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Abstract: To address large volumetric expansion and low conductivity of bismuth-based
anodes, an ion-replacement technique is proposed to prepare Bi/C composites, using
1,3,5-benzenetricarboxylicacid (H3BTC) based metal-organic framework as precursors.
The characterizations reveal that the Bi/C composite derived from Cu-H3;BTC is a sheet
structure with the size of 150 nm, and Bi nanoparticles are uniformly dispersed in carbon
sheets. When assessed as anode material for sodium ion batteries (SIBs), a sheet-like Bi/C
anode exhibits superior sodium storage performance. It delivers a reversible capacity of
254.6 mAh g1 at 1.0 A g~ ! after 100 cycles, and the capacity retention is high at 91%.
Even at 2.0 A g~ !, the reversible capacity still reaches 242.8 mAh g~!. The efficient sodium
storage performance benefits from the uniform dispersion of Bi nanoparticles in the carbon
matrix, which not only provides abundant active sites but also alleviates the volume
expansion. Meanwhile, porous carbon sheets can increase the electrical conductivity and
accelerate the electrochemical reaction kinetics.

Keywords: ion-replacement strategy; sheet-like Bi/C composite; uniform dispersion;
sodium-ion batteries; superior cycling stability

1. Introduction

Developing intermittent renewable energy sources is an effective strategy to accelerate
the “carbon neutral” process. Among them, the key strategy is to develop reliable energy
storage devices. Advanced lithium-ion batteries (LIBs) have been successfully used in
portable electronic devices and electric vehicles due to the high energy density and long
cycle ability [1-3]. However, LIBs are not a permanent solution because lithium and
cobalt are scarce and unevenly distributed, which has promoted the development of new
rechargeable battery technology. Sodium-ion batteries (SIBs) have the same working
mechanism as LIBs, and have the advantages of being inexpensive, abundant in nature,
and readily available, thus attracting great attention. Compared with LIBs, Na* in SIBs
have a larger radius (1.02 A) and the anode materials of SIBs show a greater volumetric
expansion during cycling, which results in slow dynamics and a shortened life span [4].
Therefore, suitable anode materials to effectively withstand the embedding/debedding of
Na* has become a top priority affecting the development of SIBs [5].

Traditional SIB anode materials include metal oxides, metal sulfides, hard carbon,
and other carbon anodes [6-8]. Using graphite as the anode material in LIBs, lithium
intercalation into graphite can form a stable binary graphite intercalation compound, but
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the interlayer spacing does not match with the larger ionic radius of Na*, which is not
suitable for SIB anode materials. Additionally, many researchers have proposed that a
hard carbon anode can show a good cycle life, but they are not applicable for SIBs due
to their low initial coulomb efficiency. Metal oxides and metal sulfides generally show a
higher theoretical capacity, but they are not the most ideal materials because of their lower
conductivity [9]. Fortunately, the ionic conductivity of metal sulfides can be improved by
elemental doping [10] and heterostructure design [11]. In recent years, bismuth has become
considered as one of the most promising anode materials for SIBs, benefiting from its
high theoretical specific capacity (386 mAh g~1), relatively lower reaction voltage (~0.6 V),
abundant reserves, and low toxicity [12]. However, when the metal bismuth alloys with
sodium, there is a large volume expansion (244%) after reaction, which will make the
electrode material fall off from the electrode sheet, resulting in serious capacity attenuation.

To address the poor cyclic stability of bismuth-based anode materials due to the large
volume expansion, many strategies have been proposed, such as designing nanostructures,
constructing bismuth-based carbon composites, and alloying with other metals (Sn, Sb, Ge,
etc.) [13]. It has been proven that the construction of nanostructures is a feasible strategy
to slow the volumetric expansion. Additionally, the introduction of a carbon matrix and
its combination can also reduce pulverization of bismuth-based anode materials during
the cycling process, enhance the electrical conductivity, and inhibit the agglomeration.
However, the formation of a nanostructure often requires high temperatures, which can
further trigger the self-agglomeration of bismuth in the preparation process [14]. There-
fore, it is significant to seek a simple and effective strategy to construct bismuth-based
nanostructures with efficient sodium-storage performances.

Metal-organic frameworks (MOFs) mostly exhibit polyhedral structures with high
specific surface area, high porosity, and simple and easy-to-obtain synthesis steps, and were
often chosen as precursors to prepare porous carbon-based composites [15]. For example,
MOF-derived nitrogen-doped porous carbon nanofibers with interconnected channels,
which exhibit a high specific capacity of 323 mAh g~! at 0.1 A g~! [16]. In this work,
Cu-H3BTC was selected as the precursor and carbonized, then Bi** was introduced into the
carbon matrix by replacement reaction to obtain the bismuth/carbon (Bi/C) composite. It
showed a more stable specific capacity of 254.6 mA h g1 at 1.0 A g~ ! after 100 cycles and
a high reversible capacity of 242.8 mA h g~! at 2.0 A g~!. The superior sodium-storage
performances are ascribed to the uniform dispersion of Bi nanoparticles in the carbon
matrix and can reduce the stress generated during the discharging/charging process and
shorten the ion diffusion distance. Additionally, the sheet-like carbon matrix enhances the
electroconductibility and promotes Na* diffusion, mitigates the volumetric expansion, and
inhibits the structural fragmentation of Bi nanoparticles during cycling [17].

2. Experimental Section
2.1. Materials and Chemicals

Bismuth chloride (BiCl3), copper nitrate hydrate (Cu(NO3),-3H,0), methanol (CH40),
N, N-Dimethylformamide (DMF), 1,3,5-Benzenetricarboxylicacid (C9HgOg), and polyvinyl
pyrrolidone (PVP) were purchased from China National Medicines Corporation Ltd.
(Beijing, China).

2.2. Preparation of Materials

Preparation of the Cu-H3BTC precursor. Firstly, 0.9 g Cu(NO;3),-3H,0 and 0.4 g PVP
were dissolved sequentially in 50 mL methanol and stirred to get solution A. Subsequently,
0.43 g 1,3,5-benzenetricarboxylic acid was added to 50 mL methanol and stirred until
dissolved completely, labeling it solution B. Then, solution B was added dropwise into
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solution A and stirred for 0.5 h, left for 24 h before centrifugation, and then dried for 6 h in
an oven.

Preparation of the Cu@C composite. The Cu-H3zBTC was placed in a corundum
porcelain boat with a lid and put into a tube filled with a Hy / Ar (5% of H;) atmosphere.
Then, the Cu-H3BTC was subjected to heat treatment at 250 °C for 2 h and heated at 500 °C
for 2 h, and the product was Cu@C composite.

Synthesis of the Bi@C composite. The 64 mg Cu@C composite was first dispersed into
20 mL DMF solution by ultrasonication for 20 min. Then, 0.6 mmol BiCl3 was dissolved
in 10 mL DMF and added dropwise to the DMF dispersion containing Cu@C composite
and stirred for 0.5 h. The obtained solution was then transferred to a 100 mL autoclave
and reacted at 100 °C for 12 h, triggering the displacement reaction. After the autoclave
cooled, the sample was collected by centrifugation and washing it with DMF and ethanol
two times, before being dried in an oven at 60 °C for 12 h. Ultimately, the obtained black
product was subjected to heat treatment at 500 °C for 2 h. Additionally, Zn-H3;BTC and
Co-H3BTC precursors were also prepared under the same synthetic route to obtain Bi@C
composites as contrast samples.

2.3. Material Characterization

The X-ray diffraction (XRD) patterns were performed on a Smart Lab 9 kW spectrome-
ter with Cu K« radiation (A = 1.5406, A, 5° min—?, 5-85°). A scanning electron microscope
(SEM, Philips FEI XL30, The Netherlands) was employed to observe the microscopic shape
of samples. The micro-structure and crystal structure were characterized using a transmis-
sion electron microscope (TEM, JEOL JEM2100F). The X-ray photoelectron spectroscopy
(XPS) experiment was examined using Thermo-Fisher Escalab-250 Xi apparatus. Ther-
mogravimetric (TG) analysis was investigated with a Perkin Elmer Diamond TG/DTA
apparatus in Op atmosphere at a heating rate of 10 °C/min from room temperature to
800 °C.

2.4. Electrochemical Measurements

LIR2032-type coin batteries were assembled in a glovebox filled with Ar, with less
than 0.01 ppm of oxygen and water. When assembling a half battery, the working electrode
was prepared by casting a uniform slurry containing 70 wt% active material, 20 wt%
Super-P, and 10 wt% carboxymethyl cellulose on Cu foil. The electrodes were dried in a
60 °C vacuum oven for 12 h, then they were punched into a circular plate with the active
material of about 1.2 mg cm~2. The metallic sodium foil was used as the counter electrode,
the glass membrane was applied as the diaphragm, and 1.0 mol L~! NaPF dissolved in
diethoxymethane was employed as the electrolyte. The cyclic voltammetry (CV, 0.01-3 V)
and electrochemical impedance spectroscopy (EIS, 0.01-100 KHz) measurements were
examined on a CHI660D electrochemical workstation. The charge/discharge curves and
cycling performances were tested from 0.01 to 3.0 V on LAND CT2001A battery tester.

3. Results and Discussion

The morphologies, structure, and element distribution of Cu-MOF, Cu@C, and
Bi@C(Cu) were characterized by SEM, TEM, high resolution TEM (HRTEM), and ele-
mental mapping. Figure 1a shows that the Cu-H3BTC has an octahedral structure with
uniform size and the size of octahedral particles is about 130 nm. After high-temperature
calcination, H3BTC was transformed into a porous carbon skeleton, and the polyhedral
structure was still preserved. It is noteworthy that the Cu-H3zBTC polydral structure ex-
pands in the process of carbonization [18], as shown in Figure 1b. After the replacement
reaction of Bi**, the SEM image in Figure 1c reveals that the obtained Bi@C (Cu) composite
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is a lamellar structure with a size of approximately 150 nm. Moreover, the structure of
Bi@C(Cu) changed to a lamellar structure, possibly due to the unequal substitution of Cu
and bismuth binding to ligands. The TEM images in Figure 1d further confirm that the
product is sheet-like structure, which are consistent with the SEM images in Figure 1c. The
HRTEM image in Figure le shows that the crystalline interplanar spacing is 0.328 nm, cor-
responding to the (012) plane of metal Bi. The scanning transmission electron microscopy
(STEM) and energy dispersive spectrometer (EDS) in Figures S1 and S2 show that the Bi@C
(Cu) composite only includes Bi, C, O, and N elements, and elemental mapping images
exhibit that Bi, C, O, and N are uniformly dispersed in the carbon sheets (Figure 1f). As a
contrast, Figure S3a shows that Zn-H3;BTC synthesized under the same synthetic conditions
also has a polyhedral structure. However, it significantly decreases in size after carboniza-
tion, although the product basically retained the polyhedral structure (Figure S3b). It is
worth noting that Zn-H3BTC exhibits a significant difference in size due to a different
growth rate from Cu-H3;BTC. After in situ substitution of the carbonized Zn@C composite
under the same conditions, it was found that the morphology of the product was irregular,
with only a small amount of polyhedral structure (Figure S3c). Figure S3d—f are the SEM
images of Co-H3BTC, Co@C, and Bi@C(Co) composites, which show that the initial Co-
H;3BTC has the same polyhedral structure and also exhibits the same nanosize, and the
characteristics of the carbonized Co@C surface are consistent with Zn@C. Through further
replacement of Bi**, it is found that Bi@C(Co) composites have the same large size and
irregular morphology as Bi@C (Zn) composites.

Figure 1. SEM images of Cu-MOF (a), Cu@C (b), Bi@C(Cu)) (c); (d,e) TEM and HRTEM images of
Bi@C(Cu) and (f) the corresponding EDS elemental mapping.

To further analyze the phase and composition of Bi@C composites synthesized from
different transition metal precursors, XRD patterns were performed on the Bi@C(Cu),
Bi@C(Zn), and Bi@C(Co) composites. The XRD patterns in Figure 2a reveal that three
composites all show more obvious characteristic peaks at 26 = 27.5°, 38.1°, and 39.8°,
corresponding to the (012), (104), and (110) lattice planes of Bi (JCPDS card No. 44-1246).
All characteristic diffraction peaks of copper disappeared after the substitution reaction
and convert to those of the metal Bi (JCPDS card No. 44-1246) [19]. Figure 2b shows the
TG curve of Bi@C(Cu) in O, atmosphere. The results show that a slight weight loss of
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5.10 wt% is observed before 237 °C, which is attributed to the release of solvents or water
adsorbed during the preparation and storage of the sample [20]. Subsequently, there is a
nearly 45 wt% mass loss between 237 °C and 600 °C, which is mainly due to the thermal
oxidation of the carbon skeleton in the Bi@C(Cu) composite [21]. When the temperature
exceeds 593 °C, the mass of the sample is stable at a certain value, and the content of Bi in
the Bi@C(Cu) composite is calculated to be about 36.4 wt%.
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Figure 2. (a) XRD patterns of Bi@C(Cu), Bi@C(Zn), and Bi@C(Co); (b) TG curves of the Bi@C(Cu)
composite; (c) XPS Survey spectrum of the Bi@C(Cu) composite; (d) Bi 4f; (e) C 1s; (f) O 1s.

The elemental composition and valence states of the Bi@C(Cu) surface were inves-
tigated by XPS. Figure 2c exhibits that the characteristic signal peaks of C 1s, Bi 4f, and
O 1s elements can be observed from the XPS survey spectrum. The high-resolution XPS
spectrum of Bi 4f in Figure 2d consists of two peaks at 162.1 eV and 158.8 eV, assigning to
Bi 4f5/, and Bi 4f;, orbitals [22]. From Figure 2e, three fitted peaks of C 1s can be found at
284.8 eV, 286.5 eV, and 288.8 eV, which are assigned to the C-C, C-O and O-C=0 bonds [23].
No characteristic peaks of Cu element were found, confirming the successful replacement
of Cu by Bi**. According to Figure 2¢,f, there are two obvious O 1s characteristic peaks,
deriving from C-O and C=0 bonds. The presence of O element is mainly attributed to
oxygen-containing groups on the Bi@C(Cu) surface [24].

Figure 3a is the initial four CV profiles of the Bi@C(Cu) anode at 0.1 mV s~! between
0.01 and 3.0 V. In the first cathodic scanning, the multiple broader peaks were found at
0-1.1'V, which is associated with the formation of SEI film and decomposition of electrolytes.
The two cathodic scan peaks at 0.48 and 1.13 V are attributed to the multi-step Na-Bi alloying
reaction [25]. Except for the first lap, the curves of the second to fourth laps have good
overlap and the cathodic peak appearing in the first lap disappears, which indicates that the
redox reaction of the Bi@C(Cu) anode has good reversibility and stability, suggesting that
an intact and stable SEI film was constructed during the first cycling process [26]. The peak
at 0.47 V from the 2nd cathodic scan is derived from the alloying/dealloying process and
overpotential change. Two additional cathodic peaks of the second to fourth cathodic scans
are observed at 0.75 and 1.23 V, corresponding to the multi-step alloying reaction of Na*
insertion into Bi to form NayBi and the deep sodiation of Na3Bi. The anodic peaks appearing
at 0.63 and 0.83 V represent the phase transition of NayBi to Bi [27]. After the formation of a
stable SEI film, the anodic peaks of all curves overlap, indicating that the Bi@C(Cu) anode
possesses better reversible sodiation/desodiation performance [28]. Figure 3b shows the
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charge/discharge curves of Bi@C(Cu) anode for SIBs in the initial five cycles at 1.0 A g1,
and their charge/discharge plateaus are consistent with the cathode and anode peak
positions of the CV curves in Figure 3a. The initial capacity of the Bi@C(Cu) anode is
462 mAh g1, and the Coulombic efficiency is about 89.3%. The curves from the second to
fifth laps basically overlap, and their capacitances are in the range of 350.2-382.6 mAh g~ !,
which indicates that the Bi@C(Cu) anode has a relatively high capacity. Figure 3¢ provides
the rate performances of Bi@C(Cu), Bi@C(Zn), and Bi@C(Co) anodes, and the capacity
of the Bi@C(Cu) anode is 511.2, 435.1, 340.2, 280.5, and 242.8 mAh g_1 at 0.1, 0.2, 0.5,
1.0, and 2.0 A g~!. When the current density is adjusted to 0.1 A g~! from 2.0 A g~1,
the capacity of the Bi@C(Cu) anode still remains 337 mAh g~!, better than those of the
Bi@C(Zn) and Bi@C(Co) anodes. The excellent rate performance of the Bi@C(Cu) anode
is mainly thanks to the unique sheet-like structure of the Bi@C(Cu) anode that can better
reduce the volumetric expansion during the cycling process, favoring the embedding/de-
embedding of Na* [29]. Figure 3d shows the cycling performances of the Bi@C(Cu),
Bi@C(Zn), and Bi@C(Co) anodes at 1.0 A g~!. The results show that the Bi@C(Cu) anode
has 254.6 mAh g~ ! after 100 cycles, with a capacity retention of about 91%, better than those
of the Bi@C(Zn) (228 mAh g~!) and Bi@C(Co) (177 mAh g~!) anodes. The better cycling
stability of Bi@C(Cu) are attributed to the uniform dispersion of small Bi nanoparticles in
the carbon matrix that can provide abundant active sites and relieve volume expansion;
meanwhile, porous carbon sheets can increase the electrical conductivity.
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Figure 3. (a) CV profiles of the Bi@C(Cu) anode at 0.1 mV s~ 1 between 0.01 and 3.0 V; (b) charg-
ing/discharging profiles of the Bi@C(Cu) anode at 1.0 A g_1 ; (c) rate performances of the Bi@C(Cuy),
Bi@C(Zn), and Bi@C(Co) anodes; (d) cyclical stability of Bi@C(Cu), Bi@C(Zn), and Bi@C(Co) anodes.

To evaluate the sodium storage capacity of the Bi@C(Cu) anode, kinetic analysis was
carried out using cyclic voltammetry from 0.1 to 0.8 mV s~ !, as shown in Figure 4a. The
peak shapes of all CV curves are similar with obvious peaks and peak position is not offset
at gradually increasing sweep rates. The contribution of diffusion and pseudocapacitance
for sodium storage can be specifically calculated by equations at the above-mentioned
sweep rates [30], as shown in the following relation:

i=av (1)
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log(i) = blog(v) + log(a) (2)

where the slope b values are obtained from the log (i) and log (v) plots and a b value near 0.5
or 1.0 represent the sodium storage dynamics which are controlled by diffusion control pro-
cesses or surface capacitance effects, respectively [31]. Figure 4b provides the values of b for
the Bi@C(Cu) anode as 0.96 (peak 1) and 0.83 (peak 2), which are close to 1, confirming that
the transition reaction of the Bi@C(Cu) anode is primarily a pseudocapacitive behavior [32].
Figure 4c shows the total capacitance of the Bi@C(Cu) anode to be 0.2 mV s~ 1, calcu-
lated from the integrated area as 65%, which is generated by a pseudocapitance process.
The capacitive contribution of the Bi@C(Cu) anode increases significantly with increasing
sweep rate (Figure 4d and Figure S4), and the contributions of pseudocapacitance are
calculated at different sweep rates, corresponding to 62% (0.1 mV s 1), 65% (0.2mV s 1),
70% (0.4 mV s~ 1), and 75% (0.6 mV s~ 1), respectively. The results indicate that the sodium
storage of the Bi@C(Cu) anode is governed by the capacitive effect and dominates over
the total charge storage in the electrochemical reaction. The high capacitance contribution
favors Na™* transport, suggesting that the Bi@C(Cu) anode is beneficial for obtaining ex-
cellent electrochemical performances, which is attributed to the unique structural feature
of the porous sheet-like carbon skeleton [33]. The in situ replacement reaction promotes
Bi nanoparticles being firmly anchored to the carbon skeleton, so that more Na* could be
captured during the electrochemical reaction and electrons could be rapidly transported
between Bi and the carbon substrate, thus improving the capacitance contribution of the
Bi@C(Cu) anode [34].
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Figure 4. Electrochemical kinetic analysis of the Bi@C(Cu) anode: (a) CV profiles from 0.1 to
0.6 mV s~!; (b) b-value analysis using the relationship between peak currents and scan rates;
(c) capacitive contribution of the Bi@C anode at 0.2 mV s7L; (d) capacitive contribution at dif-
ferent scan rates; (e) EIS of the Bi@C(Cu), Bi@C(Zn), and Bi@C(Co) anodes before cycling; (f) EIS of
the Bi@C(Cu), Bi@C(Zn), and Bi@C(Co) anodes after 100 cycles.

To further understand the intrinsic reasons for the high sodium storage performances
of the Bi@C(Cu) anode, EIS was conducted to study the reaction kinetics. By comparing
the ESI before cycling in Figure 4e, the arc radius of the Bi@C(Cu) anode is smaller than
those of the Bi@C(Zn) and Bi@C(Co) anodes, illuminating that the Bi@C(Cu) anode has
the smallest charge transfer impedance and the fastest charge transfer capability, which is
conducive to the fast kinetic properties [35]. Figure 4f shows the EIS of three anodes after
100 cycles at 1 A g1, and it can be clearly observed that the semicircles of three anodes
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in the high-frequency region is obviously narrowed down, meanwhile the charge transfer
resistance of the Bi@C(Cu) anode is much lower than those of the Bi@C(Zn) and Bi@C(Co)
anodes, indicating that the Bi@C (Cu) anode has the lowest charge transfer resistance. The
above results confirm that a Bi nanoparticle embedded in porous carbon nanosheets can
greatly enhance the electroconductibility and provide faster charge and ion transport rate
for SIBs [36].

To reveal the better cyclical stability of the Bi@C(Cu) anode, the thicknesses and
surface structures of the Bi@C(Cu), Bi@C(Zn), and Bi@C(Co) anodes before and after
cycling were observed using SEM images. Figure 5a shows that the structures of the
Bi@C(Cu) anode piece are intact and compact before cycling, and the thicknesses are
10.7 um. Figure 5d shows that the thicknesses of the Bi@C(Cu) anode pieces are 14.6 pm
after 100 cycles at 1.0 A g1, According to the calculation, the volume change is ~ 36%. By
comparison, the Bi@C(Zn) and Bi@C(Co) anodes have a thickness of 12.5 uym and 13.8 um
before cycling, which are increased to 20.5 um and 25.1 um after 100 cycles, as shown in
Figure 5b,c,e f. The Bi@C (Zn) and Bi@C (Co) anodes have expanded by up to 64% and 82%,
which are significantly larger values than that of the Bi@C(Cu) anode. Figure S5 shows
the SEM images of surface morphologies of the three anodes, which reveal that all three
anodes remain intact and are not detached, and the Bi@C(Zn) and Bi@C(Co) anodes show
some cracks. The above results further prove that the Bi@C(Cu) anode has a more stable
structure than the Bi@C(Zn) and Bi@C(Co) anode, indicating that the sheet-like carbon
skeleton of the Bi@C(Cu) anode can effectively release mechanical stress in the process of
alloying/dealloying and maintain the structural stability of an anode piece, thus improving
the cycle stability of the Bi@C(Cu) anode [37,38].

BI@C(Cu),/’“'m BI@C (Zn) 10 UM I gi@c (Co) 10pm

Figure 5. SEM image of the cross section of Bi@C anodes: (a) the Bi@C(Cu) anode before cycling;
(b) the Bi@C(Zn) anode before cycling; (c) the Bi@C(Co) anode before cycling; (d) the Bi@C(Cu) anode
after cycling; (e) the Bi@C(Zn) anode after cycling; (f) the Bi@C(Co) anode after cycling.

4. Conclusions

In summary, an ion-replacement strategy was proposed to prepare Bi@C composites,
using H3BTC based metal-organic frameworks as precursors. The structural character-
ization revealed that the Bi@C(Cu) composite was sheet-like in structure with a size of
150 nm, and the Bi nanoparticles were evenly dispersed in carbon sheets. The content of
Bi in the Bi@C(Cu) composite was about 36.4 wt%. Evaluated as anode material for SIBs,
the Bi@C(Cu) anode exhibited superior sodium storage performance. The initial capacity
of the Bi@C(Cu) anode was 462 mAh g~! at 1.0 A g~!, and the Coulombic efficiency was
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about 89.3%. Its reversible capacity was 254.6 mAh g~ after 100 cycles at 1.0 A g~!, with a
capacity retention of about 91%. Even at 2.0 A g, the specific capacities of the Bi@C(Cu)
anode reached 242.8 mAh g’l, and it recovered to 337 mAh g’1 when the current density
was adjusted from 2.0 A g~ ! to 0.1 A g~!, indicating superior rate ability of the Bi@C(Cu)
anode. The efficient sodium storage benefited from the uniform dispersion of Bi nanoparti-
cles in the carbon matrix, which not only provides more active sites, but also alleviates the
volume expansion. Meanwhile, porous carbon sheets enhanced the electroconductibility
and accelerated the electrochemical reaction kinetics.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/batteries11010002 /s1, Figure S1: STEM image of Bi@C(Cu) composite;
Figure S2: EDS of Bi@C(Cu) composite SEM images; Figure S3: (a) Zn-MOF; (b) Zn@C; (c) Bi@C(Zn);
(d) Co-MOF; (e) Co@C; (f) Bi@C(Co). Figure S4: contribution of the capacitive-driven process of
Bi@C(Cu) anode: (a) 0.1 mV s—1; (b) 0.4 mV s—1; (c) 0.6 mV s—1. Figure S5: SEM images of surface
morphologies of the Bi@C anodes: (a) Bi@C(Cu) anode before cycling; (b) Bi@C(Zn) anode before
cycling; (c) Bi@C(Co) anode before cycling; (d) Bi@C(Cu) anode after cycling; (e) Bi@C(Zn) anode
after cycling; (f) Bi@C(Co) anode after cycling.
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