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Metallic bismuth is a promising anode electrode material for sodium ion batteries due to its high theoretical
specific capacity. However, the formation of NazBi during the reaction process brings about significant
volume changes and structural collapse of the electrode, resulting in the destruction of structures and
a decrease in the cycling stability of sodium ion batteries. In this study, bismuth nanoparticles embedded
in carbon fibers (Bi/CF) through a facile approach of electrospinning and calcination. Bi nanoparticles
with diameters of approximately 20 nm were homogeneously dispersed in the carbon fibers, as
confirmed by relevant morphological and structural features. The carbon fiber substrate can serve as

R 45t N ber 2024 a flexible and free-standing electrode, forming a conductive network to accelerate electron transport
eceived 5th November . . ) . . ) - ) ) . 1
Accepted 13th December 2024 and ion diffusion. In light of this, Bi/CF anodes exhibit a high reversible capacity (376.6 mA h g~ at

0.1 A g% and long-term cycle stability (only attenuates 0.12% in each cycle after 2000 times). This work

DOI: 10.1039/d4ra07887j provides a convenient and effective strategy for the synthesis of flexible and free-standing anodes for
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1. Introduction

In the face of the increasing energy demand and severe envi-
ronmental issues, sodium ion batteries (SIBs) have emerged as
promising alternatives to lithium ion batteries (LIBs) in large-
scale energy storage systems, mainly because of their abun-
dant resources and the low cost of precursors.”” The properties
of cathode and anode electrode materials generally determine
the overall electrical characteristics of the battery. As an excel-
lent anode, graphite is widely used in lithium-ion batteries, but
it is not suitable for sodium-ion batteries.* The mismatch
between graphite and sodium ions leads to a rapid decrease in
the cycle life of batteries and poor long-term stability, which is
the biggest technical obstacle to the development of SIBs.
Hence, there is an urgent necessity to make breakthroughs in
discovering suitable anode materials for SIBs.

Over the past few decades, numerous materials have been
explored and tested to serve as anodes for SIBs. Examples
include carbonaceous composites (hard carbon, carbon nano-
wires and microtubes);** metallic elements (such as Sn and
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high-performance sodium ion batteries.

Sb);* metal oxides and sulfides (like Na,MO,, Na,NiO,, MoS,,
SnS,);”* as well as other materials like MXene composites®*®
and so on. Among them, Sb and Sn are attractive due to the high
theoretical capacities of 660 mA h g~' and 874 mA h g™,
respectively. However, one major drawback is that the large
volume expansions (up to 390% for Sb and up to 420% for Sn)
charge during sodiation/desodiation. The relevant studies on
Sn/CF and Sb/CF also demonstrate this point.'* As one of the
periodic table group V elements, bismuth has received wide-
spread attention due to its high capacity (386 mA h g~') and
relatively small volume expansions (~244%) with sodium. For
example, Chen et al designed a mangosteen-like bismuth
nanospheres coated with N-doped carbon shell (Bi@NC) anode
for SIBs.” The Bi@NC electrode exhibits high capacity and
outstanding cycling stability (96.5%, 1000 cycles). Additionally,
Zhu et al. embeds bismuth nanoparticles on graphene nano-
sheets for the study of long-life sodium storage.** Based on
a unique combination method, the Bi/Go electrode can achieve
a reversible capacity of 122 mA h g ' at a current density of
4 A g for 9500 cycles. The high volumetric capacity charac-
teristic of bismuth renders it a potential anode material for
sodium ion batteries. However, there are still some issues with
bismuth anodes, such as poor conductivity of bismuth and
large volume changes during sodium ion insertion/extraction,
which limit the further development of bismuth electrodes.
Therefore, the novel design of electrode microstructure is
a reasonable approach to address the volume expansion, elec-
tron transport, and cycling stability issues of SIBs.
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Compared with some previous research works, the innova-
tion of this work lies in that extremely small bismuth nano-
particles are uniformly anchored in interlaced carbon fibers
through a facile approach of electrospinning and calcination,
forming a flexible and free-standing composite electrode (Bi/
CF). Nano bismuth particles are uniformly and tightly
dispersed inside carbon fibers, which is beneficial for
increasing the specific surface area and active sites of the active
material. Carbon fibers construct a conductive network that
facilitates the transfer of sodium ions and improves the utili-
zation efficiency of bismuth. Benefiting from the synergistic
effect between fine bismuth particles and interlaced carbon
fibers, the active sites inside the composite electrode material
have increased, resulting in an accelerated migration rate of
ions and electrons. Therefore, the Bi/CF electrodes present
excellent electrochemical characteristics of high discharge
capacity and long-term cycling life as the anode in SIBs.

2. Experimental section

2.1 Materials preparation

Typically, 0.5 g of polyacrylonitrile (PAN, M,, = 250 000) was
added to 4 mL of dimethylformamide (DMF) and dissolved
uniformly under magnetic stirring. Subsequently, 0.2 g of
Bi(NO);-5H,0 powder was added to the above solution, fol-
lowed by stirring and ultrasonic treatment for 30 min to form
a spinning solution. The electrospinning machine was adjusted
to a voltage of 20 kV, with a distance of 15 cm between the
needle and the drum receiver and spun for 2 h to form
a composite film. Pre oxidize the above film in air at a heating
rate of 2 °C min~" for 2 h at 220 °C, and finally heat it to 700 °C
under a flowing nitrogen atmosphere and kept it for 2 h to form
a composite electrode film of Bi and carbon fiber, named as Bi/
CF. As for comparison, pure metal bismuth powder was mixed
with acetylene black and PVDF in a ratio of 8:1:1 to prepare
electrode sheets with a loading of ca. 2 mg using the traditional
slurry method and marked as pure Bi.

Ny

Bi(NO,);-5H,0
/50 T

PAN

Free-standing electrode

Fig. 1 Schematic diagram of the preparation process for the Bi/CF.
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2.2 Materials characterization

X-ray diffraction (XRD, DX-2700) was utilized for the crystal
structures analysis of samples with Cu Ko radiation (A = 1.5406
A) at 40 kv and 30 mA. Field-emission scanning electron
microscope (FESEM, Hitachi S-4800) and transmission electron
microscope (TEM, JEM-2100PLUS) were used to observe the
morphology and microstructure of samples. X-ray photoelec-
trons (XPS, ESCLAB 250Xi) was performed to detected the
Elemental composition and valence state of the samples.

2.3 Electrochemical measurements

The prepared Bi/CF electrode is punched into circular pieces
with a diameter of 14 mm and a weight of approximately 2 mg,
which are used as flexible self-supporting electrodes for the
anode of sodium ion batteries. In a glove box filled with argon
gas protection, Bi/CF serves as the anode electrode, metal
sodium foil is matched as the counter electrode, glass micro-
fiber (Whatman® GF/D) is used as the separator and 1.0 M
NaPF; dissolved in DME (dimethyl ether) is worked as the
electrolyte to assemble CR2032 coin type sodium ion batteries.
The electrochemical workstation (CS-2350H, CORRTEST) is
used for the measurement of cyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EIS). The LAND
battery measurement system is adapted to test the constant
current charging and discharging cycle performance of
batteries between 0.01 V and 1.5 V.

3. Results and discussion

The schematic diagram of the preparation process for the Bi/CF
electrode is depicted in Fig. 1. An appropriate amount of PAN is
dissolved in DMF solution and mixed with ultrasonically
dispersed Bi(NOj3);-5H,0 to form a spinning solution. Under
a specific spinning environment, the spinning solution is spun
into a composite membrane. After the pre-oxidation process,
the morphology of the PAN fiber membrane is basically fixed (as
shown in Fig. S17). In the subsequent carbonization process, Bi/

~

Electrospinning /

Composite membrane
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CF with flexible and free-standing structure is formed through
the carbonization reaction of PAN and the decomposition
reaction of bismuth nitrate. The flexibility characteristic testing
of Bi/CF electrode is presented in Fig. S2 and S3.f It can be
observed that the flexible Bi/CF electrode can be bent in reverse
and folded without breaking. Meanwhile, the SEM image and
XRD spectrogram of bent Bi/CF electrode are shown in Fig. S4,t
which confirm that the flexible electrode remains structurally
intact under mechanical stress.

The microstructure of the as-obtained Bi/CF electrode is
presented by the SEM images in Fig. 2(a) and (b). The interlaced
structure of carbon fibers can be clearly observed, and the fibers
are evenly distributed in thickness, with a diameter of approx-
imately 500 nm. It can be observed from the TEM images of
Fig. 2(c) and (d) that the bismuth nanoparticles dispersed
inside the carbon fibers and tightly intertwined with each other
to form Bi/CF electrodes. As observed, most of the spherical
bismuth nanoparticles homogenously embedded on and
around the fibers while a few nanoparticles stuck to the surface.
This is attributed to the reaction between bismuth nitrate and
carbon during high-temperature carbonization, forming
uniformly distributed bismuth nanoparticles. The synergistic
effect of carbon fiber and bismuth particles is beneficial for the
improvement of electrode performance. The conductive
network of carbon fiber ensures faster electrolyte transport
while dispersed bismuth nanoparticles can be exposed more
active sites for sodium. As shown in the HRTEM image of
Fig. 2(e), there exists clear boundaries between bismuth nano-
particles and surrounded carbon of Bi/CF. Bismuth

Fig. 2 Microstructure characterization of Bi/CF. (a and b) SEM images.
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nanospheres are firmly anchored and enwrapped by carbon
fibers and the fringes of bismuth correspond to the crystal plane
of (012). Fig. 2(f) presents the corresponding selected area
electron diffraction (SAED) pattern, where the diffraction rings
can be indexed to the (012), (110), and (214) crystal planes of Bi.
Furthermore, the energy dispersive X-ray spectroscopy (EDX)
spectrum and corresponding mapping images shown in
Fig. 2(g)-(k) indicate the uniformly distribution of Bi, C, N and
O elements in the Bi/CF electrode.

The structural characteristics of the prepared sample were
first evaluated by XRD in Fig. 3(a). It can be shown that pure Bi
and Bi/CF samples exhibit similar characteristic diffraction
peaks which are located at 26 = 22.6°, 23.8°, 27.2°, 38.1°, 39.7°,
48.8°, 62.4°, 64.7°, 71.0° and 72.1°, respectively. The charac-
teristic peaks of both correspond to the standard PDF card
(JCPDS No. 04-007-5336). It is worth noting that a broad peak at
ca. 24° confirms the presence of amorphous carbon in Bi/CF.
Meanwhile, the presence of weak peaks at 30.2° (—212) and
32.8°(130) indicates the presence of a small amount of bismuth
oxide in Bi/CF electrode. Due to unavoidable oxidation during
sample preparation, the XRD test results of the two samples
showed the peaks of bismuth oxide. As shown in Fig. 3(b), X-ray
photoelectron  spectroscopy (XPS) measurements
employed to investigate the chemical state of the Bi/CF. The
survey spectrum manifests that Bi/CF contains Bi, C, N and O
elements. The oxygen content in Bi/CF results from the natural
features of carbon fiber and the sample's exposure to air. The
high-resolution Bi 4f signal of Bi/CF in Fig. 3(c) can mainly be
fitted with two peaks located at 159.5 and 164.8 eV, which

were

Bi (012)

Bi (110)
Bi (214)

Bi|(012) |
d=0.32'\nm

(c) Low and (d) high magnification TEM images. (e) HRTEM and (f) SAED

results for Bi/CF. (g—k) The corresponding element mapping of Bi, C, N and O.
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Fig. 3
ravimetric curve. (i) N, adsorption/desorption isotherm.

correspond to Bi 4f,, and Bi 4f5,, respectively. In Fig. 3(d), the C
1s signal of Bi/CF can be fitted into a series of peaks located at
284.8, 285.4, 286.1 and 288.7 eV, corresponding to the C-C, C-
0O, O=C and O=0-C bonds, respectively. Fig. 3(e) shows that
the spectrum of N 1s can be decomposed into three peaks,
which are pyridinic-N (N-6, 398.1 eV), pyrrolic-N (N-5, 400.8 eV)
and quaternary-N (N-Q, 401.6 eV). The existence of nitrogen
heteroatoms comes from the decomposition of polyacrylonitrile
calcination process. Meanwhile, the oxygen peaks at 531.8 and
532.5 eV in Fig. 3(f) are related to the C=0 and C-O bonds.
Fig. 3(g) shows the Raman spectra of pure Bi and Bi/CF, and
the characteristic peak located at 315 cm ™ is attributed to Bi
nanocrystals. Meanwhile, two carbon peaks at around 1345 and
1593 cm™ " for Bi/CF are attributed to the D- and G-bands of
carbon, respectively. The ratio of Ip/Ig is calculated to 1.12,
indicating the presence of amorphous carbon. To investigate the
mass proportion of Bi in the Bi/CF composite, TGA tests were
carried out in Fig. 3(h). The thermogravimetric curve shows that
the weight of samples starts to increase around 300 °C, which is
due to the weight increase caused by oxidation. The subsequent
reduction in total weight is mainly due to the weight loss caused
by the oxidation of carbon fibers to carbon dioxide. The final
reaction is completed at around 500 °C and the electrode
composition is converted to Bi,O;. According to the law of
conservation of energy, the weight percentage of bismuth in the
Bi/CF electrode is estimated to be 49.7%. Furthermore, the N,

39924 | RSC Adv, 2024, 14, 39921-39926

Temperature ('C)

(a) XRD patterns. (b) XPS spectra. High-resolution of the Bi/CF:

Relative Pressure (P/P,)

(c) Bi 4f, (d) C 1s, (e) N 1s and (f) O 1s. (g) Raman spectra. (h) Thermog-

adsorption and desorption measurements were performed to
identify the specific surface area of samples. In Fig. 3(i), the Bi/CF
samples exhibit an IV type isotherm with an enlarged specific
area of 156.2 m” g '. The increase in specific surface area
(compared to pure bismuth with 48.7 m* g¢™") is mainly due to
the extensive distribution of bismuth nanoparticles in carbon
fibers, which leads to an increase in active sites.

In order to investigate the sodium storage characteristics of
the Bi/CF electrode, CR2032 sodium ion batteries were assem-
bled in a glove box filled with high-purity argon gas for elec-
trochemical testing. Fig. 4(a) exhibits the galvanostatic charge
and discharge (GCD) curves of the pure Bi electrode for the first
three cycles at a current density of 0.1 A g~ *. The pure Bi elec-
trode presents a relatively high initial discharge capacity, but
rapidly decays in the second and third cycles. As shown in
Fig. 4(b), it is obvious that the Bi/CF electrode represents a high
reversible capacity of 376.6 mA h g~ " in the secondary cycles and
there is no significant attenuation in the subsequent cycle. The
sodium storage capability of the Bi particles in the composite is
calculated by deducting the capacity contributions from the
carbon fiber (~300 mA h g~ "). Fig. 4(c) shows the comparison of
the rate performance between the pure Bi and Bi/CF electrode at
the current densities range from 0.1 A g " to 10.0 A g . It is
evident that the Bi/CF electrode delivers a higher discharge
specific capacity than pure Bi which is 376.5, 356.8, 343.6, 329.2,
318.1, 302.3 and 283.9 mA h g " at the current densities of 0.1,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Electrochemical performance of the electrode. GCD profiles of the (a) Pure Bi and (b) Bi/CF at 0.1 A g~ (c) Rate performance. (d) EIS

diagram (the inset shows corresponding equivalent circuit). (e) CV profiles at the scan rate of 0.1 mV s

density of 1.0 A g%,

0.2, 0.5, 1.0, 2.0, 5.0 and 10.0 A g, respectively. With the
continuous increase of current density, the capacity of pure Bi
electrode rapidly decays, indicating that it does not have cyclic
structural stability. As displayed in Fig. 4(d), the EIS measure-
ment was carried out for analyzing the kinetic feature of the Bi/
CF electrode with respect to sodium ions. The semicircle region
stands for the charge transfer resistance (R.), which is associ-
ated with the electrochemical kinetics of the electrodes. At the
same time, the oblique line represents the Warburg impedance
(Z4), which is decided by the sodium ion diffusion in the elec-
trode. According to the equivalent circuit (inset diagram), the
R of Bi/CF and pure Bi are computed to be 174.6 Q and 389.6 Q
respectively. A smaller R value of Bi/CF implies lower charge
transfer resistance and higher conductivity.

CV curve of Bi/CF electrode in the potential range of 0.01-
1.5 V is performed at a scan rate of 0.1 mV s~ " in Fig. 4(e). Two
cathodic peaks located at 0.48 V and 0.69 V can be observed,
corresponding to the alloying reaction process from Bi to NaBi
and Na;Bi. During the desodination, two oxidations at 0.61 V
and 0.75 V are attributed to the transformation of Na;Bi phases
to NaBi and de-alloying reaction of NaBi to Bi. The CV plot
corresponds well with the GCD curve, which confirms the
excellent stability of the Bi/CF electrode. Furthermore, the long-

© 2024 The Author(s). Published by the Royal Society of Chemistry

~1 (f) Long-term cycles of Bi/CF at current

term cycling stability of the Bi/CF electrode for 2000 cycles is
shown in Fig. 4(f). At high current density of 1.0 A g™, the
reversible capacity still maintained at 316.2 mA h g~ ' with the
CE over 99%, indicating the superior long-term cycle stability of
Bi/CF electrode. Meanwhile, the SEM image of the Bi/CF elec-
trode after 2000 cycles is shown in Fig. S5.F In order to verify the
practicality of the flexible free-standing electrode, it was
assembled into a flexible sodium ion battery with a thin strip
shape. After connecting the two batteries in series, they can
supply power to a smart bracelet (Fig. S6T). In addition, the
comparison between the previous reported literature related to
bismuth-based materials in sodium ion batteries (such as Bi-C/
CF," Bi@C composite,” Nano Bi@carbon nanofiber,’® 3D
porous Bi@3DGFs,"” Porous Bi/N-C,** Bi@C microsphere’®) in
Table S1t confirms the superiority of Bi/CF electrode.

4. Conclusions

In summary, flexible and free-standing Bi/CF composite elec-
trodes are successfully fabricated via a facile approach of elec-
trospinning and calcination. Interwoven carbon fibers are
beneficial for improving structural stability and can effectively
mitigate the volume expansion effect of Bi/CF electrode during

RSC Adv, 2024, 14, 39921-39926 | 39925
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cycling process. Bismuth nanoparticles help to enhance effec-
tive active sites that can accelerate ion/electron transport.
Benefiting from the excellent conductivity of carbon fibers and
the synergistic effect of nanoscale bismuth particles, the elec-
trode exhibits excellent sodium storage properties of rapid
kinetic properties and long-term cycle life. This work gives
a fresh guidance for improving the sodium storage performance
of bismuth based electrodes.
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