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Abstract: Alloying-type anode materials have considerably promoted the development of potassium-
ion batteries (PIBs) and sodium-ion batteries (SIBs), enabling them to achieve high-energy-density.
However, large volume expansion and sluggish dynamic behavior have become key issues affecting
electrochemical performance. Herein, bismuth (Bi) nano-rods are anchored on reduced graphene
(rGO) and encapsulated via N-doped C (NC) to construct Bi@rGO@NC architecture as anode materials
for SIBs and PIBs. The hierarchical confinement effect of three-dimensional conductive networks can
not only improve electrode stability upon cycling via suppressing the large volume variation, but also
eliminate the band gap of Bi and accelerate ion diffusion, thereby exhibiting favorable electrochemical
reaction kinetics. Thus, Bi@rGO@NC contributes an ultra-long lifetime, over 1000 cycles, and an
outstanding rate property to SIBs and PIBs. This work can pave the way for the construction of
high-performance alloying-type anode materials for SIBs and PIBs.

Keywords: potassium-ion batteries; sodium-ion batteries; anode materials; bismuth; composites

1. Introduction

Lithium-ion batteries (LIBs) have been widely applied in the fields of portable elec-
tronic devices, electric vehicles, and large-scale electric energy storage (EES) systems, with
the remarkable advantages of higher energy density and longer cycle life. In this context,
the limited lithium resources in the Earth’s crust and their uneven distribution make it
difficult to meet the demand for both electric vehicles and grid-scale energy storage, which
has gradually aroused concern. There is an urgent need for low-cost, resource friendly, high-
energy-density alternative batteries to satisfy the rapidly increasing need [1–3]. Potassium
ion batteries (PIBs) and sodium ion batteries (SIBs) provide potential solutions because of
the relatively abundant reserves (2.09 wt.% for K and 2.36 wt.% for Na vs. 0.0017 wt.% for
Li) and low cost, and similar storage mechanisms to LIBs [4]. Low redox potential, close to
lithium’s (−2.93 V vs. K+/K, −2.71 V vs. Na+/Na, −3.04 V vs. Li+/Li), allows PIBs and
SIBs to achieve high energy density. Because of the weaker Lewis acidity, smaller Stokes’
radius, and higher mobility of K+ and Na+ in electrolyte, SIBs and PIBs can achieve better
electrochemical kinetic behavior than LIBs [5–7]. However, the issue with PIBs and SIBs
lies in the large ion radius (1.38 Å of K+, 0.98 Å of Na+), which would easily disrupt the
electrode materials, leading to sluggish dynamic and poor cyclability [8,9].

Significant progress has been made in the research of electrode materials for PIBS and
SIBs over the past years. In particular, the structure–property relationship, ion storage
mechanism, and optimization strategy of different cathode materials (represented by
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layered oxides, polyanion compounds, Prussian blue analogs, and organic materials) have
been thoroughly explored, and achieved encouraging performance results [10–14]. As
for layered oxides (AxMO2, A = Na and K, M = transition metal), studies mainly focus
on O3- and P2-type structures (alkaline metal ions coordinated in the octahedral and
prismatic sites, respectively), where O3-type oxides can contribute to high theoretical
specific capacity due to high content alkaline metal ions, while P2-type oxides can boost
excellent rate capability, benefitting the large channels for ion migration [15,16]. Polyanionic
compounds (fluorophosphates, pyrophosphates, etc.) can exhibit high working voltage and
superior cyclic stability owing to the stable crystal structure [17]. Prussian blue analogues
(AxM[Fe(CN)6]y·zH2O, where A represents alkali ions, and M stands for transition metals)
show great promise because their open framework structure and large interstitial sites can
accommodate reversible de/intercalation of Na-/K-ion, thus guaranteeing high specific
capacity, good rate properties, and a long lifetime [18]. Organic cathode materials possess
flexible frameworks and large primary interlayer spacing, and are suitable as host materials
with a high capacity [19].

In contrast, there is still a shortage of suitable anode materials to match these mature
cathode materials. Among the emerging anode materials, carbonaceous materials (such
as hard carbon, soft carbon, graphene, etc.) provide excellent chemical stability, but their
low capacity cannot be ignored [20]. Although organic compounds possess controllable
structures and high electrochemical performance due to multi-electron reversible redox re-
action, their low electronic/ionic conductivity and high solubility are serious obstacles [21].
Generally, conversion-type anode materials (transition-metal oxide, chalcogenides, nitride,
phosphide, etc.) deliver high theoretical specific capacity, yet high redox potential and huge
volume change reduce the long cycles of the electrode [22]. Thus, low working voltage
coupled with high theoretical capacity thrust alloy-based electrode materials (Sn-based,
Sb-based, Bi-based, P-based, and so on) to the forefront [23]. As an alloy-based anode mate-
rial, bismuth (Bi) has attracted increasing interest from researchers, thanks to its nontoxic
nature, large interlayer spacing, excellent electrical conductivity (7.8 × 105 S·m−1), high
volumetric capacity (3750 mAh·cm−3), and suitable reaction potential [24,25]. Neverthe-
less, the large volume expansion (≈244% for Na3Bi, ≈411% for K3Bi) caused by alloying
processes and poor kinetic behavior have become the key scientific challenges given their
adverse impact on Na/K-ion storage properties [26–28]. These issues could be properly
addressed by the strategies of nano-structuring, engineering morphology, and composite
constructure with C-based materials [29–34]. The Bi nanoparticles wrapped in graphene
to form a Bi@graphene nanocomposite delivered a high capacity of 561 mAh g−1 for SIBs;
however, the cycle life requires improvement [35]. Later, Zhang et al. improved the cycle
life of Bi@graphene to 200 cycles via optimizing the electrolyte with a more stable solid
electrolyte interphase layer [36]. In spite of these advances, there are still huge challenges
in achieving high capacity during long cycling ranges with stable structures.

Herein, Bi nano-rods encapsulated by reduced graphene oxide and nitrogen-doped
carbon (Bi@rGO@NC), constructed through solvothermal and calcination processes, serve
as alloying anode materials for PIBs and SIBs. The electronic structure of Bi is adjusted
through the synergistic effect of NC and rGO, and thus exhibits conductor behavior. In addi-
tion, the hierarchical encapsulation effects of NC and rGO can assist in a high electron/ion
transport ability, and relieve the huge lattice stress generated by volume expansion, thereby
improving electrochemical dynamic processes and achieving excellent electrode stability
upon cycling. Hence, Bi@rGO@NC electrodes deliver superior rate capability and cyclic
stability over 1000 cycles in PIBs and SIBs.

2. Materials and Methods
2.1. Materials Synthesis

A total of 4 mmol of thioacetamide (TAA) was dissolved in a mixture of ethanol (15 mL,
>99.7%) and glycerol (5 mL, 99%). Then, 2 mmol BiCl3 and a certain amount of graphene
oxide was added under magnetic stirring to form a homogeneous solution, which was
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heated at 180 ◦C for 12 h in a Teflon-lined stainless-steel autoclave. A Bi2S3@rGO sample
was collected using freeze-drying after washing with ethanol and water several times.

Then, 121 mg of trihydroxy methyl aminomethane was dissolved in 100 mL of deion-
ized water and 15 µL of HCl (36~38%) under stirring to form a homogeneous solution.
Subsequently, 200 mg of dopamine hydrochloride and 200 mg of Bi2S3@rGO were added
with ultrasonic and stirring, and stirred for 24 h at room temperature. Finally, Bi@rGO@NC
composite was acquired through annealing at 500 ◦C for 3 h in an Ar atmosphere.

2.2. Materials Characterizations

An X-ray Diffraction (XRD, D8 Advance, Bruker, Karlsruhe, Germany) with Cu Kα

radiation (λ = 1.5406 Å) was employed to examine the crystal structure of the synthesized
material. The microscopic morphology of the sample was observed using field-emission
scanning electron microscopy (FESEM, ZEISS-300, ZEISS, Oberkochen, Germany). An
energy dispersion spectrum (EDS) mapping was also performed during SEM observation.
The Raman spectrum was recorded using a WITec-Alpha300R spectrometer with a laser
excited at 532 nm. Thermogravimetric analysis (TGA, TG 209 F3, NETZSCH, Freistaat
Bayern, Germany) was carried out in air atmosphere at a heating rate of 10 ◦C/min from
room temperature to 800 ◦C to evaluate the carbon content and Bi loading of materials. The
surface chemical composition and electronic state of the sample were obtained via X-ray
photoelectron spectroscopy (XPS, Shimadzu Kratos Axis Supra, Al Ka radiation, Shimadzu
Kratos, Manchester, UK). The pore size distribution and the Brunauer–Emmett–Teller
(BET) specific surface area were measured using N2 adsorption/desorption method on a
BELSORP-MAX tester.

2.3. Electrochemical Tests

The working electrodes were prepared by mixing active material with acetylene
black and polyvinylidene difluoride (PVDF), in a weight ratio of 8:1:1, in 1-Methyl-2-
pyrrolidinone (NMP), which was coated onto Cu foil and dried at 80 ◦C for 12 h. The
electrode was cut into discs with a diameter of 12 mm, and the mass loading of active
material in each electrode was controlled at the range of 1.5–2.0 mg. Coin-type cells
(CR-2025) were assembled in a glove box (H2O ≤ 0.01 ppm, O2 ≤ 0.01 ppm) for the
electrochemical measurement, where K/Na metal (Aladdin) and glass microfiber were
used as counter electrode and separator, respectively. Then, 1 M NaClO4 in a mixture of EC
and DEC (volume ratio of 1:1) with 5% fluoroethylene carbonate (FEC) was employed as
the electrolyte for SIBs. A total of 1 M KPF6 in ethylene carbonate (EC), diethyl carbonate
(DEC), propylene carbonate (PC), with a volume ratio of 1:1:1, was utilized as the electrolyte
for PIBs. Galvanostatic charge/discharge tests were performed on a Neware battery test
system at a voltage range of 0.01~3.0 V. Cyclic voltammetry (CV) was determined on a CHI
660E electrochemical workstation. A Galvanostatic intermittent titration technique (GITT)
test was applied via charging/discharging at 50 mA·g−1 for 600 s and then relaxation for
3600 s at open circuit voltage.

2.4. Computational Methods

Theoretical calculations based on density functional theory (DFT) methods were
performed in the CASTEP package. For electron exchange–correlation, the Perdew–Burke–
Ernzerhof generalized gradient approximation (GGA-PBE) was used. The energy cutoff of
plane wave basis was set to 500 eV, which was adequate to achieve energy convergence.
The super cell of 3 × 3 × 1 was used to calculate the adsorption energy of K/Na ions to
avoid the interaction energy between ions and obtain more accurate results. The K-ion
adsorption energy was obtained by the formula of Eads. = EBi-K − EBi − EK.
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3. Results and Discussion
3.1. Morphology and Structure Analysis

The Rietveld refinement X-ray Diffraction (XRD) pattern of Bi@rGO@NC composite is
displayed in Figure 1a. It can be indexed as a rhombohedral Bi structure with the space
group of R-3m (JCPDS NO. 85-1329), whose sharp diffraction peaks show good crystallinity
with no impurities [37]. The detailed refinement parameters are listed in Table 1, whose
unit cell parameters are determined as a = b = 4.56 Å and c = 11.90 Å, and the fitting results
are satisfactory (Rwp = 5.76%, Rp = 4.43%). The crystal structure diagram of Bi is shown
in Figure 1b, in which the inherent layered structure is accompanied by a large interlayer
distance of 3.95 Å, which provides favorable conditions for the de/intercalation of sodium-
and potassium-ions [38]. The field-emission scanning electron microscopy (FESEM) image
of Bi@rGO@NC is displayed in Figure 1c. It can be observed that the Bi nanorods are tightly
anchored on graphene substrate and wrapped with an N-doped C layer, and the diameter
of Bi nanorods is about 10~20 nm. Energy-dispersive spectroscopy (EDS) mapping images
are displayed in Figure 1d to further illustrate the elemental composition. It can be clearly
observed that Bi, C, and N elements are distributed uniformly throughout the Bi@rGO@NC
architecture. Such a hierarchical structure can provide a buffer area to accommodate the
large volume expansion of Bi electrodes during alkaline-ion insertion and extraction, and
the nanorod morphology of Bi can shorten the ion transport paths to enhance the rate
capability. In Raman spectra (Figure 1e), two distinct characteristic bands at ~1350 and
~1580 cm−1 are related to D-band (sp3 hybridized disordered carbon) and G-band (sp2

hybridized graphitic carbon), respectively [8]. The intensity ratio of D-band and G-band
(ID/IG) is 1.09, implying a high amorphous degree of carbon in Bi@rGO@NC, which could
offer better electron conductivity and is conducive to improving electrochemical kinetic
behavior. Moreover, two peaks can be observed at ~2685 and ~2930 cm−1, which corre-
spond to the characteristic 2D band and D+G band of rGO, respectively, confirming the
successful introduction of rGO [39]. The N2 adsorption/desorption profile in Figure 1f
exhibits type-IV isotherm with H3 hysteresis loops, revealing a hierarchically porous struc-
ture, which contributes to the rapid Na- and K-ion diffusion capability. It is also confirmed
by the pore size distribution curve (inset of Figure 1f, pore size of <10 nm). Furthermore,
Bi@rGO@NC possesses a high specific surface area of 70.87 m2·g−1, which offers efficient
buffering space for volume change during alloying/de-alloying processes. As shown in the
TGA curve (Figure 1g), the final weight percentage of Bi2O3 was 44.69%, and the mass loss
after 200 ◦C is ascribed to the oxidation from Bi to Bi2O3 and the consumption of carbon in
the air. The loading of Bi in Bi@rGO@NC can be calculated to be 40.08% using the equation
Bi wt.% = 100 × (4 ×MBi ×weight percentage of Bi2O3)/(2 ×MBi2O3) [40,41].

Table 1. Lattice parameters of Bi@rGO@NC obtained by Rietveld refinement XRD.

a = b = 4.56128, c = 11.90056, α = β = 90◦, γ = 120◦

X Y Z Occupation

Bi 0.66667 (0) 0.33333 (0) 0.56724 (0) 1

Rp = 4.43%, Rwp = 5.76%

X-ray photoelectron spectroscopy (XPS) was performed to investigate the surface
composition and electronic state of elements in Bi@rGO@NC. The survey spectrum in
Figure S1a indicates the existence of Bi, C, N, and O elements. In Bi 4f fitting spectra
(Figure 1h), two peaks located at 164.6 and 159.4 eV can be assigned to Bi 4f5/2 and Bi 4f7/2
of Bi-Bi bonds, demonstrating that Bi exists in metal form [42]. The high-resolution C 1s
spectrum (Figure 1i) can be fitted into three peaks, at 284.7, 285.7, and 289.1 eV, which belong
to C-C/C=C, C-O/C-N, and O-C=O, respectively [43]. The O 1s spectrum (Figure S1b)
is divided into three peaks, corresponding to C-O (533.5 eV), C-OH (532.2 eV), and C=O
(530.8 eV), respectively [44]. Figure 1j presents N 1s spectra, where the peaks at 400.3 and
398.5 eV are related to pyrrolic N and pyridinic N [45], respectively, which is evidence of
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successful N doping into the carbon layer. It is well known that the introduction of N can
increase defects in carbon layers, which is conducive to improved electronic conductivity
and surface wettability, and thus leads to rapid ion storage dynamic process and good
electrolyte wetting [46].
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Figure 1. Structural and morphological characterization: (a) Rietveld refinement XRD pattern of
Bi@rGO@NC; (b) crystal structure diagram of Bi; (c) FESEM image; (d) EDS mapping images of
Bi@rGO@NC; (e) Raman spectrum; (f) N2 adsorption-desorption isotherm and pore size distribution
(inset); (g) TGA curve; (h) high resolution Bi 4f; (i) C 1s; and (j) N 1s spectra of Bi@rGO@NC.

3.2. Electrochemical Performances

In SIBs, cyclic voltammetry (CV) was conducted in the potential window of
0.01–3.0 V to investigate the redox behavior of Bi@rGO@NC. Figure 2a gives CV curves
of the initial third cycles at 0.1 mV s−1 in SIBs, where a peak at 1.05 V can be judged as
the formation of a solid–electrolyte interface (SEI) during the first cathodic process. In the
first sodiation process, two peaks can be observed, at 0.50 and 0.24 V. These are attributed
to the two-step alloying reactions of Bi → NaBi → Na3Bi [47]. The anodic sharp peaks
around 0.75 and 0.86 V are ascribed to the dealloying process of Na3Bi to form Bi. As a
result of the activation process of the electrode, the reduction peaks of subsequent cycles
slightly move to higher voltage, while the oxidation peaks show no obvious shift, indicating
outstanding electrochemical reversibility and small polarization of the alloying-dealloying
process between Bi and Na3Bi [31]. Figure 2b depicts the galvanostatic charge/discharge
curves of Bi@rGO@NC at 50 mA·g−1 for SIBs, contributing high initial charge/discharge
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capacities of 285.5/501.5 mAh·g−1. Such large irreversible specific capacity originates from
the formation of SEI film and the decomposition of electrolytes.
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performance at 50 mA·g−1; and (e) at 200 mA·g−1.

Rate capability analysis was performed to understand the fast and stable redox kinetics.
The finding was that Bi@rGO@NC electrodes in SIBs provide reversible specific capacities
of 203.4, 151.7, 109.6, and 84.5 mAh·g−1 at 100, 200, 500, and 1000 mA·g−1 (Figure 2c),
respectively. When the current density returns to 50 mA·g−1, the reversible capacities
of 149.0 mAh·g−1 for SIBs can be obtained. Figure 2d displays the cyclic property at
50 mA·g−1, showing great cycling stability over 400 cycles for SIBs, with a high Coulombic
efficiency of around 99% after several initial cycles, where Bi@rGO@NC maintains high-
capacity retention value of 90.5 mAh·g−1 after 400 cycles. Long-term cycling performance
of Bi@rGO@NC electrodes was further evaluated at 200 mA·g−1 (Figure 2e). Superior
cyclability for Na-ion storage can be achieved for Bi@rGO@NC, showing ultra-long lifetime
over 1000 cycles with the capacity retention of 109.7 mAh·g−1, and a capacity decay rate of
only 0.069% per cycle. The good electrochemical performance of Bi@rGO@NC architecture
may be derived from the synergistic effects of the N-doped carbon layer and graphene.
Figure S3 displays the cycling performances of electrode materials with and without N-
doped carbon to illustrate its effect on cycling stability. Obviously, Bi@rGO@NC consistently
exhibits much better cycling stability with than without N-doped C electrode at 50 and
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200 mA·g−1, demonstrating that N-doped C can effectively enhance electrode stability via
accommodating the large volume expansion of Bi during cycling.

In PIBs, two pairs of oxidation/reduction peaks at 0.69/1.32 and 0.16/0.70 V (vs.
K+/K) in Figure 3a correspond to the two-step alloying/dealloying process between Bi and
K. Overlapping CV profiles manifest highly reversible K-ion insertion/extraction behavior.
There are two pairs of plateaus located at 0.74/1.29 and 0.19/0.66 V in Figure 3b, which are
consistent with the CV result. For K-ion storage, Bi@rGO@NC delivers high first reversible
specific capacity of 348.3 mAh·g−1. Meanwhile, the charge specific capacities of 179.6,
156.6, 66.2, and 31.9 mAh·g−1 can be acquired at current densities of 100, 200, 500, and
1000 mA·g−1, respectively (Figure 3c). When the current density turns back to 50 mA·g−1,
the reversible specific capacity of 176.4 mAh·g−1 can be obtained. By comparison, it can
be observed that superior rate capability can be achieved for SIBs compared with PIBs,
demonstrating better electrochemical kinetics for reversible Na-ion storage. Figure 3d
shows the cycling performance of Bi@rGO@NC at 50 mA·g−1, showing that it maintains a
specific capacity of 52.1 mAh·g−1 after 400 cycles. Furthermore, the Columbic efficiency of
the cell increases continuously upon cycling, eventually reaching around 99%, suggesting
great electrochemical reversibility. The long-term cycling property was further measured at
200 mA·g−1, as displayed in Figure 3e, exhibiting a long lifespan over 1000 cycles, while
the capacity retention is slightly lower than that in SIBs.
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All these results confirm that Bi@rGO@NC is a promising anode material for Na-
and K-in storage. It is worth mentioning that the Bi@rGO@NC composite shows better
cyclic stability and rate property in SIBs than PIBs because the larger ionic radius of K in
PIBS adversely impacts the kinetic behavior and stability of the electrode material. Ex situ
FESEM images of Bi@rGO@NC after 20 cycles for both SIBs and PIBs were collected to
understand the electrode integrity. Although Bi@rGO@NC suffers from volume expansion
to some degree, as shown in Figure S2a, its rod-like morphology is well maintained,
indicating great morphology robustness during repeated sodiation/desodiation processes.
By contrast, Bi@rGO@NC could not withstand the huge stress induced by de/intercalation
of large-sized K-ion, leading to the formation of bulky agglomerates (Figure S2b), which
results in relatively faster capacity decay.

3.3. Electrochemical Kinetics

Density functional theory (DFT) based on first principles calculations was employed
to evaluate the kinetics of Bi@rGO@NC for Na-/K-ion storage at the atomic level. As
evidenced by the electronic density of states (DOS, Figure 4a), Bi@rGO@NC exhibits metal-
lic behavior. Such a result demonstrates that the introduction of a double carbon layer
makes Bi change from a semiconductor to a conductor [48], thus effectively adjusting
the electronic structure of Bi and improving its electronic conductivity, which provides
favorable conditions for alkaline-ion storage. The band structures in Figure 4b also clearly
evidence its metallicity. Furthermore, the calculated adsorption energy of K+ and Na+

on Bi@rGO@NC are −1.63 eV and −1.64 eV, respectively, based on the model of K/Na-
embedded Bi@rGO@NC crystal (Figure 4c), indicating the favorable tendency of thermo-
dynamic adsorption. Therefore, it is concluded that N-doped carbon and rGO matrices
enhance the electronic conductivity and Na-/K-ion adsorption capacity of Bi.
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curves; (e) the calculated DK+; and (f) DNa+ plots of Bi@rGO@NC from GITT.

The ion transport dynamic behavior was analyzed using galvanostatic intermittent
titration techniques (GITT) at 50 mA·g−1 (Figure 4d). Na-/K-ion diffusion coefficient (DNa+
and DK+) was calculated based on the formula of DNa+/K+ = 4/πτ (nmVM/S)2·(∆Es/∆Eτ)2,
where τ, nm, Vm, S, ∆Es and ∆Eτ can be ascribed to the time of the pulse, molar number
of the active material, molar volume of electrode material, active surface area of electrode
in contact with electrolyte, change in battery voltage during charging/discharging, and
change in voltage in equilibrium state, respectively [49]. The calculated diffusion coeffi-
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cients (DNa+ and DK+) are in the range of 10−14~10−8 cm2·s−1 for K-ion storage (Figure 4e)
and 10−12~10−8 cm2·s−1 for Na-ion storage (Figure 4f). Such results illustrate that hi-
erarchical carbon encapsulation plays a key role in the electrochemical dynamics. The
K-/Na-ion diffusion and capacitive behavior were evaluated by CV curves. Analogous
shapes at different scanning rates (Figure 5a) suggest good response capability to high-rates
for Na-ion storage. The proportion of capacitance at different scan rates can be quantified
with the formula I = k1v + k2v1/2, where k1v and k2v1/2 correspond to the contributions
of capacitive and diffusion behavior, respectively [50]. The equation can be adjusted to
I/v1/2 = k1v1/2 + k2, where k1 (slope) and k2 (intercept) are obtained by linear fitting of
I/v1/2 vs. v1/2. Finally, the capacitance and diffusion contributions can be determined by
averaging the values of k1v/(k1v + k2v1/2) and k2v1/2/k1v + k2v1/2) under each voltage.
The diffusion-controlled ratio is 85.7% for SIBs at 0.1 mV·s−1 (Figure 5b). As displayed
in Figure 5c, the capacitance contributions at scanning rates of 0.2, 0.3, 0.5, 1.0, 2.0 and
3.0 mV s−1 are calculated to be 18.09%, 20.65%, 24.26%, 29.8%, 36.01% and 36.9%, respec-
tively. In terms of PIBs, the polarization is more severe at large sweep speeds, as shown
in Figure 5d, which explains why rate performance of PIBs is worse than that of SIBs.
In addition, K-ion diffusion contribution ratio is calculated to be 84.11% at 0.1 mV·s−1

(Figure 5e), illustrating that the capacity is determined by diffusion behavior to a significant
extent. Similarly, the proportion of capacitance shows an upward trend with the increase in
sweep rates. The high proportion of capacitive behavior contributes to outstanding rate
ability and cycling stability. Figure S4 shows the electrochemical impedance spectroscopy
(EIS) plots of Bi@rGO@NC electrode after 10 cycles, where a much lower charge transfer
resistance (Rct) value can be achieved for SIBs compared with that for PIBs, demonstrating
fast electron and Na-ion transfer dynamic behavior.
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Figure 5. Electrochemical kinetics: (a) CV profiles at different scan rates, CV curves displaying
capacity distribution (b) at 0.1 mV·s−1 and (c) at various scan rates for SIBs; (d) CV profiles at
different scan rates, CV curves displaying capacity distribution (e) at 0.1 mV·s−1 and (f) at various
scan rates for PIBs.

4. Conclusions

In summary, we propose THE Bi@rGO@NC architecture as anode material for Na-
and K-ion storage. The robust hierarchical encapsulation engineering from graphene
and N-doped C can effectively relieve the large lattice stress induced by huge volume
variation, and is therefore conducive to the preservation of electrode integrity. Experimental
characterization and theoretical calculation verify that the electron conductivity, Na/-K-ion
adsorption, and diffusion ability of Bi anode can be enhanced by double C to present great



Batteries 2023, 9, 505 10 of 12

electrochemical kinetic behavior. Therefore, outstanding alkaline-ion storage properties
with a long-term lifespan of over 1000 cycles and superior rate capability can be achieved
for Bi@rGO@NC electrode. This work provides an important reference for research into the
Bi-based alloying composite anode material.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/batteries9100505/s1. Figure S1: (a) XPS survey spectrum; (b) O 1s
spectrum of Bi@rGO@NC. Figure S2: Ex situ FESEM images of Bi@rGO@NC after 20 cycles for (a)
SIBs and (b) PIBs. Figure S3: Cycle performances of composite electrodes with and without N-doped
C for SIBs at (a) 50 mA·g−1 and (b) 200 mA·g−1. Figure S4: EIS plots of Bi@rGO@NC after 10 cycles.
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alization and supervision, Y.L.; methodology and writing—original draft, K.W.; conceptualization,
methodology, supervision, writing—review and editing, S.C. All authors have read and agreed to the
published version of the manuscript.
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