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The sodium-ion battery (SIB) as a promising candidate for large-scale energy storage has attracted
widespread attention in recent years. However, its practical application is plagued by the lack of suitable
anode materials that can afford long cycle life, high rate capability and large capacity. Herein, we report
a high-performance self-supported Bi microforest (MF) anode with Bi microtree arrays uniformly grown
on porous Cu foil for SIBs. The Bi MF can be directly employed as an anode without using any binders
and conductive additives. Finite-element analysis and electrochemical kinetics analyses reveal that
such a tree-like microstructure facilitates fast Na* diffusion and promotes effective stress dissipation. As
a result, the Bi MF electrode shows exceptionally high rate capability (338.9 mA h g~ at 50 A g~ with a
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Accepted 10th April 2024 capacity retention of 94.2%) and excellent cycling stability (95.9% capacity retention after 1200 cycles at
1 A g71). More importantly, by pairing the Bi MF anode with a NazV»(PO,)z cathode, the assembled full
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Introduction

The increasing demand for large-scale electrical energy storage
systems necessitates the development of low-cost, environ-
mentally benign and safe energy storage technologies.'™*
Sodium-ion batteries (SIBs) perfectly fulfill these requirements
and thus have drawn worldwide interest from both academia
and industry.”® One of the major scientific challenges for the
development of SIB technology is the lack of high performance
anode materials.'®** To date, various materials such as carbo-
naceous materials,"”*** metal chalcogenides,'*>" and alloy-type
materials (e.g., P,>*?° Sb,*2® Bi,>' Sn**?¢) have been exten-
sively investigated as the anode materials for SIBs. Among these
candidates, Bi is regarded as one of the most promising anodes
because of its high theoretical capacity (385 mA h g~' for
gravimetric capacity and 3765 mA h cm™® for volumetric
capacity), suitable reaction potential (~0.6 V vs. Na'/Na) and
special buckled-layer crystal structure with a large interlayer
spacing, which allows for fast Na' insertion/extraction.”*?
However, the dramatic volume change (~250%) during the
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potential of the Bi MF anode in sodium-ion full-cells.

sodiation/desodiation process is a critical barrier for the prac-
tical application of Bi-based anodes.**** Such a volume variation
causes electrode pulverization and continuous solid-electrolyte
interphase (SEI) breaking/reformation during repeated cycling,
resulting in poor cycle life and rate capability.*®

To address the aforementioned issues, tremendous efforts
have been made toward improving the cycling performance of
Bi-based anodes, such as designing micro/nanostructures (e.g.,
Bi nanotubes,* few-layer bismuthene,*”** Bi nanoflakes®),
forming alloys with inactive/active metals (e.g., Bi-Sb,*>** Bi-
Sn,>* Bi-Ni*>*°), encapsulating Bi in carbon matrixes (e.g., Bi
nanoparticle@C composites,”* yolk/core-shell Bi@C nano-
spheres,** Bi nanorod@N-doped C nanotubes®) and regu-
lating electrolyte composition (e.g., glyme-based electrolytes,**
tetrahydrofuran-based electrolytes®®¢). These strategies effec-
tively promote the sodium storage performance of Bi, but
improvements are still unsatisfactory. Among various strate-
gies, designing hierarchical micro/nanostructures, especially
self-supported three-dimensional architecture, has been proven
to be one of the most effective ways for promoting the structural
stability and electrochemical performance of alloy-based anode
materials. For example, Lei et al. fabricated a freestanding Sb
nanorod array electrode through electrodeposition with an AAO
template and found that such a structural design can ensure
efficient electron transport, high ion accessibility, and strong
structural integrity, thus showing excellent cycling stability and
rate capability.”” Li et al. designed a self-supported Sb prism and
Biy.75Sbg.25 pyramid arrays on Cu substrates via template-free
electrodeposition methods and observed a robust rate
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capability and cycling stability toward sodium storage.®®*
Similarly, Yu et al. prepared SbSn pyramid arrays on Cu
substrates via electrodeposition and demonstrated that the
pyramid-like structure is conducive to Na" diffusion and stress
dissipation.” Considering that Bi confronts the same volume
expansion issues and shares the similar sodium storage
mechanism with the other alloy-type materials, the above
strategy should also be valid for Bi. Therefore, it is highly
desirable to explore the sodium storage performance of self-
supported three-dimensional Bi anodes.

Natural systems offer many ingenious prototypes for the
discovery of innovative material designs with broad applica-
tions.”>”* It is well known that trees play an important role in
natural ecosystems, as their leaves efficiently harvest sunlight
and quickly capture/release gases, while their branches and
trunks facilitate the fast transportation of nutrient substances.”
Herein, inspired by the natural tree structure, we design and
develop a self-supported Bi microforest (MF) anode with Bi
microtree arrays uniformly grown on porous Cu foil via
a simple, efficient and scalable in situ galvanic replacement
approach for SIBs. Such a structure offers several key advan-
tages for electrochemical sodium storage: (i) the hierarchical
tree-like micro-nanostructure creates a large contact area with
the electrolyte and a small difference in the Na' concentration
gradient, thus improving Na" accessibility and facilitating fast
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Na' diffusion; (i) the sufficient spacing between Bi microtrees
offers sufficient room to accommodate the volume expansion of
Bi during cycling; (iii) the Bi microtrees are directly grown on
copper foil, enabling fast electron transport. Moreover, the Bi
MF electrode can be directly employed as an anode for SIBs
without any binders and conductive additives, thus minimizing
side reactions and endowing the electrode with high initial
coulombic efficiency (ICE). As a result, the Bi MF anode exhibits
extraordinary rate capability and outstanding cycling stability.

Experimental
Synthesis of Bi MF electrodes

In a typical synthesis, the porous Cu foil discs (12 mm in
diameter) were washed sequentially with acetone, 1 M hydro-
chloric acid, deionized water and ethanol under sonication for
10 min each and then dried under vacuum for 10 h at room
temperature. Afterwards, the cleaned porous Cu foil discs were
immersed into a solution containing 0.05 M Bi(NO;); and 0.5 M
HNO; in a mixed solvent of water and acetonitrile (v/v = 1:1).
The Cu foil immediately underwent a galvanic replacement
reaction and its color was changed from red-brown to gray-
black. After 3 s, the Cu foil was rinsed with deionized water
and ethanol, and dried under vacuum for 10 h.

\Bi012)
.0:328 nm_

500 nm

Fig.1 (a) Schematic illustration of the synthesis of Bi MF. (b and c) SEM images, (d) TEM image, (e and f) elemental mapping, and (g) HRTEM image

of Bi MF.
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Characterization

The morphology and microstructure of samples were observed
by scanning electron microscopy (SEM, JSM-7800 Prime, JEOL),
transmission electron microscopy (TEM, HT7700, Hitachi) and
high-resolution TEM (HRTEM, Libra 200FE, Zeiss). X-ray
diffraction (XRD) patterns were recorded on a PANalytical
X'Pert powder diffractometer with Cu Ko radiation. Raman
spectra were collected with a Raman spectrometer (Jobin-Yvon
XploRA, Horiba) at 532 nm. X-ray photoelectron spectrometry
(XPS) spectra were acquired from a Thermo Scientific ESCALAB
250Xi spectrometer.

Electrochemical measurements

The Bi MF discs were directly used as the working electrode.
Bulk Bi electrode contained Bi, carbon black and carboxymethyl
cellulose at a mass ratio of 8:1:1. The active material mass
loading of Bi-based electrodes was approximately 1 mg cm 2.
Both half-cells and Na;V,(PO4); (NVP)||Bi MF full cells were
assembled in an Ar-filled glove box. In the half-cell, the working
electrode was the Bi MF, while sodium foil acted as the counter
electrode. For the full cell, the anode was the Bi MF electrode,
and the cathode was the NVP electrode. The NVP electrode was
prepared by coating a slurry containing 92% NVP, 4% carbon
black and 4% polyvinylidene difluoride onto aluminum foil.
The mass loading of NazV,(PO,); in the cathode was

- Bi MF
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approximately 4.5 mg cm 2. The mass ratio of the cathode to
anode was approximately 4.5 : 1. The separator was a glass fiber
(Whatman GF/D) and the electrolyte was 1 M NaPF; in DME.
Galvanostatic charge-discharge tests were measured using
a Neware battery measurement system. Rate performance was
evaluated using an Arbin MSTAT4 testing system. Electro-
chemical impedance spectroscopy (EIS) and cyclic voltammetry
(CV) tests were carried out on an Admiral Squidstat Prime
electrochemical workstation. The galvanostatic intermittent
titration technique (GITT) was conducted with a LAND CT3001A
battery testing system.

Results & discussion

The Bi MF electrodes were prepared by a facile acetonitrile-
assisted galvanic replacement method™ as shown in Fig. 1a.
After the porous copper foil was immersed in a bismuth salt
aqueous solution containing acetonitrile, galvanic replacement
took place immediately at the surface of the copper foil, evi-
denced by the simultaneous color change of the copper foil from
reddish to black (Fig. S1, ESIT). SEM and TEM images reveal that
many microtrees grow on the surface of the porous copper foil,
forming a microforest (Fig. 1b-d, S2, and S3, ESI{). The forma-
tion of microtrees is probably associated with the fast reaction
kinetics of the galvanic replacement reaction, which creates
diffusion-limited nonequilibrium conditions and thus promotes
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Fig. 2 (a) XRD patterns of Bi MF and porous Cu foil. (b) Raman spectra, (c) XPS survey spectrum, (d) high-resolution Bi 4f spectrum of Bi MF.
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the growth of Bi protrusions formed at the initial stage of the
replacement reaction, resulting in the growth of Bi microtrees
(Fig. S41).”>”” The energy dispersive X-ray spectroscopy (EDS)
elemental mapping (Fig. 1e and f) and HRTEM images (Fig. 1g)
indicate that these microtrees consist of metallic Bi. The
formation of Bi microtrees was further confirmed by XRD,
Raman spectroscopy and XPS measurements.

As shown in Fig. 2a, all diffraction peaks in the XRD pattern
of the Bi MF can match nicely with the rhombohedral Bi
(PDF#44-1246) and face-centered cubic Cu (PDF#04-0836),
indicating that no additional impurities are introduced
during the generation of Bi microtrees. According to the
Scherrer equation (D = kA/8 cos 6), the average crystallite size of
the bismuth microforest is approximately 44.4 nm.”®* The
Raman spectra display two peaks at 64.9 and 90.6 cm '
(Fig. 2b), which can be assigned to the in-plane E, and the out-
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plane Ay vibrational modes of metallic Bi, respectively.* XPS
was used to investigate the surface characteristics of the Bi MF.
The survey spectrum (Fig. 2c) reveals that the surface of Bi MF
mainly consists of Bi element. The high-resolution Bi 4f XPS
spectrum (Fig. 2d) exhibits two sets of doublets (Bi 4fs/, and Bi
4f;,,). The low-intensity doublets located at 161.9 and 156.6 eV
can be assigned to metallic Bi, while the high-intensity doublets
presented at 163.9 and 158.6 eV can be ascribed to Bi,03.*"*"
The presence of Bi,O; on the surface of the Bi MF is owing to
surface oxidation, which is a common phenomenon for metallic
Bi. Combining with the XRD and Raman results which revealed
that no Bi,O; signal is detected, it can be inferred that the
oxidation is limited to the surface of Bi MF and the content of
Bi,O; is negligible.

To demonstrate the potentiality of Bi MF in SIBs, we assessed
its sodium storage performance in coin-type half-cells. The CV
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Fig.3 (a) CV curves of the Bi MF electrode at 0.1 mV s~1. (b) GCD curves of the Bi MF electrode at 1 A g~2. (c) Comparison of the rate capability of
the Bi MF and bulk Bi electrodes. (d) Comparison of the rate capability of the Bi MF and many previously reported Bi-based anodes for SIBs. (e)

Long-term cycling performance of the Bi MF electrode at 1 A g%,
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Fig. 4 (a) CV curves of the Bi MF electrode at varying scan rates. (b) Linear fitting for the peak current versus (scan rate)®* plots of the Bi MF and
bulk Bi electrodes. (c) Potential response and quasi-equilibrium open-circuit voltages (dotted lines) of the Bi MF electrode during GITT

measurement. (d) The reaction resistance of the Bi MF electrode.

curves of the Bi MF electrode over the first 5 cycles were
acquired at a scan rate of 0.1 mV s~ in the voltage range of 0.01
to 1.5 V (Fig. 3a). Two broad weak peaks located at 1.22 and
0.17 V in the first cathodic scan, which subsequently vanish in
the following cycles, are associated with some irreversible
processes, such as the formation of the SEI layer.**® The two
cathodic peaks at 0.65 and 0.47 V reflect the stepwise alloying
process of Bi — NaBi — Na;Bi, while the two anodic peaks at
0.62 and 0.76 V represent the stepwise dealloying process of
NazBi — NaBi — Bi.?*® The CV curves of the Bi MF almost
overlap after the first CV cycle, indicating superior electro-
chemical reversibility of the Bi MF electrodes. As shown in
Fig. 3b, the galvanostatic charge-discharge (GCD) curves at the
current density of 1 A g~ depict two obvious voltage plateaus
well matching the redox peaks in the CV curves. The Bi MF
delivers an initial discharge capacity of 460.4 mA h g~ with an
ICE of 76.5%. The relatively high ICE can be attributed to the
self-supporting electrode design which avoids the use of addi-
tives (e.g, conductive agents and binders) and the good
compatibility between Bi and ether electrolyte.

The Bi MF electrode exhibits extraordinary rate capability. As
shown in Fig. 3c and S5 (ESI),T the Bi MF electrode delivers
reversible capacities of 359.7, 358.9, 357.5, 353.9, 350.0, 343.4
and 338.9 mA h g, at current densities of 1, 5, 10, 20, 30, 40

This journal is © The Royal Society of Chemistry 2024

and 50 A g, respectively, suggesting that an extremely high
capacity retention of 94.2% is achieved with the current density
dramatically increased by 50 times. In comparison, the bulk
bismuth electrode shows a fast capacity decaywith increasing
current density and only exhibits a low capacity retention of
59.4%. The excellent rate performance of the Bi MF electrode
outperforms that of most Bi-based anodes reported to date
(Fig. 3d and Table S1, ESIf) and can be attributed to the hier-
archical tree-like microstructure of Bi MF, which allows for fast
Na' diffusion and efficient charge transport,*:45%61,628185-88 T
investigate the influence of pores in the copper foil on the
electrode performance, the rate performance of Bi MF grown on
porous and non-porous copper foil are compared in Fig. S6 and
S7, ESL.¥ The Bi MF electrode prepared on the porous copper
foil exhibits better rate capability than that prepared on the
non-porous copper foil, suggesting that the pores on the copper
foil also facilitate fast Na* diffusion. Moreover, to assess the
effect of mass loading on the electrochemical performance of
the electrodes, Bi MF electrodes with different mass loadings
were prepared via adjusting the reaction time of the replace-
ment reaction. As shown in Fig. S8, ESI,{ the rate capability of
the Bi MF electrode decreases with increasing bismuth loading,
particularly under high-rate conditions, which might be
attributed to the sluggish Na' diffusion in thick films.

J. Mater. Chem. A, 2024, 12, 11691-11700 | 11695
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Additionally, the Bi MF electrode also exhibits superior cycling
stability. As demonstrated in Fig. 3e, it can still maintain a high
reversible capacity of 338.6 mA h g~ ' with almost no capacity
loss even after 1200 cycles at 1 A g ', corresponding to
a capacity retention of 95.9%.

In order to investigate the reasons for the superior electro-
chemical performance of the Bi MF electrodes, a range of
electrochemical tests were performed. Fig. 4a shows the CV
curves acquired at different scan rates from 0.1 to 1.0 mV s .
The relationship between the peak current (i,, mA) and the scan
rate (v, mV s ') obeys the following Randles-Sevcik equation:

ip = 2.69 x 10°ACy, > D2 v'/?

WA

b
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where A is the area of the electrode, Cy,- is the concentration of
Na', and 7 is the charge-transfer number.®* Accordingly, the Na*
diffusion coefficients (Dya') of the Bi MF electrode is calculated
to be 5.45 x 10~ c¢cm? s, which is at least an order of
magnitude higher than that of bulk Bi (2.87 x 107> ecm* s™)
(Fig. 4b and S9, ESI}), suggesting that the tree-like structure is
more favorable for fast Na* diffusion. The GITT was adopted to
study the kinetics of Na* storage behavior. Fig. 4c depicts the
potential responses and equilibrium open-circuit voltages
(dotted lines) of the Bi MF electrode during the GITT
measurement. Fig. 4d displays the reaction resistances of Bi MF
calculated from the GITT curves by dividing the overpotentials
by pulse current. As can be seen, the Bi MF shows very low
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The inset of (d) shows the photograph of a tree-like LED panel lit by an

overpotentials with an average value of 0.028 V (Fig. 4c) and low
reaction resistances (<1 Q g~ ', Fig. 4d) during the charge-
discharge process, thus ensuring superior rate performance.
The charge transport kinetics of the Bi MF electrode was further
investigated by electrochemical impedance spectroscopy (EIS).
The Bi MF electrode exhibits lower charge-transfer resistances
than the bulk Bi electrode during cycling (Fig. S10, S11 and
Tables S2, S3, ESIf), implying that the tree-like structure is
conducive to improving the charge transport kinetics.

To reveal the origin of the superior electrochemical perfor-
mance of the Bi MF electrode, finite element analysis was per-
formed. Three electrochemical models with different geometries,
including rectangle, triangle and tree-like shape, were con-
structed to investigate the effects of geometrical structures on
charge transport kinetics and stress distribution. Fig. 5a depicts
the 2D contour plots of Na* concentration for different geomet-
rical shapes at the initial stage of sodiation. As can be seen, the
tree-like shape exhibits the smallest Na" depletion zone (deep
blue region) among the three shapes. In addition, it also shows
the highest average Na' concentration (Fig. 5¢), implying that the
tree-like shape is more beneficial for efficient Na" diffusion. It is
well known that the high local stress or uneven stress

This journal is © The Royal Society of Chemistry 2024

NVP||Bi MF full cell.

distribution may destroy the integrity of the material. Fig. 5b
shows the stress distribution of the three shapes during the
sodiation process. In all three shapes, the local stress is mainly
concentrated at the bottom of the shapes and the maximal values
appear at the bottom corners. Compared to the rectangle and
triangle, the tree-like shape shows a more even distribution of
stress (Fig. 5b) and much lower maximal local stress (Fig. 5d),
thus allowing for more effective stress dissipation.

Encouraged by the excellent electrochemical performance of
Bi MF, full cells (Fig. 6a) were assembled by pairing the Bi MF
anode with the NVP cathode to assess the feasibility of Bi MF for
practical application. The cycling performance of the NVP
cathode is shown in Fig. S12, ESL.{ As shown in Fig. 6b, the full
cell delivers a capacity of 294.7 mA h g™ ! with a working voltage
of approximately 2.6 V at 0.5 A g~ " (based on the anode mass).
Moreover, the full cell maintains a high capacity of
282.8 mA h g ' after 200 cycles at 0.5 A g~ * (Fig. 6c). Addi-
tionally, the full cell affords a high energy density of
132.2 W h kg™ at a power density of 104.2 W kg~ * (based on the
total mass of the anode and cathode, Fig. 6d). The superior full
cell performance demonstrates the great promise of the Bi MF
electrode for practical application.
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Conclusions

In summary, 3D self-supporting Bi MF electrodes with hierar-
chical micro-nanostructures have been successfully synthesized
via a facile in situ galvanic replacement method, and used as
binder- and conductive additive-free anodes for SIBs. The
unique microtree structure can promote the accessibility of
ions, improve Na" diffusion kinetics and facilitate stress dissi-
pation. Thanks to these merits, the Bi MF electrode achieves
extraordinary rate performance (maintain 94.2% capacity at
50 A g ') and outstanding cycling stability (95.9% capacity
retention after 1200 cycles at 1 A g~ ). Moreover, the full cell
with a Bi MF anode also exhibits superior cycling performance.
The bio-inspired design strategy will shed light on the future
design of high-performance electrodes for SIBs.
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