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Abstract Bismuth (Bi), as an alloy-based anode material,
has attracted much attention in the development of sodium-
ion hybrid capacitors (SIHCs) due to its high theoretical
capacity. However, the volume expansion of the Bi-based
anode during the sodiation/desodiation process results in
limited rate capability. In the present work, a porous Bi-
based composite was constructed by a one-step
hydrothermal method, and Bi was encapsulated in lignin-
derived nitrogen-doped porous carbon (Bi@LNPC) after
carbonization. The obtained Bi nanoparticles could effec-
tively adapt to the strain and shorten the diffusion distance
of Na*. In addition, porous carbon skeleton provides a
rigid conductive network for electronic transportation.
Therefore, the assembled sodium-ion half-cell with
Bi@LNPC anode shows ultra-high-rate capability. When
the current density was enhanced from 0.1 to 50 A-g ™", the
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specific capacity decreased slightly from 351.5 to 342.8
mAh-g~'. Even at an extremely high current density of 200
A-g~', it retains 81.3% capacity retention when compared
to a current density of 1 A-g~'. The SIHCs assembled by
Bi@LNPC show a high energy density of 63 Wh-kg™'.
This work provides an effective method for developing
high-rate Bi anode materials for sodium-ion hybrid
capacitors (SIHCs) and sodium-ion batteries (SIBs).

Keywords Bismuth; Lignin; Sodium-ion batteries;
Sodium-ion hybrid capacitors; Rate; Porous carbon

1 Introduction

Combining the benefits of capacitors and batteries, mobile-
ion hybrid capacitors have become a popular topic in the
electrochemical energy storage field [1]. Consequently,
sodium-ion hybrid capacitors (SIHCs) have garnered sig-
nificant interest due to their abundant resources, cost-ef-
fectiveness and potential high energy density. Combining a
battery-type anode and a pseudocapacitive cathode,
sodium-ion hybrid capacitors are desirable for their
potential to deliver impressive energy density and power
density [2—4]. However, the inferior performances of
SIHC:s are attributed to the unavailability of suitable anode
materials that can accommodate the repeated insertion and
extraction of large-sized sodium ions (0.097 nm) at high
rates [5, 6].

Alloy-based anode materials (i.e., Sb, Sn, P and Bi) have
attracted considerable attention due to their ability to
deliver high sodium-ion-storage capacities [7-13]. In par-
ticular, bismuth (Bi) has a lower reaction potential (0.6 V),
high theoretical specific capacity (385 mAh-g™ "), and large
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lattice fringes along the c-axis (0.396 nm), which is con-
ducive to the rapid sodiation/desodiation [14, 15]. There-
fore, Bi is considered to be a desirable option for
commercial alloy-based anode materials of SIHCs. How-
ever, similar to other alloy-based anodes, Bi is limited by
some critical issues toward practical applications. For
example, the repeated insertion/extraction of sodium ions
results in serious volume expansion (~ 244%), which
would result in pulverization of the Bi electrode [16]. The
volume expansion would therefore separate the electrode
material from the current collector, and the new Bi/elec-
trolyte interface would further consume electrolyte form-
ing unexpected solid-electrolyte interphase (SEI), which
leads to poor cycling performance. Importantly, the con-
ductivity between Bi particles is impeded due to the
breakage of Bi particles [17].

Previous investigations revealed that designing bismuth
nanostructures could alleviate the significant volume
expansion that occurs during the charge-discharge process
[18]. Applying a conductive carbon coating could maintain
the continuity between bismuth particles during the rever-
sible sodiation/desodiation process, thus enhancing the
electron transportation of Bi-based anode materials [19].
Nanostructure reduces the internal stress of bismuth parti-
cles and shortens the diffusion/transportation distance of
ion/electron, resulting in a significant enhancement of the
cycling stability of the Bi anode. Xu et al. designed Bi@C
nanocomposites with relatively low bismuth content to
improve their cycling stability [20]. Carbon-coating strat-
egy and loading bismuth onto the carbon skeleton were
used to alleviate the effect of volume expansion and the
degree of pulverization, in which the carbon skeleton plays
the role of providing a conductive skeleton connecting the
Bi particles [21, 22]. The carbon-coated bismuth
nanocomposites exhibit high stability and high-rate capa-
bility. Xue et al. fabricated the Bi@NC composite that
exhibits a specific capacity of 368 mAh-g~' at a current
density of 2 A-g~'[23]. Furthermore, the composite
demonstrated a sustained specific capacity of 302 mAh-g ™"
over 1000 cycles at a current density of 1 A-g~'. Owing to
the few pores in the rigid carbon skeleton, the majority of
Bi/carbon composites show satisfactory rate capability;
however, their cycling performance is not sustained when
the current density exceeds 10 A-g~'. The carbon skeleton
plays a crucial role in providing a conductive network that
maintains the stable connection of Bi particles during the
repeated sodiation/desodiation processes of the electrode.
Therefore, the construction of a carbon skeleton ensures
faster sodium-ion storage dynamics and more stable cy-
cling performance [24-26].

Lignin, the largest amount of renewable natural aro-
matic polymer found on the earth, serves as an ideal sus-
tainable carbon precursor for functional carbon materials
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[27]. Regrettably, lignin is predominantly burned as low-
grade fuel in the paper-making industry. From the per-
spective of sustainable development, the conversion of
lignin into electrode materials for electrochemical energy
storage could facilitate the advancement of sustainable
chemical engineering philosophy [28, 29]. The direct car-
bonization of single lignin molecule results in carbons with
lower specific surface areas and inadequate 3D structures
[30]. Nevertheless, by controlling the aggregation state of
lignin with activation agents or guest template molecules, it
is feasible to regulate the lignin to create a three-dimen-
sional structure, thereby realizing the preparation of three-
dimensional carbon materials. Our research group [31]
provided a method to prepare (3D) structural carbon
materials based on a supramolecule-template strategy. This
approach is both straightforward and efficient, yielding a
carbon material that could serve as a robust skeleton for Bi
electrodes.

Herein, Bi nanocomposites encapsulated in lignin-
derived nitrogen-doped porous carbon (Bi@LNPC) were
synthesized as the anode material of sodium-ion batteries
(SIBs) and SIHCs by a simple hydrothermal reaction and
further heat treatment, with Bi nanoparticles encapsulated
within a 3D carbon coating structure and incorporated into
a rigid carbon framework. Through this strategy, the vol-
ume expansion of Bi nanoparticles during the charge—dis-
charge process could be greatly reduced, enabling practical
value toward commercialization. As an anode for SIHCs,
Bi@LNPC electrode exhibited high-rate capability. In
sodium-ion half-cell, the specific capacity remained rela-
tively stable, with only a slight decrease from 351.5 to
342.8 mAh-g~ ', as the current density increased from 0.1
to 50 A-g~'. Even at an extremely high current density of
200 A-g~', it still retained a capacity retention of 81.3%
compared to the capacity obtained at a current density of 1
A-g~'. A novel SIHCs which was composed of Bi@ LNPC
as the battery-type anode and activated carbon (AC) as the
capacitive cathode has been successfully constructed.

2 Results and discussion

The preparation method of Bi@LNPC is illustrated in
Fig. 1. Melamine (MA) and cyanuric acid (CUA) were
assembled in supramolecules (MCA) through intermolec-
ular forces in a low-temperature hydrothermal process.
Meanwhile, the hydroxyl, carboxyl and sulfonic groups of
sodium lignosulfonate (LS) interact with the polar groups
of MCA, resulting in the uniform deposition of LS in the
MCA crystal framework and mediating the aggregation of
LS molecules. This approach is advantageous for con-
structing lignin-derived porous carbon (LNPC) with a thin
carbon layer and uniform 3D pore channels. Through the
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Fig. 1 Schematic illustration of synthesis of Bi@LNPC composite: molecular structure evolution of a MCA + LS precursor and
b LNPC product; ¢ Bi nanoparticles coated with nitrogen-doped carbon; d—f morphology evolution

hydrothermal method, Bi*" was partially hydrolyzed to
form Bi,O3;, while also undergoing partial reduction to
form metallic Bi, which was subsequently coated with a
carbon layer. During the calcination process, Bi*' was
further reduced by carbon reduction to form metal Bi
covered by a carbon layer, and Bi was loaded in the carbon
skeleton forming bismuth nanospheres supported by lignin-
derived porous carbon (Bi@LNPC). This innovative
approach serves to mitigate the volume expansion that
occurs in Bi-based electrodes during the charge—discharge
processes.

2.1 Morphological analysis of LNPC
and Bi@LNPC

As shown in Fig. 2a—c, LNPC displayed a 3D turbine
layered structure with rich pore structure and thin carbon
wall with nanometer thickness. The interaction between
MCA and LS leads to the formation of a uniformly dis-
tributed entity. In the low-temperature pyrolysis process of
MCA + LS precursor (Fig. S1), MCA undergoes decom-
position to produce graphitic carbon nitride (g-C3Ny),
which subsequently forms covalent bonds with the amor-
phous carbon generated by the decomposition of LS. Under
high annealing temperatures, g-C3N, is decomposed due to
its low structural stability. In contrast, C3N, bonded with
amorphous carbon exhibits higher structural stability,
leading to the continuous decomposition of nitrogen-con-
taining species. Utilizing g-C3N, as a template, the
decomposition of g-C;N,4 generates pores, which enhances
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the specific surface area of the carbon matrix [31]. LNPC,
which has the characteristics of low density and light-
weight, could significantly reduce the use of carbon sup-
port. High specific surface area could expose more active
sites in the electrolyte, thereby improving the interface
capacitance. The space between the porous carbon layers
provides an effective buffer space for the Bi nanospheres,
thereby alleviating volume expansion during the sodiation/
desodiation processes. SEM images (Fig. 2d—f) show that
the Bi nanosphere presents a well-formed spherical struc-
ture, and the Bi nanosphere coated with a carbon layer is
evenly embedded in the 3D carbon frameworks (Fig. S2).
The high-angle annular dark-field scanning TEM
(HAADF-STEM) (Fig. 2g) coupled with energy dispersive
spectroscopy (EDS) mapping (Fig. 2h-k) unambiguously
identifies the homogeneous distribution of Bi, C, O and N
in BI@LNPC, and it also shows that the Bi nanosphere is
wrapped in the nitrogen-doped carbon shell.

2.2 Physical characterization of Bi@LNPC

The crystal structures of the BiI@LNPC composite were
determined by XRD measurements. All the diffraction
peaks, as seen in Fig. 3a, were consistent with the standard
phase of Bi (JCPDS No. 44-1246) [16, 32] and high levels
of crystallinity, indicating that bismuth nitrate pentahydrate
was transformed into bismuth. The graphitization degree of
the carbon materials obtained was characterized through
Raman spectroscopy (Fig. 3b). The presence of two
prominent peaks at 69 and 98 cm™', respectively
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Fig. 2 Electron microscopy study of Bi@LNPC samples: SEM images of a—c LNPC and d—f Bi@LNPC; g HAADF image and EDS
mapping of h Bi, i C,jO and k N
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Fig. 3 Physicochemical characterizations of BI@LNPC samples: a XRD patterns; b Raman spectra; ¢ TG curves; d N, adsorption/
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corresponding to the E, and Al ¢ peaks of thombic bismuth ~ high response peak observed at 311 em™! is associated
structure, serves as further evidence of the successful with the Bi-O bond, which is attributed to the oxidation of
conversion of Bi*" into bismuth metal phase [33, 34]. The  a few Bi. The D band detected at 1329 cm ™' signifies the
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sp> hybridized carbon of the carbon-based substance,
whereas the G band observed at 1580 cm™' indicates the
sp2 hybridized carbon [35, 36]. Moreover, the Ip/[g ratio of
1.06 implies that the amorphous carbon shell of the
Bi@LNPC contains a plethora of defects [37, 38], which
could afford numerous anchoring sites for bismuth and
facilitate the storage of sodium ions [39].

In order to evaluate the actual Bi content, we conducted
thermogravimetric analysis (TGA) in air atmosphere
(Fig. 3c). The alteration in weight can be attributed to the
loss of adsorbed water, the combustion of C and N, and the
oxidation of Bi. The carbonization is completed at 480 °C.
By analyzing the residual product, the weight percentage of
final Bi,O3 is 94.2%. These data lead us to conclude that
the content of Bi in BI@QLNPC is ~84.5% (Experimental
in Supporting Information). The nitrogen adsorption—des-
orption technique was used to check the porosity textures
of the Bi@LNPC (Fig. 3d), which shows a type IV curve
of H3 hysteresis ring, indicating that there is a typical
physical adsorption process at mesopores and macropores.
The pore size distribution curve (Fig. 3e) mainly displayed
a typical mesoporous feature. The Brunauer-Emmett-Teller
(BET) specific surface area of the BiI@LNPC was 23 m>
g~ ! and the average pore size was 13.82 nm according to
the adsorption volume at the relative pressure of p/
Po = 0.95. Effective management of particle size at the
nanometer level and carbon coating structure in electrode
materials can yield significant benefits, including improved
mass transfer of Na™, enhanced conductivity of the par-
ticulate active materials, and the provision of pore space to
accommodate the large volume expansion of bismuth
during the charge—discharge processes. The composition
and surface chemical state of Bi@LNPC were further
detected by X-ray photoelectron spectroscopy (XPS).
Bi@LNPC mainly includes elements of bismuth, nitrogen,
carbon and oxygen (Fig. S3a). From the Bi 4f high-reso-
lution XPS spectra (Fig. 3f), the two strong peaks located
at 159.0 eV and 164.3 eV are attributed to Bi 4f7, and Bi
4f5), [23]. Compared with other literature [40-42], no other
strong peaks were observed at 156.8 and 162.3 eV, indi-
cating that there is almost no bismuth oxide formation
during the material preparation process [14]. The binding
energies of 284.8, 285.7 and 288.5 eV correspond to C-C,
C-N and C-O bonds which can be observed in the C 1s
high-resolution XPS spectra (Fig. S3b) [43]. The O Is
spectra exhibited binding energies of 529.85, 532.1 and
533.7 eV, corresponding to the Bi-O, C-O-Bi and C-O
bonds, respectively, as illustrated in Fig. S3c [14]. As
presented in Fig. S3d, N 1s spectrum can be divided into
four characteristic peaks which are located at 398.2, 400.5,
402.8 and 403.6 eV, corresponding to pyridinic nitrogen,
pyrrolic nitrogen, graphitic nitrogen, and oxidized nitrogen,
respectively [44], and their relative content ratios are
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39.33%, 48.57%, 4.51% and 7.59%. High edge-nitrogen
can be used as active sites for Na™, which is conducive to
improving sodium-ion storage of Bi@LNPC [45].

2.3 Electrochemical performance of Bi@LNPC

Within the potential range of 0.01-1.5 V (vs. Na/Na™), the
sodium-ion storage performance of Bi@LNPC anode was
investigated in a half-cell. Cyclic voltammetry (CV)
reveals the existence of typical redox peaks (Fig. 4a).
Seven distinct cathodic peaks at 0.17, 0.37, 0.40, 0.47,
0.59, 0.67 and 1.12 V were observed during the initial
three cycles at 0.1 mV-s™', but as the cycle progressed, the
peaks of 0.17, 0.37, 0.40, 0.59 and 1.12 V gradually dis-
appeared, which is attributed to the formation of SEI layer.
The peaks of 0.47 and 0.67 V are attributed to the stepwise
alloy reactions from Bi to NaBi and further to Na3Bi, as
shown below [46].

Bi+ Na® +e~ < NaBi (1)
NaBi + 2Na™ + 2e~ < Na;Bi (2)

At the same time, there are two anodic peaks at 0.58 and
0.77 V. which correspond to NazBi — NaBi and
NaBi — Bi [13]. Through the CV curves at different
scan rates from 0.1 to 2.0 mV-s~! (Fig. 4b), further
discussion is made on the electrochemical kinetics of
sodium-ion storage in Bi@LNPC anode. The current
response of CV originates from diffusion-dominated
contribution and surface-dominated contribution [47].
From the relationship between peak current and scan
rate, the b value is close to 1 compared with commercial
bismuth powder (cBi), indicating that the sodiation/
desodiation of Bi@LNPC is a surface capacitive reaction
and is not controlled by diffusion. (Fig. S4). The
distribution of » value for cBi is observed to be close to
0.5, with diffusion being the dominant process influencing
sodiation/desodiation (Fig. S5c) [47]. According to the
results of the electrochemical impedance spectroscopy
(EIS), it can be observed that Bi@LNPC exhibits a smaller
circle radius in the high-frequency region than cBi
(Fig. S6b). This indicates that BI@LNPC has a lower
charge transfer resistance. We attribute this lower charge
transfer resistance to the continuous carbon-Bi skeleton.
According to the galvanostatic intermittent titration
technique (GITT) (Fig. S7), BI@QLNPC has a relatively
high diffusion coefficient and a faster diffusion rate for
sodium ions, which should be ascribed to the continuous
framework for the efficient diffusion of sodium ions.
Therefore, BiI@LNPC has better rate capabilities than cBi
(Figs. S6a, S8).

The initial three galvanostatic charge—discharge (GCD)

profiles of BiI@LNPC at a current density of 0.1 A-g~" are

a
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Fig. 4 Electrochemical performances of BI@LNPC anode: a CV curves at a scan rate of 0.1 mV-s~" between 0.01 and 1.50 V; b CV
curves of BI@LNPC electrode at different scan rates; ¢ he GCD curves of BI@LNPC at a current density of 0.1 A-g~"; d GCD curves of
Bi@LNPC electrode at different current densities; e rate performance; f rate capability comparison with reported Bi-based anodes
materials for SIBs; cycling performance and corresponding CE atg 1 A.g~' and h 10 A-g™"

shown in Fig. 4c. During the initial cycle, the discharge
capacity was recorded at 761.4 mAh-g~' (calculated based
on Bi@LNPC), while the charge capacity was 398.7
mAh-g~', resulting in an initial coulomb efficiency (ICE)
of 52.4%. The main reason for the initial capacity loss was
the decomposition of the electrolyte forming SEI layer and
partial irreversible sodiation/desodiation process in the first
cycle [48, 49]. From the second cycle, the CE demonstrates
an increase toward near 100%. This suggests that the
irreversible reaction only occurs in the initial stage, signi-
fying that the material exhibits high reversibility and
stable cycling performance. In the BI@LNPC composites,
Bi displays a remarkable degree of activity as evidenced by
the specific charge capacity of 360.5 mAh-g~' obtained
after the third cycle. This value is in close to the theoretical
specific capacity of Bi (385 mAh-g~'). Meanwhile, there
are two charge platforms situated at 0.58 and 0.77 V, in
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addition to two discharge platforms located at 0.67 and
0.47 V (Fig. 4d). These platforms are associated with the
reversible reaction of NazBi <+ NaBi < Bi, which aligns
with the CV curve. Figure 4e shows that the Bi@LNPC
electrode has superior rate capability. When the current
density increased from 0.1 to 20 A-g_l, the specific
capacity remained at 351.5 mAh-g~'. Even at an extremely
high current density of 50 A-g~', BI@LNPC still provided
a specific capacity of 342.8 mAh-g~' (96% capacity
retention with respect to 0.1 A-g~'), corresponding to a
charge/discharge time of ~ 25 s. The specific capacity at
200 A-g~ ' retained a capacity retention of 81.3% compared
to that at a current density of 1 A-g~'. Moreover, it means
that it can be fully charged or discharged within a short
time of 5s. The electrochemical performance of pure
LNPC was determined under the same conditions and the
results showed that this carbon shows a specific capacity of

Rare Met. (2024) 43(3):1037-1047
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112.6 mAh-g~" at 1 A-g~" (Fig. S9). According to the TG-
results, the carbon content of BI@LNPC was only 15.5%.
This indicates that the contribution of LNPC to the elec-
trochemical properties of Bi@LNPC material is minimal.
However, the specific capacity of cBi was less than 200 and
only 70 mAh-g~' at 20 A-g~' (Fig. S10), which was
attributed to the volume expansion of pure bismuth during
charge—discharge processes forming an unstable SEI layer.
Compared with the electrochemical performances of other
bismuth—carbon composites in the application of SIBs
(Fig. 4f), such as Bi@N-C [17], Bi@Graphite [50], Bi/
CFC [51], Bi@C [52], Bi/N-C [53], Cpyptc,1,/Bi/rGO [54]
and nano-Bi/N-doped C [55], BI@LNPC anode has rela-
tively excellent electrochemical performances. Bi@LNPC
showed a capacity of 325.4 mAh-g~" after 4000 cycles at 1
A-g~', with a capacity retention of 95.2% (Fig. 4g). The
specific capacity remained 282.6 mAh-g~' after 13,000
cycles at 10 A-g~" with a high capacity retention of 82.4%
(Fig. 4h). The long cycle life is attributed to the robust
structure of bismuth nanoparticles embedded in the nitro-
gen-doped carbon skeleton, which slows down the volume

expansion during the charge—discharge processes. Fur-
thermore, applying a conductive carbon coating could also
maintain the continuity between bismuth particles during
the reversible sodiation-desodiation process. The specific
capacity of cBi electrode decreased to 62.8 mAh-g™" after
4000 cycles at 1 A-g~', and the capacity retention was
61.8%. After 13,000 cycles at 10 A-g~', the specific
capacity decays to 44.2 mAh-g ™', with a capacity retention
rate of 18.08%.

2.4 Comparison of morphology of Bi@LNPC
and cBi in cycle process

The superior rate capability and cycle stability of
Bi@LNPC, when compared to cBi, can be attributed to its
unique morphology and robust structure evolution during
the sodiation-desodiation processes (Figs. 5, S11, S12).
After the initial charge-discharge cycles of BI@LNPC, SEI
layer was formed on the surface of the electrode material.
For cBi, the bulk bismuth with micron sizes ultimately
results in morphologies of powder and crack. With an

Fig. 5 SEM images of a-d Bi@LNPC and e-h cBi electrodes after 1, 10, 50 and 500 cycles; cross sectional SEM images of i-l
Bi@LNPC anode and m-p cBi anode at i, m original, j, n fully sodiated, k, o fully desodiated states in the first cycle and I, p after-10-

cycles states
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increase in the cycle numbers, cBi was transformed into a
complex 3D framework, which could be due to the wetting
characteristics between Bi and electrolyte. Upon comple-
tion of 500 charge-discharge cycles, the exposed bismuth
particles of cBi become were fractured (Fig. S5h), while
Bi@LNPC remained in a 3D structure. During the initial
cycles of the carbon-coated composites, Bi transforms into
a miniature particle skeleton that facilitates rapid Na™t
insertion/extraction. To further evaluate the expansion
ratios of the BI@LNPC and the cBi anode, cross sectional
SEM images of the Bi@LNPC and the cBi anode with
states of pristine, sodiated, desodiated and after-10-cycles
were obtained (Fig. 5i—p). The pristine electrode thickness
of the two materials was almost the same, 8.1 um and
10.9 um, respectively. After the initial charge-discharge
cycle of the Bi@LNPC in 1 mol.L™' NaPF, in DME
electrolyte, the sodiated and desodiated expansion ratios
were 108.6% and 71.9%, respectively (Fig. 5i-1). Con-
versely, the corresponding values of the cBi were 213.8%
and 38.5% (Fig. Sm-o). After 10 cycles, the Bi@LNPC
expansion was significantly decreased when compared to
that of the cBi electrode (197.5% vs. 317.4%) (Fig. 51, p).
However, no matter what the morphology Bi have, Bi still

experiences volume variation, which may cause the pos-
sibility that Bi particles would disconnect. This result
indicates that LNPC could buffer the volume expansion of
the bismuth electrode and fall off of Bi particles during the
charge-discharge  processes. Compared with cBi,
Bi@LNPC displayed a homogeneous and continuous
framework, and its structural integrity is more stable, thus
ensuring the stability of the cycling.

2.5 Sodium-ion hybrid capacitor

In order to further evaluate the potential of Bi@LNPC, its
practical application was tested by assembling a SIHC
(Bi@LNPC//AC). Specifically, BI@LNPC was used as the
anode electrode and YP8OF (AC) as the cathode electrode,
as illustrated in Fig. 6a. Before the construction of SIHC,
the AC//Na sodium-ion half-cell was tested. The charge—
discharge curves (Fig. S13) and CV curves (Fig. S14) of
the AC cathode electrode had good symmetry, indicating
that AC has a sodium-ion storage mechanism of adsorp-
tion/desorption. In addition, AC cathode electrode had the
high-rate capability (Fig. S15), so AC is an excellent
cathode. Considering that the side reactions generated in
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Fig. 6 Electrochemical performances of BI@LNPC//AC SIHCs: a schematic illustration showing charge storage mechanism during
charge and discharge processes; b typical GCD curves of AC cathode and Bi@LNPC anode in half cells, and BIi@LNPC//AC SIHCs;
¢ GCD curves at current densities from 0.1 to 2 A-g~", dependence of gravimetric specific capacitance on GCD current densities;
d GCD cycling performance and (insets) charge and discharge curves of the first and last five cycles
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the cycling process will cause irreversible loss of sodium-
ion storage, the mass ratio of BI@LNPC with AC is 1:2.8,
and the corresponding capacity ratio is 1.06:1. As shown in
Fig. 6b, the electrochemical performance of Bi@LNPC//
AC SIHCs was tested at a voltage window of 1—3.8 V, and
the voltage change with time of GCD is relatively sym-
metrical, which indicates that AC has good capacitive
behavior. Figures 6¢, S16 show the rate capability of
SIHCs. The reversible specific capacities of Bi@LNPC//
AC at0.1,0.2,0.5,1 and 2 A-g_1 are 73, 68, 61, 57 and 47
F-g~! (calculated by the total mass of anode and cathode
active substances), and the corresponding energy densities
are 78, 70, 63, 46 and 25 Wh~kg7], respectively. Fig-
ure S17 shows the relationship curve between the energy
density and power density of BI@LNPC//AC. At a power
density of 680 W-kg ™', the corresponding energy density is
63 Whkg™'. The energy density of Bi@LNPC//AC
remains at 30 Wh-kg™' after 3000 cycles at 1 A-g~', and
the capacity retention is 87% (calculated based on the
GCD) (Fig. 6). The excellent electrochemical perfor-
mances of SIHCs are mainly attributed to the excellent
electrochemical behaviors (high energy density and power
density) of the anode and cathode, which fills the perfor-
mance gap between the battery and the supercapacitor. The
good electrochemical performances of Bi@LNPC//AC
SIHCs further show that BI@LNPC anode have potential
application in STHCs.

3 Conclusion

We prepared 3D nitrogen-doped carbon skeleton from
lignin using a supramolecule-template strategy. This car-
bon allowed us to synthesize a porous bismuth-carbon
composite through combined hydrothermal and car-
bonization processes. Upon carbonization, Bi is encapsu-
lated within the lignin-derived porous carbon, resulting in
the formation of Bi@LNPC. This innovative approach
effectively mitigates the volume variation of bismuth par-
ticles, shortens the diffusion distance of ion/electron, which
enhances the rate capability of the material. At the same
time, LNPC can be used as a rigid framework to improve
the conductivity of the nanoparticles in Bi composite
electrodes. Therefore, the Bi@LNPC anode in SIBs and
SIHCs shows ultra-high-rate capability. This work provides
guidance for the application of high-rate Bi-based anode in
high-rate SIBs and SIHCs.
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