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A Stress Self-Adaptive Bimetallic Stellar Nanosphere for

High-Energy Sodium-lon Batteries

Jun Chen, Guilai Zhang, Jun Xiao, Jiayi Li, Yang Xiao, Dingyi Zhang, Hong Gao,*

Xin Guo, Guoxiu Wang,* and Hao Liu*

Bimetallic composites exhibit great potential as anode materials in advanced
energy storage systems owing to their inherent tunability, cost-effectiveness,
and simultaneous achievement of high specific capacity and low reaction
potential. However, simple biphase mixing often fails to achieve satisfactory
performance. Herein, an innovative stress self-adaptive bimetallic stellar
nanosphere (50-200 nm) wherein bismuth (Bi) is fabricated, as a core, is
seamlessly encapsulated by a tin (Sn) sneath (Sn-Bi@C). This well-integrated
stellar configuration with bimetallic nature embodies the synergy between Bi
and Sn, offering fortified conductivity and heightened sodium ion diffusion
kinetics. Moreover, through meticulous utilization of finite element analysis
simulations, a homogeneous stress distribution within the Sn-enveloped Bi,
efficiently mitigating the structural strain raised from the insertion of Na*
ions, is uncovered. The corresponding electrode demonstrates remarkable
cyclic stability, as it exhibits no capacity decay after 100 cycles at 0.1 A g~".
Furthermore, it achieves an impressive 86.9% capacity retention even after an
extensive 2000 cycles. When employed in a Na;V,(PO,); || Sn-Bi@C full cell
configuration, it demonstrates exceptional capacity retention of 97.06% after
300 cycles at 1 A g7, along with a high energy density of 251.2 W h kg~'.

the pursuit of high
ity in anode materials impose con-
straints on the realization of excep-
tional specific energy performance.’

Bismuth-based materials, renowned for
their lower reaction potential and reduced
volumetric variations in comparison to their
alloy counterparts, have gained significant
attention as anode materials for SIBs.l’-"]
However, the gravimetric specific capac-
ity of pure Bi (384 mA h g!) falls short
of meeting the requirements for high en-
ergy density in SIBs. To address this limi-
tation, incorporation of Bi composites has
emerged as a promising strategy, lever-
aging the synergistic effects between Bi
and other alloy-type materials to achieve
satisfied specific capacity and stable cy-
clability concurrently. Hu et al. fabricated
electrodes composed of Bi-Sb alloy/carbon
nanofibers for SIBs."!l The lattice chem-
istry of the rhomboid Bi-Sb alloy was ad-
justed to mitigate stress variations and en-
hance cycling stability. The electrode exhib-
ited a specific capacity of 233 mA h g!

specific capac-

1. Introduction

Economically viable and inherently safe sodium-ion batteries
(SIBs) have garnered significant attention as formidable con-
tenders for advanced energy storage platforms.'*] Nonethe-
less, the persistent challenges pertaining to cyclic stability and

after 2500 cycles at 2 A g!. Similarly, Ding et al. reported the
synthesis of 1D carbon fibers with uniformly encapsulated in-
ner BiSb, nanoparticles (BiSb, @C).l'?l The BiSb,@C electrode
demonstrated an 86.4% capacity retention at 0.05 A g~! after 100
cycles. Additionally, Nqobile et al. prepared bimetallic BiSn films
directly on a copper collector using the electrochemical atomic
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Figure 1. a) Schematic illustration of the synthetic procedure of Sn-Bi@C. b) SEM, c) TEM, and d) HR-TEM images of Sn-Bi@C. e,f) STEM image and
the line-scanning profiles of Sn, Bi, and C along the orange line. g) EDX elemental mapping images of an individual Sn-Bi@C.

deposition technique. At a current density of 38.5 mA g1, an ini-
tial capacity of 341 mA h g~! was achieved.

It is evident that the attainment of bimetallic composite an-
ode materials with exceptional electrochemical properties neces-
sitates more than mere biphase mixing. The incorporation of
distinctive structural characteristics is imperative for the devel-
opment of such bimetallic composite anode materials. Building
on our previous research,['*] we have capitalized on the favor-
able cyclic stability of Bi metal and the notable specific capacity
(Na;5Sn,:847 mA h g!) and low reaction potential (~0.2 V vs
Na*/Na) of Sn metal™ %] to engineer a carbon-coated bimetal-
lic stellar architecture, comprising Bi-centric core enveloped by
the Sn sneath to construct the nanoparticle, which is further en-
capsulated by carbon. The well-integrated stellar configuration
harnesses the synergistic effects between Bi and Sn, resulting in
enhanced conductivity and accelerated sodium ion diffusion ki-
netics. By employing meticulous finite element analysis simula-
tions, we have revealed a homogeneous stress distribution within
the Sn-enveloped Bi structure, effectively alleviating the struc-
tural strain caused by the insertion of Nat ions. Therefore, the
as-prepared Sn-Bi@C electrode demonstrates a specific capacity
of 461 mA h g~! with impressive 100% capacity retention after
100 cycles at 0.1 A g~!. Meanwhile, it exhibits outstanding long-
term cycling stability, retaining 86.9% of its initial capacity after
2000 cycles at 1 A g~ In the context of a Na, V, (PO,);|| Sn-Bi@C
full cell, a remarkable 97.06% capacity retention is achieved after
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300 cyclesat 1 A g~!. Notably, the full cell showcases a high energy
density up to 251.2 W h kg1, highlighting its promising practi-
cal application potential. This study presents a novel approach
for regulating structural stress in bimetallic anode materials, of-
fering valuable insights for future research in this field.

2. Result and Discussion

As shown in Figure 1a, the Sn-Bi@C stellar nanoparticle is pre-
pared by facile hydrothermal reaction followed by annealing pro-
cess. The meticulously integrated stellar architecture can effec-
tively alleviate the structural expansion caused by the Na* ions
insertion. The scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM) images of Sn-Bi@C clearly
exhibit the nanoparticle structures (50-200 nm) (Figure 1b,c). As
shown in Figure 1d, the structure of Sn-Bi@C is characterized by
an unusual arrangement, where a core encased into an ultrathin
layer (2 nm). The scanning transmission electron microscopy
(STEM) and corresponding line-scanning profiles across the Sn-
Bi@C nanoparticle provide evidence of the core—shell configura-
tion (Figure le,f). In addition, the unique structure of Sn-Bi@C
is further confirmed by the energy dispersive X-ray (EDX) el-
emental mapping. As clearly shown in Figure 1g; and Figure
S1 (Supporting Information), the encapsulated Bi core (blue) is
surrounded by the outer Sn shell (green). This special structure
maybe caused by the difference in melting points between Sn

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 2. a) XRD patterns of Sn-Bi@C, Sn@C, and Bi@C materials. b) full XPS spectrum, and c—f) high-resolution XPS spectrum of c) C 1s, d) O 1s,

e) Bi 4f, and f) Sn 3d for Sn-Bi@C.

and Bi metals (Sn: 231.9 °C; Bi: 271.3 °C). During sintering, the
higher-melting Bi stays solid, while the lower-melting Sn melts
and forms a liquid phase. This liquid phase spreads over the sur-
face of the solid Bi core, creating stellar nanoparticles.l'”] For
comparison, the Sn@C and Bi@C materials are fabricated by
similar methods without bismuth and tin sources, respectively.
The SEM images of commercial Sn powder, Sn@C and Bi@C
show that all of them are random blocky structures (Figure S2a—c,
Supporting Information). And the STEM and elemental mapping
images of Sn@C and Bi@C demonstrate that Sn and Bi nano par-
ticles embedded in the carbon matrix (Figure S3a—f, Supporting
Information). The selected area electron diffraction patterns are
used to prove the crystallinity of Sn-Bi@C, which exhibits char-
acteristics of both Sn@C and Bi@C (Figure S3g—i, Supporting
Information).

X-ray diffraction data and Raman spectra provide valuable in-
sights into the structural characteristics of the three samples.
Figure 2a demonstrates that the Sn-Bi@C composites do not ex-
hibit the presence of alloy formation between the metallic el-
ements Sn and Bi. This absence of alloy formation can be at-
tributed to the thermodynamic immiscibility of the constituent
elements.!'”] Additionally, it is evident that all three composites
Sn-Bi@C, Sn@C, and Bi@C exhibit excellent correspondence.
The peaks marked with blue icons represent the unavoidable
oxidation that occurs during calcination, and the standard ref-
erence patterns of bismuth oxide and tin dioxide are listed in
Figure S3a (Supporting Information). The Raman spectra proved
the presence of carbon in Sn-Bi@C, Sn@C, and Bi@C, and the
calculated I,/I; values for the three samples were 0.97, 0.96,
and 1.01, respectively (Figure S4b, Supporting Information). The
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higher I, /I value, the more carbon defects, which is conducive
to sodium ion storage.!*$1%]

To investigate the elemental composition of the surface of Sn-
Bi@C composite, we employed X-ray photoelectron spectroscopy
(XPS) for comprehensive characterization analysis. The full XPS
spectrum of Sn-Bi@C exhibits that the material is composed of
C, O, Sn, and Bi elements, and the states of each element are
detailed in the high-resolution spectrum (Figure 2b—f). In the
high-resolution spectrum of the C 1s, 284.7 eV belongs to the
C—C bond (Figure 2c). The peaks with bonding energies of 533.7,
531.8,and 530.08 eV in the O 1s spectrum are assigned to C—OH,
Bi—O, and Sn—O bonds, respectively (Figure 2d). The oxygen-
containing functional groups on the carbon surface are a result
of the partial oxidation of precursor carbon during calcination. "]
In the orbital of metallic element Sn 3d, 495.6 and 487.2 eV are
belong to the orbital Sn 3d, 5 and Sn 3d, 5, respectively, and the
valence state is Sn**, which is assigned to SnO,.[?!l While 493.5
and 485.1 eV belong to Sn of zero valence state (Figure 2e). In the
orbital of metal element Bi 4f, there are also two valence states of
Bi, corresponded to Bi** in Bi,O, and Bi® (Figure 2f).[??] Specif-
ically, the peaks at 164.6 and 158.7 eV are attributed to Bi 4f; ),
Bi 4f; ,, respectively, while at162.4 and 157.1 eV are attributed to
Bi’. The contents of elements in the three materials are specif-
ically evaluated using the inductively coupled plasma emission
spectrometer (ICP) test (Table S1, Supporting Information). For
the Sn-Bi@C composite, the content of Bi and Sn elements is
61.081 and 25.320 wt%, respectively. In the Sn-Bi@C composite,
the content of Bi element is 61.081 wt%, while the content of Sn
element is 25.320 wt%. These weight percentages provide valu-
able information about the composition and relative amounts of
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Figure 3. Electrochemical performance of the Sn-Bi@C electrode. a) CV curves at 0.2 mV s~ in the voltage range from 0.1 to 1.5 V. b) Galvanostatic
charge/discharge curves at 0.1 A g~1. ¢) Cycling performances of pure Sn, Sn@C, Bi@C, and Sn-Bi@C electrodes at 100 mA g~'. d) Rate performance
at different current densities. e) The fitted linear relationship of log(v) versus log(i) for Sn-Bi@C based on the CV curves at different scan rates (0.2,
0.4,0.8, and 1.0 mV s~ respectively. f) Contribution ratio of capacitive and diffusion-controlled behaviors at different scan rates in Sn-Bi@C electrode.

g) Long-term cycling performance of Sn-Bi@C electrode at TA g™,

Bi and Sn elements in the Sn-Bi@C composite. In Sn@C com-
posite, the content of Sn accounts for 27.38 wt%, and in Bi@C
composite, the content of Bi is significantly higher, constituting
80.26 wt% of the composite’s composition. Metal bismuth (Bi)
is known to exhibit more stable properties compared to metal tin
(Sn) as an anode material in sodium ion batteries. The volume ex-
pansion rates of these two metals are 244% (Bi) and 420% (Sn),
respectively. Given these properties, when bismuth (Bi) content
is dominant, it tends to contribute to better material stability.
The electrochemical performance is thoroughly investigated
and analyzed. Figure 3a displays the initial three cyclic voltam-
metry (CV) curves of Sn-Bi@C anode at 0.2 mV s~!. The peak at
0.62,0.77,0.46,and 0.67 V corresponds to the alloying/dealloying
reaction of Bi and Na (Na,Bi« Bi).”] The remaining redox peaks
(0.01, 0.24, and 0.55 V) relate to the alloying reaction of Sn and
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Na (Na;sSn, < Sn).[21 The CV curves of Sn@C and Bi@C show a
typical shape, consistent with previous work (Figure S5a,b, Sup-
porting Information). The first three charge/discharge curves of
Sn-Bi@C are displayed in Figure 3b. Compared with the curve
characteristics of Sn@C and Bi@C (Figure S5a,b, Supporting In-
formation), it is evident that the platforms associated with the al-
loying reactions between Bi and Sn with Na are prominently re-
flected in the Sn-Bi@C curve, indicating that the active involve-
ment of both Bi and Sn in the electrochemical reaction within
the Sn-Bi@C electrode. And the initial Coulombic efficiencies of
the three materials are 83.6%, 72.5%, and 82.7%, respectively. In
Figure 3¢, the comparison of cyclic performances of Sn-Bi@C,
Sn@C, Bi@C, and pure Sn are tested at 100 mA g='. Obviously,
the Sn-Bi@C electrode exhibits optimal capacity and cyclic sta-
bility, delivering a specific capacity of 461 mA h g=! after 100

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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cycles. In contrast, the capacities of Sn@C, Bi@C, and pure Sn
are 374,232, and 219 mA h g~! after 100 cycles, with both Sn@C
and pure Sn exhibiting noticeable performance attenuation. The
corresponding rate performance of Sn-Bi@C, Sn@C, Bi@C, and
pure Sn are shown in Figure 3d. At current densities of 0.1, 0.2,
0.5, 1.0, and 2.0 A g1, the specific capacity of Sn-Bi@C is 458.7,
472.2, 467.9, 456.9, and 436.2 mA h g7!, respectively. While at
the current density of 2.0 A g7!, the specific capacities of Sn@C,
Bi@C, and pure Sn are significantly lower, measuring only 374.3,
256.7, and 78.9 mA h g1, respectively.

The CV curve of Sn-Bi@C electrode at different sweep speeds
are investigated, and the selected five different sweep speeds are
0.2,0.4,0.6, 0.8, and 1.0 mV s~! (Figure S6, Supporting Informa-
tion). The character oxidation and reduction peaks are observed
at different scanning rates. The intensity of each peak increases
with scan rate, while the change in redox peak potential is neg-
ligible. This observation suggests that the electrode kinetics are
fast and highly reversible. As previously reported, the possible
sodium storage mechanism of Sn-Bi@C electrode can be well

analyzed by the following formulal2+2°]
i=a’ (1)
logi=blogv+loga (2)

where the variable is b, and the slope can be calculated by the log
i-log v graph. As the parameter "b" approaches 0.5, the behavior
of the process is dominated by diffusion (denoted as Q). Con-
versely, as "b" approaches 1, capacitive behavior becomes dom-
inant (denoted as Q,). As observed in Figure 3e, the values of
parameter "b" for the four peaks in both samples are close to 1,
indicating that sodium storage process is mainly controlled by
capacitance. Figure 3f shows that the Q, value is calculated to be
77% at 0.2 mV s~! and gradually increased up to 93% at 1 mVs~!.
In the long-term cycle performance test at 1.0 A g~! (Figure 3g),
Sn-Bi@C shows a specific capacity of 385 mA h g=! after 2000
cycles, with a capacity retention rate of 86.9% compared to its
initial charge capacity. This indicates that Sn-Bi@C maintains a
significant portion of its initial capacity over multiple cycles. To
further elucidate the reasons behind the excellent performance
of Sn-Bi@C, further investigations have been undertaken.

The Sn-Bi@C and Sn@C electrodes are subjected to 100 cy-
cles at a current density of 100 mA g~'. After completing the cy-
cling, the batteries are disassembled to investigate the morpholo-
gies of the electrodes. As depicted in Figure S8 (Supporting In-
formation), it is obvious that after 100 cycles, the Sn-Bi@C elec-
trode maintains its structural integrity (Figure S8a,S8b, Support-
ing Information), while the Sn@C electrode display noticeable
cracks (Figure S8¢,S8d, Supporting Information). We also have
performed the TEM image of Sn-Bi@C material after 5 cycles
at 0.2 A g71. As shown in Figure S9 (Supporting Information),
the bimetallic nanoparticles retain a well-preserved carbon coat-
ing, demonstrating the remarkable cycle stability of Sn-Bi@C.
And the corresponding EDX elemental mapping images show
the uniform distribution of carbon, bismuth (Bi), tin (Sn), and
sodium (Na) elements across the material. This observation fur-
ther supports the notion that the presence of Biin Sn-Bi@C com-
posite can alleviate the drastic volume changes that experienced
by Sn and maintain structural stability, thereby contributing to
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improved cyclic stability. Moreover, for an enhanced comprehen-
sion of the structural attributes exhibited by Sn-Bi@C compos-
ites, an investigation employing geometric phase analysis (GPA)
was conducted utilizing high-resolution TEM imagery.?7-2] As
depicted in Figure 4, the lattice of the bimetallic heterojunc-
tion involving Bi and Sn manifests pronounced strains in the
e and e, directions. Within this strain profile, the transition
from the red to yellow regions corresponds to tensile strain, while
the transition from dark blue to light blue signifies compres-
sion strain. The stresses arising from these strains effectively
mitigate the internal strain induced by sodification, thereby bol-
stering the structural integrity and augmenting the cyclic perfor-
mance. From another point of view, we employ the finite element
analysis method to simulate the stress experienced by Sn@C
and Sn-Bi@C electrodes during sodaition/desodiation process.
As Figure 4d,e shown, the Sn@C exhibits significantly higher
maximum and minimum stresses (63.7 and 3.92 GPa, respec-
tively) compared to the Sn-Bi@C electrode (31 and 0.336 GPa,
respectively). The results suggest that the Sn-Bi@C electrode pos-
sesses a superior capacity to buffer the volume expansion in com-
parison to Sn@C electrode during the charge and discharge pro-
cess. This discrepancy serves to elucidate the diminished cyclic
stability observed in Sn@C electrode.[30-3!]

To elucidate the disparity in electrochemical performance,
particularly the enhanced capacity exhibited by Sn-Bi@C com-
pared to Bi@C, we conduct density functional theory (DFT)
calculations.[?!) Initially, we analyze the total and partial den-
sity of states (IDOS and PDOS) to assess the electronic con-
ductivity, which provided further evidence of the superior elec-
tronic conductivity of Sn-Bi@C (Figure 5a) in comparison to
Bi@C (Figure 5b).33] Subsequently, we investigate the migra-
tion pathways of Na ions in both samples and evaluate the as-
sociated kinetic energy barriers (Figures S10 and S11, Support-
ing Information). Remarkably, Sn-Bi@C and Sn@C demon-
strate Na adsorption energies of —0.90 and —0.65 eV, respec-
tively, suggesting a more stable adsorption phenomenon in the
Sn-Bi@C electrode.**! In addition, the Sn-Bi@C (0.30 eV) pos-
sesses a lower Na* diffusion energy barrier than Bi@C (0.36 eV)
(Figure 5d), indicating more facile Na ion diffusion process in
the former material. These findings collectively indicate the su-
perior high-rate performance potential of Sn-Bi@C.[*! Further-
more, the charge density difference (CDD) and Bader charge of
Bi@C and Sn-Bi@C were also calculated and discussed to analy-
sis charge transfer condition. As shown in Figure S12 and Table
S2 (Supporting Information), the CDD and Bader charge result
demonstrated that Sn is more favorable to the accumulation of
electrons at the interface, which is conducive to the enhancement
of the batteries performance. The electrochemical impedance
spectroscopy diagram of the Sn-Bi@C electrode clearly displays
the decreased impedance after cycling (Figure S13, Supporting
Information).’® The phase transition during charge and dis-
charge of Sn-Bi@C was investigated by ex situ X-ray diffraction
(XRD) testing. The results show that the alloying reaction of Bi
and Sn is reversible during charge and discharge (Figure S14,
Supporting Information).

Considering the exceptional electrochemical performance ex-
hibited by the half-cell, sodium vanadium phosphate (NVP) is
selected as the cathode materials to construct a NVP | Sn-Bi@C
full cell. Figure S15 (Supporting Information) shows the typical
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Figure 5. Theoretical calculation based on DFT. Calculated PDOS of a) Sn-Bi@C and b) Bi@C. c) Comparison of Na adsorption energy and d) Na
diffusion energy barriers in Sn-Bi@C and Bi@C.
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Figure 6. Electrochemical performance of NVP | Bi@MC full cells. a) Typical charge/discharge curves of the NVP cathode. b) CV curves at 0.1 mV s~

c) Rate performance. d) Cycling performance at TAg™".

CV curve of NVP. The NVP is a renowned cathode material in
the field of sodium-ion batteries, owing to its exceptional char-
acteristics including high specific capacity, excellent rate perfor-
mance, and prolonged cycle life.?’%! As illustrated in Figure 6a,
the initial three charge/discharge curves of NVP | Sn-Bi@C full
cell demonstrate remarkable concurrence, indicating a high de-
gree of the electrochemical reversibility. This observation is fur-
ther supported by the CV curves of the 1st, 2nd, and 3rd cy-
cles presented in Figure 6b, which exhibit consistency with the
charge/discharge results, underscoring the highly reversible na-
ture of the electrochemical reaction. Notably, the platform posi-
tions behave a minor deviation with the published work. [*!] This
discrepancy is primarily attributed to differences in the charge
and discharge cut-off voltages.[*?! During the rate performance
evaluation of the full cell, specific capacities of 73.4, 67.3, 64.9,
62.9, and 58.5 mA h g~! were achieved at current densities of
0.1, 0.2, 0.5, 1.0, and 2.0 A g7, respectively (Figure 6¢). Re-
markably, the long-term cyclic stability of the NVP | Sn-Bi@C
full cell is exceptionally robust, as evidenced by a capacity re-
tention of 97.02% after 300 cycles at 1 A g=! (Figure 6d). Based
on the total mass of the anode and cathode active materials,
the NVP | Sn-Bi@C full cell exhibits a high energy density up
to 251.2 W h kg='. Moreover, a practical application test on
the full cell was conducted, successfully illuminating an LED
lamp (inset in Figure 6d).

3. Conclusion

In summary, a special designed Sn-Bi@C stellar nanoparticles
with Bi-core encapsulated into the Sn envelop have been suc-
cessfully fabricated via a facile annealing strategy. The com-

Adv. Funct. Mater. 2024, 34, 2307959 2307959 (7 0f9)

bined influence of the encased Bi and enveloped Sn manifests
a uniform stress distribution within the Sn-enveloped Bi struc-
ture, effectively mitigating the structural strain induced by the
Na* ion insertion process. Simultaneously, the bimetallic na-
ture of the stellar nanosphere enhances electrical conductivity
and promotes accelerated diffusion kinetics of sodium ions. As
a result of these unique structural advantages, the Sn-Bi@C
anode delivers superior electrochemical performance for SIBs.
It achieves remarkable specific capacity of 461 mA h g™ af-
ter 100 cycles at 100 mA g~! and maintains 86.9% capacity re-
tention after 2000 cycles at 1 A g~'. Even at a higher current
density of 2 A g7}, the capacity remains as high as 436 mA
h g-!. Moreover, when integrated into a full cell configura-
tion with Na,V,(PO,), cathode, the Na,V,(PO,);|Sn-Bi@C full
cell demonstrates a high energy density of 251.2 W h kg™
and stable cycling performance, retaining 97.06% capacity af-
ter 300 cycles at 1 A g~!. This research presents a novel con-
cept for the development of bimetallic alloy anodes in sodium-
ion batteries, offering promising prospects for their practical
applications.

4. Experimental Section

Synthesis of the Sn-Bi@ C Composite: 2 mmol Bi(NO3);3-5H,0, 2 mmol
Sn powder, and 2 mmol CgH;,Og were dissolved in 30 mL glycol, stirred
evenly, and hydrothermal reaction was conducted at 180 °C for 12 h. Af-
ter completion, the powder solids were collected, cleaned to neutral with
anhydrous ethanol and deionized water, dried in a vacuum oven at 70 °C,
and finally kept at 800 °C for 2 h in a tubular furnace filled with argon gas.

Synthesis of the Sn@C Composite: 2 mmol Sn powder and 2 mmol
CgH 1,06 were dissolved in 30 mL glycol, stirred evenly, and hydrothermal
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reaction was conducted at 180 °C for 12 h. After completion, the pow-
der solids were collected, cleaned to neutral with anhydrous ethanol and
deionized water, dried in a vacuum oven at 70 °C, and finally kept at 800 °C
for 2 h in a tubular furnace filled with argon gas.

Synthesis of the Bi@C Composite: 2 mmol Bi(NO;);-5H,0 and
2 mmol CgH{,0¢ were dissolved in 30 mL glycol, stirred evenly, and
hydrothermal reaction was conducted at 180 °C for 12 h. After comple-
tion, the powder solids were collected, cleaned to neutral with anhydrous
ethanol and deionized water, dried in a vacuum oven at 70 °C, and finally
kept at 800 °C for 2 h in a tubular furnace filled with argon gas.

Material Characterization: The structure details and morphology were
collected by electron microscope of Germany ZEISS Gemini-SEM 300 (ac-
celerating voltage = 15 kV) and transmission electron microscope at high-
resolution (HR-TEM, JEOL-2100F, accelerating voltage = 200 kV), respec-
tively. The ESCALAB 250Xi was used for XPS analysis. XRD (Rigaku D/MAX
2200 V) patterns were achieved via Cu Ka radiation in the range from 10°
to 90° (20) at 8° min~! of scanning rate. The detailed procedure of in
situ XRD was described in the Supporting Information. N, adsorption—
desorption analysis was performed on a Micro-meritics ASAP 2460 instru-
ment (Micromeritics, Norcross, GA). The pore size distribution of the as-
prepared samples was obtained through the method of Barrett Joyner Hal-
enda (BJH).

Electrochemical Section: The electrochemical properties of three sam-
ples were tested by applying standard CR-2032-coin batteries prepared in
a glove box filled with Ar (H,O < 1072 ppm, O, < 1072 ppm). For half
cells, the BI@MC electrode materials, conductive carbon, and polyvinyli-
dene fluoride (PVDF) binder were uniformly mixed in an 8:1:1 weight ra-
tio, dispersed in N-Methylpyrrolidone (NMP) to make an electrode slurry,
and then was coated onto the copper foil and vacuum dried at 120 °C
overnight. The areal mass loadings of the Bi@MC on the copper foil were
about 1.0-1.5 mg cm™2. For the assembly of half cells, the separator is
glass fiber, pure Na metal as the counter electrode, and 100 pL electrolyte
was used per coin cell, which was prepared by dissolving hexafluorophos-
phate (NaPF) in ethylene glycol dimethyl ether (DME). The CHI 660D
workstation is used to test the cyclic voltammetry (CV) at 0.1 mV s~ from
0.1to 1.5V versus Nat/Na. Constant current charge/discharge measure-
ments of Na*/Na were performed at room temperature with a voltage
range from 0.1 to 1.5V, using the Neware battery test system. CHI 660D
workstation provided the measurements of impedance spectra of elec-
trochemical with the frequency range from 100 kHz to 0.01 Hz. For full
cell, using commercial Na;V,(PO,4); (NVP, Guangdong Canrd New En-
ergy Technology Co., Ltd) as a cathode. NVP powder was mixed with con-
ductive carbon and PVDF in a 7:2:1 weight ratio and dispersed in NMP to
make an electrode slurry, and then the mixed slurry was coated onto the
aluminum foil and vacuum dried at 120 °C overnight. The NVP cathode
and Bi@MC anode were partnered in a weight ratio of 1:4 in 2032-type
coin cells with NaPFg + DME (100 L) as electrolyte. Specially, the anode
(Bi@MC) pretreated charged/discharged with 5 cycles before assembling
full cells.

Calculation Method: First-principle calculations were performed by
the DFT using the Vienna Ab-initio Simulation Package (VASP)
package.[*}] The generalized gradient approximation with the Perdew—
Burke—Ernzerhof functional was used to describe the electronic exchange
and correlation effects.[*4-46] Uniform G-centered k-points meshes with
a resolution of 27%0.04 A=1 and Methfessel-Paxton electronic smearing
were adopted for the integration in the Brillouin zone for geometric opti-
mization. The simulation was run with a cutoff energy of 500 eV through-
out the computations. These settings ensure convergence of the total en-
ergies to within 10 meV per atom. Structure relaxation proceeded until all
forces on atoms were less than 10 meV A~ and the total stress tensor
was within 0.03 GPa of the target value. The transition state energy barri-
ers were estimated using the nudged elastic band method.[47:48]

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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