1ga (3)

For cathodic and anodic peaks of the 3D Sb@C and the
nano Sb electrodes, the b-values are 0.702, 0.752 and
0.647, 0.477, respectively (Fig. 3g), suggesting that the
diffusion-controlled dominates the electrochemical process
for both electrodes. The contribution ratio of diffusion-
controlled and capacitance-controlled can be calculated by
Eq. (4) [27]:

i(V) = kv + kav'/? (4)

By dividing both sides of Eq. (3), it can be rewritten as
Eq. (5) [28]:

i(V)/v1/2 — k' 4k (5)

Solving Eq. (5) at each potential, therefore, the
diffusion-controlled current (klv%) and capacitance-
controlled current (k,v) can be acquired [29], and
summarized in Fig. 3h, i. For both electrodes, the
capacitive effect predominates over the diffusion. The
capacitance-controlled capacity of nano Sb electrode is
74.36%, 80.82%, 84.62%, 87.31% and 90.18% when the
sweep speed is 0.2, 04, 0.6, 0.8 and 1.0 mV-s~!,
respectively. Correspondingly, the 3D Sb@C electrode
shows a capacitance contribution of 84.25%, 86.72%,
88.72%, 90.63% and 92.31% under the same sweep speed,
which is more obvious than that of the nano Sb electrode.
The remarkably high capacitive contribution could be
related to the favorable electron transport of the 3D Sb@C
composite, accelerating the electrochemical reaction
kinetics.

To further investigate the kinetic advantage of 3D
Sb@C composite, the Li-ion diffusion coefficient was
calculated from the CV curves based following equation
[30]:

I, = 269000 - n*/2 - A-C-D"Y? v/ ()

where D is the Li-ion diffusion coefficient, which can be
calculated based on the peak current (/,), number of
reaction electrons (n), electrode area (A), ionic concentra-
tion (C) and scan rate (v). The calculated Li-ion diffusion
coefficients at different scan rates are summarized in
Fig. 3j. Apparently, the Li-ion diffusion coefficient of the
3D Sb@C electrode is higher than that of the nano Sb
electrode during lithiation—delithiation processes, revealing
the faster diffusion kinetics of the 3D Sb@C composites
due to the unique 3D porous carbon structure. The lithium-
ion diffusion coefficients were also calculated based on EIS
plots [31, 32], as presented in Fig. S13. The lithium-ion
diffusion coefficient of 3D Sb@C was greater than that of
Nano Sb. Notably, the lithium-ion diffusion coefficient
exhibits a continuous increase with cycle number,

2

S . —13 .2 —1I
culminating in a maximum value of 1.37 x 10"~ cm®s

at 10 cycles. In contrast, the diffusion coefficient of nano
Sb peaked at 2.21 x 10~"* cm?s™", an order of magnitude
smaller than that of 3D Sb@C. These results are highly
consistent with CV results.

3.4 Postmortem characterizations

SEM images of the 3D Sb@C, the nano Sb and the carbon
skeleton without Sb particles before and after the first
lithiation were evaluated to explore the morphology evo-
lution. The 3D Sb@C electrode before lithiation appears
flatter and smoother than the nano Sb and carbon skeleton
without Sb electrodes, which exhibit rougher surfaces.
Additionally, noticeable particles are observed on the sur-
face of the Nano Sb electrode (Fig. S14). As shown in
Fig. 4a—c, the cycled 3D Sb@C electrode shows a uniform,
compact structure, and the thickness of the electrode film
increases from 6.7 to 6.9 pm after lithiation, which implies
good structural stability during cycling. In sharp contrast,
the cycled nano Sb electrode presents obvious structural
collapse and fragmentation due to the large volume
expansion/contraction (Fig. 4d). Additionally, the thick-
ness of the nano Sb electrode changes from 9.1 pm in the
pristine stage to 22.1 pm in the full lithiation state after
200th cycle, corresponding to the high expansion of
142.86% (Fig. 4e, f). Notably, the surface of the porous
carbon electrode maintains its initial porous structure
without any cracks, and almost no thickness increase is
observed (Fig. 4g—i). These results confirm that the
designed porous carbon skeleton can efficiently prevent the
volumetric expansion of the Sb active material during the
lithiation—delithiation process, beneficial to excellent
cycling and rate performances.

To better understand the reaction mechanism of the fast
kinetics, in situ Raman was carried out to observe the
structure evolution of the 3D Sb@C anode during cycling.
As shown in Fig. 5a, b, during discharging, two broad
Raman bands, corresponding to the E, (112.4 cm™ ') and
A, (1493 cm_l) vibration modes of crystalline Sb,
become weaker, indicating the formation of Li,Sb [33].
The decrease in intensity of these characteristic peaks well
supports that the Sb lithiation follows the mechanism of
Sb — Li,Sb — LizSb [34]. When the voltage reaches
0.01 V, a series of characteristic peaks of Li,Sb and Sb
have entirely disappeared, suggesting the complete con-
version from Sb to LizSb. In the subsequent charge process,
the characteristic peaks of Sb at 112.4 and ~ 149.3 cm™'
gradually recover, corresponding to the invertible delithi-
ation process reaction from Li,Sb to Sb. However, the
intensity of the Sb peaks at the end of the charging process
is still significantly lower than that in the pristine electrode,
demonstrating that the amorphous Sb is accumulated

Rare Met. (2025) 44(5):3026-3036
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Fig. 4 Microtopography of 3D Sb@C and nano Sb electrode. Top-view SEM images of a 3D Sb@C, d nano Sb and g carbon skeleton
without Sb; side-view images of b, ¢ 3D Sb@C, e, f nano Sb and h, i carbon skeleton without Sb before and after first lithiation

during the lithiation—delithiation cycles [35]. The amor-
phous materials not only achieve rapid Li* diffusion by
providing highly isotropic channels but also allow weak
lattice distortion and limit volume change during the dis-
charge/charge process [36].

3.5 Expanding applications of 3D Sb@C

The Sb@C composite strategy, aimed at mitigating the
huge volume expansion and increasing the electronic

Rare Met. (2025) 44(5):3026-3036

conductivity, exhibits potential for broader applications
beyond lithium-ion systems. From Fig. S15, three oxida-
tion peaks and one oxidation peak are recognized in the CV
profiles of the 3D Sb@C composite in Na-ion systems,
indicating the high reversibility of the multistep transfor-
mation of Sb to Na,Sb (x < 3) [37]. Furthermore, Na™
storage kinetics are systematically analyzed based on CV
data (Fig. Sl6a—c). It can be found that capacitive con-
tributes mostly to capacity, which suggests the fast elec-
trochemical kinetics of the 3D Sb@C electrode in Na-ion

a
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Fig. 5 Lithium storage mechanism analysis of 3D Sb@C electrode. a In situ Raman spectra and b schematic diagram of Li storage

mechanism during lithiation—delithiation process

systems. Benefiting from these characteristics, the 3D
Sb@C electrode can be expected to deliver appealing
performances in Na-ion batteries.

3D Sb@ClINa coin-type half cells were further assem-
bled to evaluate the electrochemical performance of the 3D
Sb@C electrode in Na-ion batteries. As shown in Fig. S17,
the 3D Sb@C electrode exhibits superior rate capability
with reversible capacities of 320.6, 299.0, 270.7, 247.8,
224.5 and 183.3 mAh-g~ ' at0.1,0.2,0.5,1,2and 5 A-g "',
respectively. When the current density decreases back to
0.1 A-g™!, the capacity of the 3D Sb@C electrode can
recover to 308 mAh-g~' and remain steady for the

2

following cycles. Figure S18 demonstrates the cycling
performance of the 3D Sb@C electrode at 1 A-g~'. The 3D
Sb@C electrode maintains a high reversible capacity of
230.8 mAh-g~ ! after 500 cycles with a capacity retention
of 86.15%. According to the EIS results of the 3D Sb@C
electrode before and after 5, 10, 50 and 100 cycles, the R,
values are almost identical, implying that a stable SEI is
formed, and the 3D porous carbon framework is well
maintained after repetitive alloying-dealloying (Fig. S19).
The outstanding long-term cycling stability and rate per-
formance of the 3D Sb@C electrode in Na-ion batteries
can be ascribed to its 3D porous protective structure, which

Rare Met. (2025) 44(5):3026-3036
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can effectively accommodate the volume expansion of Sb,
promote the formation of a stable SEI layer, and increase
the structural integrity of the material.

4 Conclusion

The porous carbon framework inlaid evenly with nano Sb
particles was successfully synthesized using a facile, cost-
effective and scalable magnesiothermic reduction of
CgH4K,01,Sb,-3H,0. The nanopores of porous carbon
provide buffer spaces to accommodate the volume expansion
of Sb during cycling. Meanwhile, the 3D interconnected
carbon frameworks shorten the ion/electron transport path-
way and accelerate the electrochemical kinetics of the
energy storage. Moreover, the carbon skeletons isolate the
Sb particles from the liquid electrolyte, avoiding the over-
growth of unstable SEIs. The high conductivity, short ion
diffusion distance and excellent electrochemical stability of
the 3D Sb@C composite enable the outstanding C-rate
performance (5 A-g~') and excellent cycling stability
(> 1000 cycles). Consequently, the 3D Sb@C composite
delivers an initial discharge capacity of 989 mAh-g~'. Sig-
nificantly, the 3D Sb@C anode exhibits stable long-term
cycling over 1000 cycles, with a final capacity retention of
68.7% at 5 A-g~'. Also importantly, employing similar
design principles in Na™ batteries, the 3D Sb@C composite
has exhibited an impressive discharging capability
(575 mAh-g~") and a stable cycling performance (> 500
cycles, 84.8% capacity retention) as well. This strategy for
the preparation of 3D porous Sb@C composite has large
potential in next-generation rechargeable batteries with fast
charging and ultralong life.
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Fig. S1. The XRD spectra of the samples after and before acid washing
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Fig. S2. The Raman spectra of the sample before acid washing
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Fig. S3. The XPS spectrum of 3D Sb@C
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Fig. S4. XRD spectra of the residue after heating from the room temperature to 800 °C with a
heating rate of 5 °C/min in an air atmosphere.
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Fig. S5. Brunauer-Emmett-Telle (BET) results: Nitrogen adsorption-desorption curves, inset
is the pore size distributions
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Fig. S6. Surface SEM image of the 3D Sb@C
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Fig. S7. EM age of the 3D Sb@C wih a magniﬁction of 1500%
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Fig. S8. The EDS mapping of 3D Sb@C based on SEM
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Fig. S9. The TEM image of 3D Sb@C
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Fig.S10. The EDS mapping of 3D Sb@C based on TEM
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Fig. S11. Comparison of the cell performance of Sb based anodes in this work with other
reports.[1-12]

12



RARE METALS

Cy
Vi
N
RL’_I H|.| z"‘-'
C. C
Py Py
N, b

Fig. S12. The figure shows an analog circuit diagram for electrochemical impedance testing.
a) before cycling. b) after cycling
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Fig. S13. Lithium-ion diffusion coefficient of the 3D Sb@C electrolyte calculated based on
EIS plots
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3D Sb@C

C Skeleton
Without Sb

Fig. S14. SEM images of different electrodes before cycling. (a) 3D Sb@C, (b) Nano Sb, (c)
3D C skeleton without Sb.
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Fig. S15. A CV curve of 3D Sb@C electrodes in Na ion batteries for 5 cycles at 0.1 mV s-1 in
a potential range of 0.01-2.00 V vs. Na+/Na.
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Fig. S16. Diffusion kinetic analysis of 3D Sb@C in a Na-ion battery. a) CV curves of 3D Sb@C
electrode at different scan rates. b) Logarithmic peak current vs. scan rate relationship. c)
Contribution ratio of diffusion-controlled and capacitance.
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Fig. S17. a) The rate performance test of 3D Sb@C electrodes in Na ion batteries. b) The GCD
curve at different current densities of 3D Sb@C electrodes in Na ion batteries.
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Fig. S18. a) The GCD curve of 3D Sb@C electrodes in Na ion batteries for 5 cycles. b) The
excellent long-term performance.
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Fig. S19. The Nyquist plots of the 3D Sb@C in a Na-ion battery at different cycles
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Table. S1. Comparison of the cell performance of Sb based anodes in this work with other reports. [1-12]

Initial Charge Capacity

Rate Capacity

Cycle Stability

Ref. Materials/ Details Synthesis Method (mAh g) with ICE (mAh g/ A gY) (mAh g / cycles / A g)
1 raAhn(;mo:%ggd(g%??G 0) a facile one-step 1214 mAh g 210 mAh gt 563 mAh g1 after 200 cycles
grap : chemical deposition route with 52.8% at2 Agt at0.43 Ag?
composite
S-doped 1 1 1
5 Sb/Sh,0s/CNT/GNR the one-step . 98_4 mAh g 328 mAh g 383 mAh g after 300 cycles
) hydrothermal synthesis with 62.5% at2 Ag? atl1Ag?
nanocomposite
3 3.75 M LiFSI/0.5 M electrolvte desian 668 mAh g1 525 mAh g 576 mAh g after 100 at
LIiDFOB y 9 with 85.2% at5Ag? 05Ag?
. . -1 -1 -1
¢ meogrewasooc  POvErhcmol o TZnag
5 Nlirl;/l?eodsdtv)egail: c():g?tr)tclmﬁ:es template sacrifice method 518 mAh g* 352 mAh g* 495 mAh g after1000
P with 48.6% at1Ag? atlAgt
nanosphere
H -1 -1 -1 -
o SoSnoNT mocomposte  SROSNE
. template and substitution 1004 mAh g1 467 mAh g1 1 1
7 NiSbC reactions with 56.9% atd Agl 559 mAh g after 800 cyclesat2 Ag
Sb nanopz_irtlcles electrospinning 756 mAh gt 220 mAh gt 643 mAh g after 250 cycles at 0.1 A
8 encapsulated in N-doped . N ]
method with 75.4% at10 Ag? g?
carbon nanotubes
nickel antimony oxide- L 822 mAh gt 348 mAh gt 574 mAh gt after 100 cycles at 0.5 A
9 carbon black (NSO-cB) ~ CO-Precipitation method with 60.5% at6 Agl gt
10 Zinc antimony oxide Electrophoretic 600 mAh g 370 mAh gt 464 mAh g after 400 cycles at 0.5 A
(ZnSb20¢) Deposition with 99.5% at4 Ag?t g?
MXene-reinforced Sbh@C In-situ growing Sb'MOF 625 mAh g 305 mAh gt 439 mAh gt after 2000 cyclesat 1 A
11 . over the conductive . N ]
(MSC) nanocomposite MXene with 72.1% at10 Ag? gl
1 -1 -1
12 Octahedral Sb203-rGO hydrothermal method ?Is'i?hn;'ghzg/o 225 ;)n AAZ? 386 mAN g after glEOO cycles at 0.5 A
This 3D Sb@C one-step low temperature 735 mAh gt 437 mAh g1 410 mAh g after 1000 cycles at5 A
Work MR with 74% at5Ag? gt
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Table S2. Fitting results of the Nyquist plots of the electrodes after cycling in a Li-ion battery.
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Pristine 5 cycles 10 cycles 50 cycles 100 cycles
Sample | B,  Rs Rt | Ra | Rs Rt | Ra | Rt | Rt | Ra | Rt  Ret | Ra | Rt | Rt
Q (@ (@ [ (Q  (Q (@ | (@ (@  (Q | Q| (Q (@ | (Q  (Q  (Q
3D Sbh@C| 1.475 41.56|1.501; 1.26 {27.32|1.458{2.193:20.81|1.388; 2.69 {17.59|1.444 4.12 {11.01
Nano Sb |2.369 134 |2.593:3.719:21.48|2.365{4.703 {25.23 |2.382 {5.549 129.469 2.397 | 8.166 | 31.79
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