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Laser-synthesized metastable bismuth nanocrystals chemically
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Abstract: The poor interface contact between Bi
nanoparticles and reduced graphene oxide (rGO)
hinders the transfer of ions/electrons for lithium-ion
batteries. We propose an innovative approach for fab-
ricating ultrafine bismuth nanocrystals chemically
bonded to reduced graphene oxide (Bi-rGO) by li-
quid-phase pulsed laser irradiation followed by a sol-
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vothermal reaction with graphene oxide. Metastable

w

Bi nanocrystals synthesized by a laser (5.5 nm) are

N

then combined with graphene oxide in a solvotherm-
al process, undergoing lattice restructuring and

-
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shrinking to a record-small size of 2 nm, which is the
smallest reported for Bi/C composites as far as we
know. The Bi nanocrystals are uniformly anchored
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onto rGO nanosheets by strong Bi—O—C bonds, which not only suppress particle aggregation but also establish efficient
ion/electron transport channels and alleviate volume expansion during lithiation. As a result, the Bi-rGO-2 anode consisting of

2 nm Bi nanocrystals has an exceptional reversible capacity of 586.7 mAh g over 500 cycles under a current density of
100 mA-g ', nearly doubling that of a Bulk Bi/rGO composite anode (318 mAh-g™"). Theoretical calculations confirm a higher

binding energy between Bi and rGO at small particle sizes, while kinetic analysis reveals accelerated Li" diffusion. This work
provides a scalable way to design high-performance alloy anodes through metastable nanocrystal engineering and covalent in-

terface coupling.
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Lithium storage

The rapidly escalating demand for electrification
of transport and the expansion of grid storage systems
has driven unprecedented advancements in lithium-
ion Dbattery (LIB)

energy/power density enhancements, thereby acceler-

technology, particularly in
ating the critical development of high-power and
high-capacity electrode materials'!. The ideal anode
materials, which serve as the foundation for achiev-
ing the high-power and high-capacity LIBs, should
exhibit exceptional capacity, outstanding rate capabil-
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ity, prolonged cycle stability, and an appropriate
voltage plateau'”. Alloy anodes (e.g., Sb, Sn and Bi)
have received widespread attention owing to their fa-
vorable operating potential, remarkable energy dens-
ity, and superior electrical conductivity!. Bi and Li"

can form Li,Bi through an alloying reaction, which
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can obtain a mass-specific capacity of 385 mAh g ' or
a volume-specific capacity of 3800 mAh c¢cm™, be-
coming one of the ideal anode materials for LIBs!".
Not only that, Bi also has a high redox reaction poten-
tial (0.5-0.75 V), which is conducive to inhibiting the
dendrite formation and maintaining the safety of the
batteries during charging and discharging, making it
an ideal candidate for high-energy-density battery an-

odes!

. Notwithstanding, like most known metal-
based anodes, large volume expansion (215%) of Bi-
based anodes can undesirably cause the pulverization
of electrode material during the alloying and dealloy-
ing processes, which in turn results in a rapid capa-
city decay'” . Additionally, the relatively low ion dif-
fusion coefficient of Bi restricts the capacity and cyc-
ling performance of LIBs'".

Various strategies have been attempted to solve
these puzzles, such as controlling the size to nanomet-

0-11]
, and

er level, combining Bi with other elements'
surface modification of Bi anodes'”. Anchoring Bi
particles on carbonaceous materials by stronger inter-
actions has been validated as an effective strategy to
buffer mechanical stress and alleviate volume expan-
sion during the Li" intercalation process while im-
proving the transport capabilities of ions and elec-
trons! ", For example, Li et al.!"”! enhanced the elec-
tron transport by employing Bi nanoparticles suppor-
ted on N-doped porous carbon by a facile replace-
ment reaction method. Yang et al.''” demonstrated
that Bi nanoparticles were anchored onto graphene
layers through a laser-induced compositing approach,
illustrating an electrode cyclability enhancement
mechanism. Nover theless, the cycling capacity and
rate performance of the battery are still limited due to
the incomplete interface contact caused by the large
particle size. Further reducing the size of Bi nano-
particles can further enhance interface contact as well
as shorten ion diffusion distance and expose more act-
ive Li" storage sites, while alleviating volume expan-

sion, showing more excellent electrochemical
[

per-
formance! """, For example, Shi et al.””! synthesized
fibrous Bi@C composites incorporating Bi nano-
particles with particle sizes of ~ 100 nm. Those ma-

terials delivered a specific capacity of 415.3 mAh g
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at a current density of 100 mA g' over 100 cycles.
Moreover, Yuan et al.l'”! prepared densely packed
two-dimensional dimpled carbon structures embed-
ded with much finer Bi nanoparticles with a size of
~ 20 nm, exhibiting improved electrochemical per-
formance, offering a higher specific capacity of
523 mAh g'. Further, Kim et al.”” fabricated Bi@C
nanoplates composed of around 10-50 nm Bi nano-
particles, which delivered a specific capacity of
556 mAh g at a current density of 100 mA g ' over
100 cycles. However, due to the limitations of tradi-
tional synthesis methods, smaller nanoparticles often
suffer from severe particle aggregation caused by high
surface energy, and the smallest reported size limoita-
tion of Bi particles is 5 nm'"\. Thus, the significant
technical bottleneck is the preparation of ultrafine and
monodispersed Bi nanoparticles. It is highly desirable
but quite challenging to develop a controllable
strategy for preparing Bi nanoparticles, as well as
anchored Bi nanoparticles on carbonaceous substrates
in pushing Bi-based anode materials toward practical-
ity.

Herein, we propose an easy strategy for laser
manufacturing of metastable Bi nanocrystals in liquid,
followed by a solvothermal reaction with graphene
oxide (GO), forming Bi and rGO composite (Bi-rGO)
anode (Fig. la). The diameter of Bi nanocrystals
shrinks from 5.5 to 2 nm due to the changes of the in-
ternal lattice structure of metastable Bi nanocrystals
under high temperature and pressure, resulting in an
increase in the interaction force between them and
ethylene glycol, leading to volume shrinkage, which is
a breakthrough of Bi particles size in Bi/C composite
materials as far as we know. Moreover, uniformly dis-
persed Bi nanocrystals are tightly immobilized on the
rGO by bonds
(Bi—O—C), providing interface transport channels

nanosheets strong  chemical
for ions/electrons, effectively mitigating the volume
expansion of Bi during alloying. Benefiting from the
afore-mentioned superiority, the Bi and rGO compos-
ite anode delivers a reversible capacity of 586.7 mAh
g ' at 100 mA g after 500 cycles, which is higher
than that of the bulk Bi and rGO composite anode

(318 mAh g") and exceeds the reported Bi/C anodes
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Fig. 1 (a) Schematic diagram of the preparation process of Bi-rGO composite. (b) TEM image. (c¢) The high-resolution TEM images and the corresponding
SAED patterns of metastable Bi nanocrystals. (d) XRD patterns of the Bi bulk and metastable Bi nanocrystals. (¢) TEM image. (f) The high-resolution TEM im-
age and (g) The enlarged image of circle from Fig. 1(f) of Bi-rGO-2. (h) HAADF image and EDS images of Bi element, O element and C element. The insets in

Fig. 1(b) are the digital photo and the size distribution histogram of metastable Bi nanocrystals suspension after irradiation.

The inset in Fig. 1(e) is the size distribution histogram of Bi nanocrystals in Bi-rGO-2

for Li" storage. Our strategy can guide the structural (Beijing) Co. Ltd. Ethylene glycol (EG, 98%) was
adjustment of future Bi-based anodes to achieve wider bought from Shanghai Macklin Biochemical Techno-
application. logy Co. Ltd. Graphene oxide (GO, 0.5-5 pm, 0.8—
ing XFNANO Mater-

ials Tech Co. Ltd. Polyvinylidene difluoride (PVDF,

99.99%) and N-methyl pyrrolidone (NMP, 99.9%)
Bismuth (Bi, 99.99%) bulk and powders were were supplied by dodochem.com. Conductive carbon
by Hefei Kejing Ma-

1.2 nm) was procured from Nanj

purchased from Zhong Nuo Advanced Material black (Super P, 98.8%) supplied
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terial Technology Co. Ltd., was subjected to vacuum
drying at 80 °C for 24 h before use.

The bulk Bi was put in a bottle (20 mL) with EG
(5 mL), and then the mixture was exposed to the pulse
laser irradiation for 60 s. The irradiation employed an
Nd: YAG laser (1064 nm wavelength) with a pulse
width of 10 ns, a repetition frequency of 10 Hz, and a
laser fluence of 973 mJ pulse”' cm . All irradiated Bi
nanocrystal dispersion was collected. During the irra-
diation process, ultrasonication was consistently used
for the uniform dispersion, and N, gas was supplied to
prevent oxidation.

The Bi-rGO composites were fabricated through
a solvothermal reaction, followed by freeze-drying.
Specifically, the as-prepared Bi nanocrystal disper-
sion was gradually introduced through dropwise addi-
tion into a pre-sonicated GO suspension (1 mg mL™")
under vigorous magnetic stirring to ensure homogen-
eous phase integration. Subsequently, the mixture was
placed into a high-pressure reactor, where it was
maintained at 180 °C for 6 h. Following natural cool-
ing to room temperature, the as-obtained mixture di-
vided into two layers, the supernatant was sucked out
and the precipitates were collected, and then the
product was washed three times with deionized water
to remove residual EG. Finally, freeze-drying was
performed to obtain composite materials. To adjust
the loading number of Bi nanocrystals, GO was fixed
at 50 mg, and the volume of Bi nanocrystal disper-
sion was changed to 150, 300 and 450 mL. The result
is that the Bi nanocrystal content was 50.0%, 69.4%
and 77.2% (mass fraction), and the corresponding
composite was named as Bi-rGO-1, Bi-rGO-2 and Bi-
rGO-3, respectively. Micrometer-sized Bi particles
were used for solvothermal reaction according to the
above procedure for comparision purposes, and the
resulting composite material was named Bulk Bi-rGO.
The composite material obtained by directly physic-
ally mixing micrometer-sized Bi particles with solvo-
thermal reduced GO was defined as Bulk Bi/rGO.

The morphological and compositional character-
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istics of the Bi nanocrystals and their composites were
characterized using field-emission scanning electron
microscopy (FE-SEM, NovaTM Nano SEM450) and
field-emission high-resolution transmission electron
microscopy (FE-HRTEM, Talos F200X), and the lat-
ter was equipped with energy-dispersive X-ray spec-
troscopy (EDS). Chemical states were analyzed by X-
ray photoelectron spectroscopy (XPS) on a Kratos
Axis Supra instrument with an Al Ko X-ray source.
Crystallographic structures were examined via X-ray
diffraction (XRD, X’Pert PRO) with Cu-Ka radiation,
scanning 20 angles from 10° to 90°. Thermal stability
was assessed by thermogravimetric analysis (TGA,
METTLER) under an argon atmosphere, with samples
heated from room temperature to 800 °C at a rate of
10 °C min .

The lithium-ion storage performances were as-
sessed using CR2025 coin-type half-cells, which were
assembled in an argon-filled glove box. To prepare
the working electrode, a homogeneous slurry was
formed by mixing the active materials, Super P con-
ductive carbon, and PVDF binder in a mass ratio of
7+ 2 : 1, using NMP as the solvent. The slurry was
then uniformly coated onto a copper foil collector and
vacuum-dried at 80 °C for 12 h. The resulting elec-
trode film was cut into disks with a diameter of 10
mm, yielding an average active mass loading of ap-
proximately 2 mg cm . The half-cells were construc-
ted employing lithium metal foil as the counter elec-
trode and a Celgard 2400 membrane as the separator.
The liquid electrolyte consisted of 1.0 mol L™ LiPF,
in a mixture of ethylene carbonate (EC) and diethyl
carbonate (DEC) (1 : 1 by volume), with the addition
of 10% (mass fraction) fluoroethylene carbonate
(FEC).

Cyclic voltammetry (CV) tests were performed
within a voltage window of 0.01-3.0 V, and electro-
chemical impedance spectroscopy (EIS) measure-
ments were conducted over a frequency range of
100 kHz to 0.1 Hz, using a Bio-Logic electrochemic-
al workstation. Galvanostatic charge/discharge tests

and galvanostatic intermittent titration technique
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(GITT) measurements at various current densities
were carried out on a Land CT2001A battery test sys-
tem. The GITT protocol involved applying a current
pulse of 50 mA g for 30 min, followed by a relaxa-

tion period of 90 min.

All density functional theory (DFT) computa-
tions were carried out with the Vienna Ab initio Simu-
lation Package (VASP)"""). The rGO structure was rep-
resented as a slab within a periodic lattice, incorporat-
ing a 30 A vacuum layer introduced along the z-direc-
tion to eliminate interlayer interactions. Edge sites of
the amorphous rGO structure were passivated with
hydrogen atoms to ensure structural stability. The Per-
dew-Burke-Ernzerhof (PBE) generalized gradient ap-
proximation (GGA) was adopted to describe ex-
change—correlation effects. A plane-wave cutoff en-
ergy of 400 eV was applied throughout the Calcula-
tions. Sampling of the Brillouin zone was performed
using a gamma-centered 1x1x1 k-point mesh.

During the calculation process, convergence
thresholds were set to 1x10~ eV/atom for energy and
0.02 eV/A for forces. The adsorption energy (E,,) was
calculated as E,=F,,, x—E.—Ex, where Eg .~ Egas
and E correspond to the total energy of the adsorbed
system, the clean slab, and the isolated adsorbate X,

respectively.

The metastable Bi nanocrystals were synthesized
through a one-step liquid-phase method employing
pulsed laser irradiation (Fig. 1a)™"!. Specifically, the
bulk Bi was put into a bottle containing EG and
pulsed laser irradiation (wavelength: 1064 nm) under
room temperature and pressure. After laser irradiation
for 60 s, the solution changes from colorless to dark
brown (Fig. Sla). This color change results from the
laser bombardment exfoliating the bulk Bi, producing
numerous uniformly distributed Bi nanocrystals
(Fig. 1b and Fig. S1b). The particle size distribution

histogram (inset, Fig. 1b) indicates an average nano-
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crystal size of 5.5 nm. High-resolution TEM images
(Fig. lc) reveal interplanar spacings of 0.223 and
0.325 nm, which correspond to the d-spacings of the
(110) and (012) crystallographic planes of Bi (JCPDS:
005-0519)*,

To identify the crystallinity of metastable Bi
nanocrystals, the laser irradiation dispersion liquid
was placed on a single-crystal silicon, and EG was
evaporated at 150 °C for XRD measuring (Fig. 1d). It
can be observed that the characteristic peaks of origin-
al bulk Bi were located at 27.3°, 38.0° and 39.7°, cor-
responding to the (012), (104) and (110) planes of Bi
crystal (JCPDS: 005-0519), respectively!”). The char-
acteristic peaks of Bi nanocrystals also appeared at the
same positions after laser irradiation, but the intensity
of characteristic peaks at 22.5° and 46.0° is enhanced
due to the increased exposure of (003) and (113)
planes compared with the original Bi bulk, indicating
that laser irradiation does not cause changes in crystal
properties””'. Taken together, metastable Bi nanocrys-
tals have been successfully synthesized, while pre-
serving their crystal structure and chemical composi-
tion. These nanocrystals are anticipated to form com-

posites with carbon substrates, as demonstrated below.

The above metastable Bi nanocrystal dispersion
is evenly mixed with the GO dispersion in EG, fol-
lowed by a solvothermal reaction, which was desig-
nated as Bi-rGO"". From Fig. S2, it was found that
rGO has an irregular multi-layer sheet-like structure,
and Bi nanocrystals are embedded in the rGO.
Moreover, a large number of Bi nanocrystals show a
monodisperse state, uniformly distributed on the rGO
substrate (Fig. le), and the diameter size of Bi nano-
crystals shrinks from 5.5 to 2 nm (the inset of Fig. le),
which is currently the reported smallest size of Bi
particles in Bi/C composite anode materials (Fig. S3
and Table S1). This may be attributed to the changes
in the internal lattice structure of metastable Bi nano-
crystals under high-temperature and high-pressure
conditions, which enhances the interaction force

between them and ethylene glycol, consequently indu-
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1" Of note, the ultrafine and

cing volume shrinkage
well-dispersed Bi nanocrystals inside carbon can
shorten the ions/electrons diffusion distance, while
guaranteeing a full utilization of active materials"’.
The high-resolution TEM images of Bi-rGO and cor-
responding electron diffraction patterns show clear
boundaries at the interface between Bi nanocrystals
and amorphous carbon. An interplanar spacing of
0.329 nm is observed, which matches the (012) plane
of Bi crystals (JCPDS: 005-0519)"", as shown in
Fig. 1f-g. The dark-field scanning TEM and corres-
ponding elemental mapping images illustrate the in-
laying of Bi nanocrystals within rGO and the uniform
distribution of Bi nanocrystals along the carbon skel-
eton (Fig. 1h and Fig. S4). Fine-sized and uniformly
distributed Bi nanocrystals can shorten the ion trans-
port path and alleviate volume expansion during al-
loying, which enhances the cycling stability! ..

The Bi content in Bi-rGO composite was determ-
ined by TGA, which was 50.0% (Bi-rGO-1), 69.4%
(Bi-rGO-2) and 77.2% (Bi-rGO-3),
(Fig. 2a). To identify the phase and crystalline charac-

respectively

teristicc, XRD analysis was conducted””’. From
Fig. 2b, it can be observed that the diffraction peaks of
Bi-rGO-1, Bi-rGO-2 and Bi-rGO-3 can be indexed to
the Bi metals (JCPDS: 005-0519), but the diffraction
peak of rGO was unfound'”. To verify that GO has
undergone a reduction reaction, the GO dispersion
without Bi nanocrystals was subjected to solvent-
thermal reaction under the same conditions, and the
obtained samples show that the diffraction peaks shift
to higher angles. This is a typical characteristic of the
reduction of GO, indicating that GO has undergone a
reduction reaction (Fig. S5)"".

The bonding structure of Bi-rGO was examined
by XPS (Fig. 2c-f). The Bi 4f spectra are deconvo-
luted into Bi 4f,, (metal), Bi 4f,, (Bi—O), Bi 4f;,
(metal), and Bi 4f,, (Bi—O0)"". The Bi—O bonds
come from Bi—O—C bonds formed at the interface
between Bi and the rGO. It can be seen that at a Bi
content of 50.0%, the main peak area for Bi—O bonds
is 96.3%, while that for metallic Bi is 3.7%, indicat-
ing that the Bi nanocrystals are fully bonded with

rGO. When the content increases to 69.4%, the Bi—O
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Fig.2 (a) TGA curves of Bi-rGO composite with different Bi nanocrystals contents. (b) XRD patterns of Bi-rGO with different Bi nanocrystals contents.

(c) Survey spectra and high-resolution XPS spectra of (d) Bi 4f, (¢) O s and (f) C 1s of Bi-rGO composite with different Bi nanocrystals contents
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bond peak area decreases to 87.8% and the metallic Bi
peak area rises to 12.2%. Further increasing the con-
tent to 77.2% results in a significant decrease in the
Bi—O bond peak area to 66.2% and a corresponding
increase in the metallic Bi peak area to 33.8%. This
suggests that when excess Bi nanocrystals are added,
a greater portion may not form bonds with rGO'".
What’s more, as the Bi nanocrystal content increases,
the peaks of Bi—O bonds shift towards low binding
energy, indicating the formation of more Bi—O bonds
between Bi nanocrystals and rGO. From the O 1s
high-resolution XPS spectra (Fig. 2e¢), it can be ob-
served that there is an additional peak of Bi—O bond
at around 531.6 eV after the addition of Bi nanocrys-
tals"”. With the increase of Bi nanocrystal content,
the peaks of C—O, C=0 and Bi—O shift towards
low binding energy, further confirming the successful
bonding between Bi nanocrystals and rGO. From the
C 1s high-resolution XPS spectra (Fig. 2f), it can be
observed that Bi-rGO-3 shows a small amount of
Bi—C bonds as the Bi nanocrystal content increases,
indicating an excess of Bi nanocrystals”'. As can be
seen from the above, the Bi nanocrystals are cova-
lently coupled with rGO through Bi—O—C bonds.
When there is an excess of Bi nanocrystals, part of the
Bi nanocrystals exist independently and a small
amount of Bi—C bonds are formed””. Furthermore,
SEM characterization reveals the morphology and
structure of the Bi-rGO composite (Fig. S6). Initially,
the composite becomes increasingly porous with in-
creasing Bi content to 69.4%. However, severe ag-
glomeration occurs at 77.2%, which is likely to hinder
ion insertion and extraction during cycling. This mor-
phological evolution impacts performance because the
electrochemical properties of electrode materials are

closely linked to their morphology and structure' !,

The successfully prepared Bi-rGO composite as
LIBs anode was characterized by the Li" ion storage
performance'™ . Fig. 3a compares the cycling stability
performance of the different Bi-rGO electrodes at a
current density of 100 mA g'. The Bi-rGO-2 elec-

Vol. 41 | Issue 2 | Apr. 2026 |

371

trode delivered an initial reversible capacity of
677.5 mAh g ' at 50 mA g ', with a Coulombic effi-
ciency of 65.9% (Fig. 3b). Comparatively, Bi-rGO-1
and Bi-rGO-3 exhibited close initial reversible capa-
cities of 576.7 and 589.2 mAh g', with Coulombic ef-
ficiencies of 66.4% and 66.0%, respectively (Fig. S7).
The initial capacity loss is primarily due to the forma-
tion of a solid electrolyte interphase (SEI), originat-
ing from the decomposition of the electrolyte and oth-
er irreversible side reactions'”). After the initial 50
cycles, a gradual capacity rise occurs, attributed to
SEI stabilization, which reduces lithium loss and ac-
tivates more lithium-ion storage sites. After 500
cycles, Bi-rGO-2 maintained a superior reversible ca-
pacity of 586.7 mAh g ', outperforming other repor-
ted Bi/C electrode materials (Fig. 3¢ and Table S2).
Pronounced fluctuations beyond 400 cycles likely ori-
ginate from repeated cracking and reformation of the
SEI film, caused by volume changes in bismuth nano-
crystals during cycling, leading to inconsistent lithi-
um (de)insertion and efficiency variation. To verify
the rate performance, the charge and discharge tests
were conducted at different current densities from 100
to 2000 mA g ' (Fig. 3d). At the current densities of
100, 200, 500, 1000 and 2000 mA g, Bi-rGO-2 show
the reversible capacities of 570.8, 446.4, 295.3, 223.3
and 159.9 mAh g', respectively (Fig. 3¢). When the
current density gradually recovers to 100 mA g ', the
reversible capacity reaches 327.1 mAh g ', superior to
that of Bi-rGO-1 and Bi-rGO-3 (Fig. S8). Generally,
the reversible capacity should increase with the in-
crease of Bi nanocrystal content due to a higher capa-
city of Bi. However, in experiments, the reversible ca-
pacity first increases, followed by a decrease, as the
Bi nanocrystal content increases. This may be due to
the excessive addition of Bi nanocrystals, leading to
severe aggregation of composite material, blocking its
active reaction sites, and deteriorating the microstruc-
ture conductivity"'"). Therefore, an appropriate con-
tent of Bi nanocrystals can increase the capacity while
fully utilizing the conductivity of rGO!”. With the
above-optimized conditions, 69.4% (mass fraction) of

Bi nanocrystal content is selected as the optimized
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Fig. 3 (a) Cycling performances of Bi-rGO composites and (b) the corresponding discharge-charge curves of Bi-rGO-2. (¢) The electrochemical properties of

reported Bi-based anodes for LIBs, corresponding Table S2. (d) Rate performances of Bi-rGO composites and

(e) The corresponding discharge-charge curves of Bi-rGO-2

amount in the subsequent study.

To demonstrate the superior properties of laser-
irradiated Bi nanocrystals for composite anode materi-
als, systematic computational studies were carried out
by density functional theory, utilizing the Vienna Ab
Initio Simulation Package!’”). The results reveal that
the binding energy between Bi and rGO increases
with decreasing Bi size, suggesting the enhanced re-
activity (Fig. 42)"""l. To furtherly demonstrate the size
effect of Bi particles, micrometer-sized Bi particles
were used by directly solvothermal reaction for form-
ing Bulk Bi-rGO (Fig. S9). However, the loading
amount of Bi particles is only 35.5%, much lower
than Bi-rGO-2. It may be due to the limited contact
area between Bi particles and GO, which limits the re-
action progress (Fig. S10). At a current density of
50 mA g, the initial reversible capacity of Bulk Bi-
rGO is 580.9 mAh g ', and the reversible capacity is
404.4 mAh g ' after 500 cycles (Fig. S11), which is
much lower than that of Bi-rGO-2 (586.7 mAh g™).
This is because the ultrafine-sized Bi nanocrystals of
Bi-rGO expose more active reaction sites, and their
high loading capacity provides higher capacity. Mean-
while, the Bulk Bi-rGO anode was evaluated for its
rate performance across various current densities. The

corresponding discharge-charge curves indicate that
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the platform voltage decreases at a current density of
500 mA g ' (Fig. S12). Inconsistent voltage platforms
indicate poor electrochemical stability! .

To eliminate the influence of Bi particle content,
a certain number of Bi particles was directly mixed
with rGO to obtain Bulk Bi/rGO. The characteriza-
tion results show that the loading amount of Bi
particles in Bulk Bi/rGO is 69.9% (Fig. S13), which is
close to Bi-rGO-2 (69.4%). At a current density of
50 mA g, Bulk Bi/rGO exhibits an initial reversible
capacity of 584.5 mAh g, but it only retains a revers-
ible capacity of 318 mAh g after 500 cycles at a cur-
rent density of 100 mA g™', lower than that of Bi-rGO-
2 (Fig. 4b and Fig. S14). Moreover, at a high current
density of 500 mA g ', Bi-rGO-2 also shows higher
capacity and cycling stability (Fig. 4c). This is due to
size of Bi nanocrystals and the
Bi—O—C bond formed with rGO, which shortens the
Li" ion transport path and slows down the volume ex-

the ultrafine

pansion during alloying, maintaining structure integ-
rity. To further explore the structure-performance cor-
relation, the thickness changes of the electrode cross-
section were analyzed by SEM after lithiation and de-
lithiation in the initial cycle (Fig. 4d)!""\. The thick-
ness of Bi-rGO-2 electrodes is 27.5 um before lithi-
ation and 30 pum after lithiation, with a change ratio of
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CV curves of (¢) Bi-rGO-2 and (f) Bulk Bi/rGO at a scan rate of 0.1 mV s

only 9.1%. In contrast, the thickness of Bulk Bi/rGO
electrode is 30 um before lithiation and 37.5 pum after
lithiation, with a change ratio of 25%. The thickness
variation of the Bi-rGO-2 electrode is significantly
lower than the theoretical value of pure Bi
(~ 215%)""). After delithiation, the thickness of Bi-
rGO-2 electrode has recovered to its original thick-
ness (27.8 pm) with a difference of only 0.3 pum, while
the thickness of Bulk Bi/rGO electrode is 35 pm with
a difference of 5 um. This indicates that ultrafine Bi
nanocrystals were embedded in rGO, alleviating their
volume change during lithiation and thus being bene-
ficial for structural stability.

To explore the lithium storage mechanism, CV
curve tests were conducted on the Bi-rGO-2 and Bulk
Bi/rGO within the voltage range of 0.01 to 3.0 V
(Fig. 4e-f). During the first cathodic scan, the irrevers-
ible peaks of Bi-rGO-2 at 1.87 and 1.54 V come from
the SEI layer formed by electrolyte decomposition,

followed by the main reversible reduction peak ob-
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served at 0.65 V, and a weak shoulder peak on the
right (0.74 V), corresponding to the alloying reaction
process of Bi (Bit+Li+e «<LiBi and LiBi+2Li'+
2e +Li,Bi)"""\. During the first anodic scan, the
sharp oxidation peak at 0.93 V corresponds to the
dealloying reaction process of LiBi (Li;Bi-Bit+
3Li"+3e). In the subsequent two scans, the peak of
the cathode shifted towards high voltage, reaching
0.69 and 0.70 V, and the voltage hysteresis was only
0.04 and 0.05 V, respectively, which was lower than

materialst”.

most alloy-type anode electrode
Moreover, the peak value of Bi-rGO-2 in all 3 scans
was at 0.93 V, indicating that it has excellent cycling
stability. For comparison, the initial three CV curves
of Bulk Bi/rGO electrode were also tested, which
show similar electrochemical behaviors with Bi-rGO-
2, indicating that their lithiation/delithiation processes
are consistent. In addition, Bulk Bi/rGO has similar
redox characteristic peaks with Bi-rGO-2 during the

first lithiation and delithiation process. The cathode
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peak shifted towards high voltage during the last two
scanning processes, showing a higher voltage hyster-
esis (0.11 V), indicating poor cycling stability of Bulk
Bi/rGO. This is due to the ultrafine size of Bi nano-
crystals, enhanced interface contact and Bi—O—C
bonds of Bi-rGO-2 provide more ion transport chan-
nels.

In addition to the intrinsic characteristics of elec-
trode materials, the stability of electrode structure is
also a critical factor for the process of charging/dis-
charging!”l. Since embedding ultrafine Bi nanocrys-

tals in rGO promotes charge transfer in the Bi-rGO-2

composites, kinetic analysis was performed as shown
in Fig. 5. As the scan rate increases, the CV curves of
the Bi-rGO-2 and Bulk Bi/rGO electrodes exhibit sim-
ilar shapes. Both the anodic and cathodic peak cur-
rents increase simultaneously with scan rate, which
further demonstrates the reversibility of the redox re-
actions”’". The relationship between the peak current
(1,) obtained from the CV curve at different scanning
rates (v) and the scan rate follows the formula: Ip=vb ,
where b is an adjustable value that quantifies the relat-
ive contributions of capacitive and diffusion-con-

[41]

trolled processes to the total current” . In general,
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Fig. 5 (a) CV curves of Bi-rGO-2 anode at various scan rates. (b) The relationship diagrams of Log (/,) and Log(v) of Bi-rGO-2. (c) The relationship dia-

grams of peak current (7,) and v'?

for cathodic and anodic peaks derived from the CV curves of Bi-rGO-2 anode. (d) CV curves of Bulk Bi/rGO anode at vari-

ous scan rates. (¢) The relationship diagrams of Log (/,) and Log(v) of Bulk Bi/rGO anode. (f) The relationship diagrams of peak current (/,) and v for cathod-
ic and anodic peaks derived from the CV curves of Bulk Bi/rGO anode. (g) The potential response curves of Bi-rGO-2 and Bulk Bi/rGO anodes during GITT

measurements. D,; calculated by GITT for (h) discharge and (i) charge processes at 2™ cycle
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when a b-value of 0.5 signifies a fully diffusion-con-
trolled process, characteristic of reversible Li" inter-
calation, whereas a b value of 1, indicates that the
total current is completely occupied by capacitive-
dominated current. It can be observed that b values of
the Bi-rGO-2 are 0.52, 0.60 and 0.59, respectively, by
linearly fitting peaks 1, 2 and 3 (Fig. 5b), while the b
values of the Bulk Bi/rGO are 0.44, 0.44 and 0.45, re-
spectively (Fig. 5¢). The b values of peak 2 and peak
3 are both higher than that of peak 1, indicating that
the alloying rate is faster than the dealloying rate.
During the oxidation-reduction process, the b values
of the Bi-rGO-2 are all greater than those of the Bulk
Bi/rGO, which is due to the ultrafine-sized Bi nano-
crystals in the Bi-rGO-2 shortening ion diffusion dis-
tance, and the presence of Bi—O—C bonds acceler-
ates the conduction of ions and electrons, which helps
improve conductivity and surface capacitance behavi-
o,

The classic Randles-Sevcik formula: /,=2.69x%
10°n"*AD, ">V C,,, was further utilized, and the dif-
fusion rate of Li" of Bi-rGO-2 and Bulk Bi/rGO was
compared by linear fitting between /, and v!”. The res-
ults show that the Ip/v”2 values of anode peak and
cathode peak in the Bi-rGO-2 are 3.05, —3.04 and
—2.07 (Fig. 5¢), respectively, which are much higher
than those of the Bulk Bi/rfGO (1.29, —1.11 and
—0.53), indicating that Bi-rGO-2 has a faster Li" diffu-
sion rate than Bulk Bi/rGO (Fig. 5f). Moreover, from
the EIS curves of the Bi-rGO-2 and Bulk Bi/rGO elec-
trode, it can be observed that the R, values of both
electrodes before CV testing is greater than those after
CV testing (Fig. S16). After CV testing at a scan rate
of 1.0 mV s™', the electrochemical impedance spectra
are completely overlapped, indicating that the charge
transfer kinetics have been improved during cycling
and good stability has been maintained during con-
tinuous redox processes. The R, of Bi-rGO-2 before
and after CV testing was lower than that of Bulk
Bi/rGO, which is owing to the careful design of
Bi—O—C bonds at the heterojunction interface can
effectively accelerate charge and ion transfer. The ul-

trafine Bi nanocrystal structure provides a high de-
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gree of contact between the electrolyte and the active
material, further promoting the rapid transport of ions
and electrons, and endowing them with lower electro-
chemical reaction resistance!"”).

The Li" diffusion coefficient (D;;) of Bi-rGO-2
and Bulk Bi/rGO was further evaluated using GITT
measurements! . Based on Fick’s second law, the fol-
lowing simplified equation was employed to estimate
D, from the GITT potential profiles:

wlian) (2]
MgA | \ AE.

where 7 is the duration of the current pulse, my the

Li —

T

mass of active material, ¥}, the molar volume, M} the
molar mass, and A4 the electrode surface area. In a
single GITT step, AEg denotes the steady-state voltage
change, while AE, represents the total voltage change
during the pulse period t. The ratio my/V,, can be de-
rived from the density of the electrode material. Gen-
erally, a higher D;; reflects faster electrochemical re-
action kinetics. As shown in Fig. 5¢g, the Li" diffusion
trend in the 2 materials is similar, indicating that the
Li" diffusion behavior is consistent. During the lithi-
ation and delithiation processes, Bi-rGO-2 provides a
higher Dy, in the range of 107" to 107" ¢cm’ s, indic-
ating ion transfer kinetics of Bi-rGO-2 are faster due
to the close contact between Bi nanocrystals and rGO,
which makes electron conduction more efficient, and
the stable Bi—O—C bond induced increase in sur-
face electron density'”. EIS curves of Bi-rGO-2 and
Bulk Bi/rGO were further analyzed before and after
GITT testing (Fig. S17). The R, of Bi-rGO-2 is lower
than that of the Bulk Bi/rGO, and the lower R after
cycling indicates the improvement in charge transfer

kinetics during cycling'"".

In summary, this work focuses on the hindered
ion/electron transport resulting from the poor inter-
face compatibility between Bi particles and rGO.
Metastable Bi nanocrystals were synthesized in EG by
liquid-phase pulsed laser irradiation, followed by their
implantation into rGO through a solvothermal reac-
tion. This process yielded a series of Bi nanocrystal-
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implanted rGO nanocomposites. Remarkably, the dia-
meter size of Bi nanocrystals decreased significantly
from 5.5 to 2 nm, which is currently the smallest
particle size of Bi particles reported in Bi/C compos-
ite materials to the best of our knowledge. The result-
ing strong interfacial bonding effectively prevents the
agglomeration of ultrafine Bi nanocrystals, thereby
providing abundant exposed active sites, shortened
ion diffusion distances, and highly efficient electron
conduction pathways. Concurrently, the uniform dis-
tribution of ultrafine Bi nanocrystals on the rGO mat-
rix effectively mitigates volume expansion during the
alloying/dealloying processes. Consequently, the LIBs
assembled with the Bi-rGO-2 anode demonstrate ex-
ceptional cycling stability and structural integrity, de-
livering a high reversible capacity of 586.7 mAh g' at
a current density of 100 mA g ' after 500 cycles. This
superior performance significantly surpasses that of
numerous advanced Bi-based anodes and commercial
graphite, highlighting the effectiveness of the unique
Bi nanocrystal-implanted rGO architecture in address-
ing the intrinsic limitations of bismuth anodes for fu-

ture high-performance LIBs.
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