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Metallic bismuth is one of the promising sodium ion anodes due to its exceptional conductivity, high
theoretical capacity and suitable redox potential. However, severe volume changes (~240%) during alloy-
ing reactions hinder its further development. In this study, carbon coated Bi nanoparticles embedded in
micro-sized porous carbon bundles (Bi@C) are successfully fabricated. The dual-carbon confinement
superstructure with inner covalent anchoring of C-O-Bi bonds significantly relieves the volume expan-
sion of the Bi alloy anode and improves the electron transfer rate for the Bi@C anode. This unique struc-
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ture promotes a pseudocapacitive sodium storage mechanism. As a result, Bi@C exhibits an excellent rate
capability of 342.2 mAh gt at 15 A g™ and long cyclability with 320.2 mAh g~ after 1000 cycles at 2 A
g7t and 82.5% capacity retention. This strategy could be applied to other alloy-type anode materials for
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1. Introduction

Sodium-ion batteries (SIBs) are widely regarded as promising
commercial alternatives owing to their cost-effectiveness,
superior low-temperature performance, and enhanced
safety." Recent breakthroughs in energy density and cycle
life, particularly through maturation of layered oxide cathodes
and hard carbon anodes, have propelled SIBs into initial com-
mercialization phases.*” Nevertheless, hard carbon anodes
face critical limitations: low specific capacity, inadequate rate
capability, and compromised tap density (~1.07 g cm™>).5™°
These constraints severely restrict volumetric energy density,
impeding further performance advancement in demanding
applications.®'***

Driven by the pursuit of higher energy density in sodium-
ion batteries (SIBs), alloy-type anodes, particularly bismuth
(Bi) with its high theoretical capacity (386 mAh g™"), suitable
redox potential (0.4-0.6 V vs. Na'/Na), environmental compatibil-
ity, and exceptional conductivity, have emerged as promising can-
didates, enabling enhanced rate capability through reduced
polarization.>*>° However, severe volume changes (~240%)
during alloying reactions trigger structural degradation: (1) par-
ticle pulverization and electrostatic agglomeration form electro-
chemically inactive “dead Bi”, causing rapid capacity decay;>>"
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optimizing the rate performance and cycling stability.

(2) the unstable SEI undergoes cyclic fracture/regeneration,
depleting active Na" and amplifying interfacial impedance, collec-
tively impeding practical implementation.®***

Recent research has pioneered innovative Bi-composite
architectures to solve the above issues: Yu and Chen
embedded Bi nanoparticles within carbon hollow spheres to
form a yolk@shell structure to buffer volume changes, achiev-
ing exceptional electrode stability.'””***> Xiong and Wei syn-
thesized carbon-encapsulated Bi through calcining a Bi-MOF
structure, significantly enhancing its cycling life."®'®*® Beyond
carbon-based composites, bismuth has been integrated into
diverse heterostructures including Bi@SnSb, Bi/BiOCl, and Bi/
TiO,;>**?7*° these architectures leverage built-in interfacial
electric fields to accelerate ion transport, thus improving the
rate performance. Nevertheless, persistent challenges also
remain: (1) low tap density compromises volumetric
capacity;'®'7** (2) weak interfacial adhesion from physical
mixing or van der Waals interactions causes protective layer
slippage during cycling.'®"7*®

To overcome these limitations, we propose a dual-mecha-
nism stabilization strategy integrating porous carbon encapsu-
lation with C-O-Bi covalent anchoring to improve the struc-
tural stability of Bi composites. In this article, we demonstrate
how tuning the trimesic acid/Bi source ratio to optimize the C-
O-Bi bond density results in a multi-level confinement archi-
tecture that more effectively mitigates volume expansion than
single-mechanism systems, thereby accounting for the
superior performance. Results show that the C-O-Bi bond
density plays an important role in the strength of interfacial
chemical bonds and the sodium ion storage mechanism. The
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Bi@C-2 sample with a “dual confinement” strategy demon-
strates an excellent sodium ion storage performance with a
capacity of 320.2 mAh g™ after 1000 cycles at 2 A g”* and
82.5% capacity retention. Notably, the anode could deliver an
excellent rate capability of 342.2 mAh g™* at 15 A g~*. The out-
standing sodium storage ability could be attributed to the
unique architecture with physical confinement and chemical
bonding, which not only alleviate volume expansion but also
promote charge transfer. Finally, the Bi@C anode realizes a
pseudocapacitive sodium storage mechanism to achieve excel-
lent sodium ion storage performance.

2. Experimental
2.1 Synthesis of Bi@C samples

Bi(NO3);-5H,0 (1.455 g, 3 mmol) and 1,3,5-benzenetricar-
boxylic acid (1.890 g, 9 mmol) at a 1:3 molar ratio were dis-
solved in 50 mL of N,N-dimethylformamide (DMF)/methanol
(1:1 v/v) with 30 min stirring. The mixture was transferred to a
Teflon-lined autoclave and reacted at 120 °C for 24 h. The
resultant precipitate was washed with DMF and ethanol three
times, respectively, and then dried at 80 °C for 12 h.
Subsequent carbonization was performed in a tube furnace
under an Ar flow: heating to 600 °C at 5 °C min~" and main-
taining for 4 h, followed by natural cooling to room tempera-
ture. The black product was labeled Bi@C-2. For comparative
carbon content analysis, a control sample (Bi@C-1) was syn-
thesized identically except with reduced 1,3,5-benzenetricar-
boxylic acid (1.26 g, 6 mmol; Bi/ligand molar ratio = 1 : 2).

2.2 Materials characterization

X-ray diffraction (XRD) patterns were collected using a Rigaku
D/max-A diffractometer with Cu Ko radiation (1 = 1.5406 A),
scanning the 26 range from 10° to 80° at a step size of 0.02°.
The material morphology was examined by field-emission
scanning electron microscopy (FESEM, Hitachi S-4800) at 5 kv
accelerating voltage and transmission electron microscopy
(TEM, Tecnai G2F20S-TWIN, FEI) operated at 200 kV. The
surface chemical composition and states were analyzed via
X-ray photoelectron spectroscopy (XPS) on a Kratos Axis Ultra
system, with binding energies referenced to the adventitious
carbon C 1s peak at 284.8 eV. Thermogravimetric analysis
(TGA) was performed in air using a Mettler Toledo TGA/
SDTA851 thermal analyzer. The surface area and porosity were
evaluated via nitrogen physisorption at 77 K (Micromeritics
ASAP 2460).

2.3 Electrochemical measurements

The working electrode was prepared by blending active
materials, Super P, Styrene Butadiene Rubber (SBR), and car-
boxymethyl cellulose (CMC) (7:1:1:1 weight ratio). The
mixture was ground, mixed with deionized water to form a
slurry, coated onto pre-cleaned copper foil with a thickness of
15 pm, and vacuum-dried at 80 °C for 24 h. Active material
mass loading values for each tested electrode typically ranged
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between 1.2 and 1.5 mg cm™>. Circular discs (12 mm diameter)
were punched from the dried copper foil. Electrochemical
testing employed 1 M NaPFq in diglyme electrolyte and a
Neware battery tester (0.01-1.80 V voltage window). Sodium-
ion diffusion kinetics were analyzed using the galvanostatic
intermittent titration technique (GITT). Cyclic voltammetry
(CV, 0.2-1.0 mV s') and electrochemical impedance spec-
troscopy (EIS, 100 kHz-0.01 Hz) measurements were per-
formed on a CHI660E workstation to probe the electro-
chemical behavior and charge transfer mechanisms.

3. Results and discussion

The XRD characteristic peaks align perfectly with the standard
card (JCPDS Card No. 85-1329), confirming high phase purity
for Bi@C-1 and Bi@C-2 (Fig. 1a). The lower diffraction peak
intensity of Bi@C-2 relative to Bi@C-1 indicates reduced crys-
tallinity or smaller particle size. TGA profiles (Fig. 1b) reveal
distinct oxidation behaviors. The mass gain between 200 and
325 °C corresponds to Bi — Bi,O; oxidation, where greater
mass increments indicate higher proportions of exposed
bismuth particles. Subsequent mass loss (>325 °C) stems from
carbon oxidation to CO,, yielding carbon contents of 79.0%
(Bi@C-1) and 73.8% (Bi@C-2) according to the mass loss."”
Raman spectra (Fig. 1c) reveal distinct Ip/I ratios. Compared
with Bi@C-1, an elevated Ip/I; ratio with increased carbon
content signifies a higher proportion of amorphous carbon in
Bi@C-2. XPS was employed to investigate the surface chemistry
of Bi@C, which shows the presence of Bi, C and O elements
on the surface of the composite material (Fig. Sla and d). The
two samples show similar high-resolution C 1s spectra which
are divided into 284.6, 285.3 and 288.6 €V, representing C-
C/C=C, C-0 and C=O0 (Fig. S1b and e).*>*° High-resolution O
1s XPS spectra (Fig. 1d and e) were deconvoluted into Bi-O
(530.1 eV) and C-O-Bi (531.7 eV) bonds.'® The Bi-O bonds
originate from Bi,O; (pyrolysis products of the precursor Bi
(NO3);), while C-O-Bi bonds indicate interfacial bonding
between Bi and carbon layers. The decreased Bi-O and
increased C-O-Bi intensities in Bi@C-2 suggest conversion to
Bi-O-C linkages, likely due to enhanced carbon coverage
strengthening the bismuth-carbon interactions. The Bi 4f
spectrum shows two peaks at 163.8 and 158.2 eV, which are
assigned to Bi 4f5/2 and Bi 4f7/2, respectively (Fig. Sic and f).
To further confirm the existence of the C-O-Bi bonds, we con-
ducted FT-IR measurements on the samples. As shown in
Fig. 1f, the distinct peak at 1235 cm™" can be assigned to the
Bi-O-C stretching vibration."® The N, adsorption/desorption
isotherms for Bi@C-1 and Bi@C-2 are ascribed to type IV,*!
combined with the obvious hysteresis loop at P/P, from 0.4 to
1.0, indicating the existence of a large percentage of meso-
pores (Fig. S2a and b). The specific surface areas for Bi@C-1
and Bi@C-2 are 86.3 and 88.5 m* g~'. Their pore size distri-
butions also confirm abundant 15-20 nm mesopores (Fig. S2
inset). The higher surface area of Bi@C-2 is related to the
higher content of carbon and uniformly carbon coated struc-

This journal is © The Royal Society of Chemistry 2026
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Fig. 1 (a) XRD patterns; (b) TG curves; (c) Raman spectra; (d and e) XPS spectra for O 1s and (f) FTIR spectra for the obtained samples.

tures. The well-defined mesoporous structure with a high
surface area of Bi@C-2 could facilitate ion accessibility and
shorten the solid-state diffusion distance. This structural
characteristic may synergistically contribute to the dominant
pseudocapacitive behavior and the
performance.

Fig. 2 presents the SEM images of both samples. Bi@C-2
forms uniform fibrous architectures (Fig. 2a), featuring homo-

outstanding rate

geneously embedded ~100 nm Bi particles within carbon
fibers (Fig. 2b) with minimal surface exposure (Fig. 2c).
Conversely, Bi@C-1 exhibits significant surface-exposed Bi par-
ticles (up to ~250 nm diameter) and prevalent fiber cracking
(Fig. 2d-f), indicative of structural instability. This morpho-
logical disparity may originate from the lower carbon content
of 26.2% for Bi@C-1, causing incomplete Bi encapsulation.
The enhanced surface exposure accelerates oxidation, correlat-
ing with the pronounced 200-325 °C mass gain in TGA for
Bi@C-1 (Fig. 1b). TEM analysis (Fig. 2g-i) further verifies
superior Bi dispersion uniformity in Bi@C-2. Bismuth nano-
particles are encapsulated by 7 nm carbon layers and
embedded within porous carbon bundles. This dual-functional
carbon coating simultaneously mitigates volume variation
during sodiation/desodiation and enhances charge transfer
kinetics. Fig. 2j shows the TEM image of Bi@C-1, revealing a
broad particle size distribution of Bi particles ranging from 30
to 200 nm. Furthermore, the carbon layer encapsulating the Bi
particles is thinner than that in Bi@C-2, measuring approxi-
mately 5 nm.

In order to investigate the electrochemical properties of the
two samples, cyclic voltammetry (CV) curves were recorded.

This journal is © The Royal Society of Chemistry 2026

Fig. 3a shows the CV curve of Bi@C-2, which reveals anodic
peaks at 0.96 V (electrolyte decomposition) and 0.58/0.34 V
(stepwise alloying: Bi — NaBi — NagBi), with the corres-
ponding cathodic dealloying peaks at 0.66/0.79 V.>° The weak
peaks at 0.05/0.08 V can be attributed to intercalation/deinter-
calation of hard carbon.*” The peak intensity is enhanced in
the 2™ and 3™ cycles which confirms the activation of the
anode materials, and the anodic peaks at 0.34 and 0.58 V shift
to 0.39 and 0.61 V in the 2" and 3™ cycles. Bi@C-2 exhibits a
morphological change after the first cycle.** Bi@C-1 exhibits
similar CV curves but amplified side reactions at 0.14 V due to
bismuth exposure. The corresponding charge/discharge curves
(Fig. 3b) corroborate these mechanisms through three dis-
charge plateaus (1.11, 0.65 and 0.42 V) and two charge pla-
teaus (0.59 and 0.76 V), yielding first discharge/charge
capacities of 497.6/457.8 mAh g~' with an initial coulombic
efficiency of 92% for Bi@C-2. Rate performance is further
tested for both samples. As shown in Fig. 3c, Bi@C-2 demon-
strates superior capacities of 381.2, 362.5, 359.8, 356.7, 350.1
and 347.6 mAh g™ at 0.2, 0.5, 1.0, 2.0, 5.0 and 10.0 A g”". Even
at 15 A g™', 342.2 mAh g™' can be maintained for Bi@C-2, with
a capacity retention of 89.6% (compared with the 381.7 mAh
¢~ at 0.2 A g7"). When the current density went back to 0.2 A
¢”!, the capacity can recover to 361.4 mAh g~'. In contrast,
Bi@C-1 delivers lower capacities of 276.1, 249.2, 243.4, 237.7,
230.6, 218.3 and 211.2 mAh g~ " from 0.2 to 15 A g~'. When the
current went back to 0.2 A g™, the capacity could recover to
only 245.6 mAh g~'. The high rate performance (342.2 mAh
¢ ' at 15 A g') of Bi@C-2 stems from the synergistic effect of
the dual-confinement strategy and optimized electrode kine-
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Fig. 2 SEM images for (a—c) Bi@C-2 and (d—f) Bi@C-1; TEM images of (g—i) Bi@C-2 and (j-1) Bi@C-1.

tics. As shown in the EIS data of Fig. 3e, the Bi@C-2 material
exhibits extremely low charge transfer resistance and fast
sodium ion diffusion from the more vertical line. These
factors ensure highly efficient electron/ion transport even at
high current densities, thereby contributing to exceptional
high-rate capacity. To ensure the statistical reliability of the
findings, all data in Fig. 3c and d were obtained from three
independent synthesis experiments and electrochemical tests
for both Bi@C-1 and Bi@C-2 with active material mass
loading between 1.2 and 1.5 mg cm™>. Long-term cycling at 2
A g ' further highlights the performance difference. The
Bi@C-2 electrode maintains a capacity of 320.2 mAh g™' after
1000 cycles (82.5% retention compared to the charge capacity
of the 2™ cycle). In contrast, Bi@C-1 degrades rapidly to
190.5 mAh g™ after only 500 cycles (74.8% retention compared

656 | Dalton Trans., 2026, 55, 653-662

to the charge capacity of the 2™ cycle), with an accelerated
capacity fade in the initial stages. This contrast underscores
the critical role of carbon encapsulation in stabilizing volume
changes, suppressing side reactions and enhancing charge
transfer kinetics. The electrochemical performance of Bi@C-2
is also much better than that of Bi-based anodes previously
reported (Table S1 and Fig. S4 in the SI). To elucidate the
superior cycling stability of Bi@C-2 over Bi@C-1, electro-
chemical impedance spectroscopy (EIS) was performed. The
Nyquist plots in Fig. 3e consist of a depressed semicircle in the
high-frequency region, corresponding to the charge-transfer re-
sistance (R.), and an inclined line in the low-frequency region,
representing sodium-ion diffusion. The fresh Bi@C-2 electrode
exhibits an R of 56 Q. After 10 cycles, however, the R, drops
sharply to 3 Q due to electrode activation in the DME-based

This journal is © The Royal Society of Chemistry 2026
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Fig. 3 Electrochemical performance for Bi@C-1 and Bi@C-2: (a) CV curves of Bi@C-2; (b) charge—discharge curves; (c) rate performance with error
bars; (d) long-term cycling test at 2 A g~* with error bars and (e) Nyquist plots of the fresh and cycled Bi@C-2 electrodes.

electrolyte. It then increases only slightly to 4 Q after 200
cycles, indicating a highly stable and fast charge-transfer kine-
tics. Concurrently, the low-frequency line becomes more verti-
cal, suggesting enhanced capacitive behavior.** In contrast,
the fresh Bi@C-1 electrode shows a significantly larger R., of
102 Q. Although it decreases to 10 Q after 10 cycles, it sub-
sequently rises to 15 Q after 200 cycles, reflecting an inferior
electron transfer rate and stability compared to Bi@C-2.

To investigate the electrochemical reaction kinetics of
Bi@C-1 and Bi@C-2, cyclic voltammetry (CV) curves at varying
scan rates (Fig. 4a and d) were analyzed via the following
formulas:>°

i=ab (1)
Ini=b-Inv+Ina (2)

where i is the peak current and v is the scan rate. According to
the above formulas (1) and (2), the b value derived from the
slope of In(i) versus In(v) plots determines the sodium ion
storage mechanism: b = 0.5 signifies diffusion-controlled pro-
cesses, while b ~ 1.0 indicates pseudocapacitive-dominated
kinetics. Fitting results for four redox peaks (Fig. 4b and e)
reveal distinct behaviors: Bi@C-1 exhibits b-values of 0.759,
0.693, 0.653, and 0.803, consistent with a dual mechanism of
diffusion and pseudocapacitive control. In contrast, Bi@C-2
shows b-values approaching 1.0 (0.816, 0.899, 0.936, and
0.967), and the high b-values of Bi@C-2 confirm a typical
pseudocapacitive predominance. In order to further quantify

This journal is © The Royal Society of Chemistry 2026

the pseudocapacitive contribution, corresponding calculations
were carried out according to eqn (3) and (4) put forward by
Bruce Dunn:*"%%

i (V) =k + k2 (3)

i (V)2 =k + &, (4)

where kv represents the pseudocapacitance and k'* rep-

resents the diffusion contribution. k; and k, can be obtained
from the slope of i (V)*? versus v*> according to eqn (4).?
Accordingly, the pseudocapacitance contributions for Bi@C-1
and Bi@C-2 were calculated to be 73.8% and 87.9% at 0.8 mV
s™!, respectively (Fig. 4c and f), revealing higher pseudo-
capacitive storage of Bi@C-2. This phenomenon also agrees
well with the conclusion obtained from the EIS evolution. The
more-vertical line (closer to the 90° phase angle) in Nyquist
plots also indicates a capacitive behavior for Bi@C-2. The
pseudocapacitive mechanism endows Bi@C-2 with excellent
rate performance and high cycling stability. Furthermore, the
sodium ion diffusion rate (D) of both samples is qualified
using the galvanostatic intermittent titration technique (GITT),
following the below equation:*®

b A (msVu N A (5)
T \ MgS AE;
where 7 denotes the relaxation time and mg, Vi, Mg and S rep-

resent the mass, molar volume, molar mass and effective elec-
trode/electrolyte interfacial area of Bi@C, respectively. AEg and

Dalton Trans., 2026, 55, 653-662 | 657
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Fig. 4 (a and d) CV curves at different scan rates; (b and e) In(sweep rate) versus In(peak current); (c and f) CV curve of Bi@C at 0.8 mV s~* marked
in green with the pseudocapacitance-contributed part marked in orange and (g and h) diffusion coefficients of the Na-ion for (g) Bi@aC-1 and (h)

Bi@C-2.

AE, correspond to the steady potential shift between pulses
and the pulse-induced potential difference.”® According to eqn
(5), the obtained Na' diffusion coefficient (Dy,) of Bi@C-2
(5.68 x 107°-5.78 x 107"* em” s ') is much higher than that of
Bi@C-1 (9.55 x 107'°-6.30 x 107> em” s '), especially in the
alloying reaction stage from the NaBi to the Na;Bi phase, con-
firming that fast ion transport promotes the pseudocapacitive
mechanism of Bi@C-2.

In order to further investigate the root cause of the
different cycling performances of the two samples, post-
cycling electrodes after 500 cycles were disassembled for mor-
phological analysis. Fig. 5 reveals distinct structural evolution:
Bi@C-2 maintains integrated bundle-like architectures
(1-2 pm in length and 200-500 nm in diameter) with minimal
pulverization (Fig. 5a and b). Compared with the Bi@C-2 elec-

658 | Dalton Trans., 2026, 55, 653-662

trode before cycling, the length and diameter of the bundles
both decreased. This morphological reconstruction may be
from the repeated expansion and contraction of Bi@C-2
during charge/discharge. However, there are hardly any pulver-
ized Bi nanoparticles that detached from the porous carbon
bundle, indicating that pulverized Bi nanoparticles are trapped
in the porous carbon due to effective carbon confinement and
strong chemical bonding between Bi and the carbon layer. In
contrast, cycled Bi@C-1 exhibits fragmented rods with
300-500 nm length and 100 nm diameter, alongside extensive
pulverized particles (Fig. 5¢ and d). The ex situ TEM images of
Bi@C-1 and Bi@C-2 in Fig. 5e¢ and f confirm this phenom-
enon. The Bi particles in Bi@C-2 maintain their spherical mor-
phology with a diameter of 30-50 nm, whereas those in
Bi@C-1 are largely pulverized into much finer particles. Most

This journal is © The Royal Society of Chemistry 2026


https://doi.org/10.1039/d5dt02243f

Published on 03 December 2025. Downloaded on 6/29/2026 12:18:13 AM.

Dalton Transactions

View Article Online

Paper

Physical confined and
chemically bonded Bi@C

- Pseudocapacitance
dominated storage (87.9%)

* Diffusion controlled storage

e

Ultrafast charge transfer rate

Pulverized Bi trapped on the
porous carbon rods

Fig. 5 SEM and TEM images of post-cycling electrodes after 500 cycles: (a, b and e) Bi@C-2; (c, d and f) Bi@C-1. (g) Schematic illustration of the

morphological evolution of the Bi@C electrode after cycling.

of these pulverized Bi nanoparticles originate from surface-
exposed Bi, where insufficient carbon confinement and
deficient C-O-Bi interfacial bonding fail to accommodate
volume expansion during alloying reactions. Consequently,

This journal is © The Royal Society of Chemistry 2026

particle detachment from carbon matrices occurs, accelerating
capacity degradation. Therefore, it can be concluded that the
ultralong cycle life of Bi@C-2 results from stable physical con-
finement and effective chemical bonding. Bi@C-2 with this

Dalton Trans., 2026, 55, 653-662 | 659


https://doi.org/10.1039/d5dt02243f

Published on 03 December 2025. Downloaded on 6/29/2026 12:18:13 AM.

Paper

dual-mechanism stabilization strategy exhibits outstanding
rate capability and long-term cycling stability, which can be
attributed to three aspects: (1) a rapid electron transfer rate
from the abundant C-O-Bi bonds, supported by the EIS evi-
dence; (2) a fast ion Na' diffusion coefficient from the stable
porous carbon confined Bi structure, supported by the GITT
results; and (3) high-proportion and sustainable pseudo-
capacitive contribution, supported by the b-value and CV
fitting evidence (Fig. 52).

4. Conclusion

In summary, chemically bonded Bi nanoparticles embedded
in porous carbon bundles (Bi@C) were successfully fabricated.
Bi@C with this dual-mechanism stabilization strategy exhibits
an excellent rate capability of 342.2 mAh g™' at 15 A ¢”" and
an extended cycle life of 1000 cycles with 320.2 mAh g™ at 2 A
g”' and 82.5% capacity retention. The carbon confinement
effectively accommodates volume expansion during Bi alloying
and stabilizes the architecture. Meanwhile, EIS evolution has
proved that abundant C-O-Bi covalent bonds at Bi/carbon
interfaces facilitate rapid electron transport, accelerating alloy-
ing kinetics and improving rate capability. The porous carbon
bundles decrease the sodium ion diffusion paths and promote
fast sodium ion diffusion, evidenced by the GITT data.
Consequently, the Bi@C composite exhibits pseudocapacitive-
dominated reaction mechanisms, and pseudocapacitance con-
tributes 87.9% of the total capacity. This work establishes an
effective dual-mechanism strategy of physical confinement
and chemical bonding which can be applied to other alloy
anode  materials for  electrochemical  performance
enhancement.
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