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Nanowires Framework Supported Porous Lotus-Carbon
Anode Boosts Lithium-Ion and Sodium-Ion Batteries

Xiaochen Sun, Xuan Gao, Zhuo Li, Xin Zhang, Xiaoli Zhai, Qiuxia Zhang, Liuan Li,*
Nan Gao,* Guanjie He,* and Hongdong Li*

The novel design of carbon materials with stable nanoarchitecture and
optimized electrical properties featuring simultaneous intercalation of lithium
ions (Li+) and sodium ions (Na+) is of great significance for the superb
lithium–sodium storage capacities. Biomass-derived carbon materials with
affluent porosity have been widely studied as anodes for lithium-ion batteries
(LIBs) and sodium-ion batteries (SIBs). However, it remains unexplored to
further enhance the stability and utilization of the porous carbon skeleton
during cycles. Here, a lotus stems derived porous carbon (LPC) with graphene
quantum dots (GQDs) and intrinsic carbon nanowires framework (CNF) is
successfully fabricated by a self-template method. The LPC anodes show
remarkable Li+ and Na+ storage performance with ultrahigh capacity
(738 mA h g−1 for LIBs and 460 mA h g−1 for SIBs at 0.2 C after 300 cycles,
1C≈372 mA h g−1) and excellent long-term stability. Structural analysis
indicates that the CNFs-supported porous structure and internal GQDs with
excellent electrical conductivity contribute significantly to the dominant
capacitive storage mechanism in LPC. This work provides new perspectives
for developing advanced carbon-based materials for multifunctional batteries
with improved stability and utilization of porous carbon frameworks during
cycles.
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1. Introduction

Li-ion batteries (LIBs) have been widely
used in portable electronic devices owing
to their high energy density and extended
lifespan. However, the cost and safety
concerns related to large-scale commer-
cial production of LIBs could become sig-
nificant challenges in the future.[1] In
this regard, sodium-ion batteries (SIBs)
are a promising alternative to LIBs, as
they exhibit similar electrochemical prop-
erties while being more cost-effective
and having abundant resources than
LIBs.[2] However, the electrode materials
for SIBs tend to show poorer insertion
kinetics and lower capacity than those
for LIBs due to the heavier atomic mass
and larger ionic radius.[3] Among numer-
ous electrode materials (such as alloys,
silicon, metal oxides, carbon, etc.[4–6])
few anode materials can be suitable
host materials to accommodate both
lithium ion (Li+) and sodium ion (Na+),
allowing reversible insertion/desertion
reactions.[7–9]

For example, alloys, silicon, and metal anodes are prone to
structural collapse due to large volume expansion during cy-
cles, especially for SIBs.[10] By contrast, carbon-based materi-
als with controllable capacity, excellent cycling stability, and
cost-effectiveness are promising anode materials for LIBs and
SIBs. However, commercial graphite as standard anode ma-
terial for LIBs, always fails to be applied in SIBs because of
the thermodynamically unstable Na-related graphite intercala-
tion compounds.[11,12] Hard carbon is a promising anode mate-
rial for SIBs, which accommodate Na+ via surface adsorption in
defect sites,[5,13] but its inferior capacity (200‒300 mA h g−1)[6]

due to the unsatisfactory active sites and ion-accessible surface
area limited its development.[14] It is imperative to explore cost-
effective and mechanically stable carbon-based anode materials
for high-performance LIBs and SIBs.

Rational intrinsic structure design, such as a porous structure
with abundant defects and active sites, is a viable approach to
improving the capacity of batteries.[15] As a result, porous car-
bon (PC) anodes with tunable microstructure, diverse forms, and
large specific surface areas, have garnered significant attention
for their potential application in both LIBs and SIBs.[16–18] Nat-
ural biomass is the most common carbon source for preparing
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Table 1. The electrochemical properties of as-reported carbon-based anodes for LIBs and SIBs.

Anode Material Electrochemical performances Reference

Lotus stem 1400 carbons SIB 350 mA h g−1 (at 100 mA g−1 after 450 cycles) [27]

Biomass of corn cobs (HCC) SIB 300 mA h g−1 (at 74.4 mA g−1 after 100 cycles) [29]

Mesoporous carbon (C)/tin (Sn) LIB 574 mA h g−1 (at 20 mA g−1 after 15 cycles) [30]

SIB 295 mA h g−1 (at 20 mA g−1 after 15 cycles)

Sulfonated pitch derived hard carbon LIB 310 mA h g−1 (at 37.2 mA g−1 after 50 cycles) [31]

sugarcane waste-derived hard carbon SIB 323 mA h g−1 (at 50 mA g−1 after 500 cycles) [32]

Cotton derived hollow structured carbon LIB 450 mA h g−1 (at 100 mA g−1 after 150 cycles) [33]

polyethylene terephthalate-derived carbon SIB 178 mA h g−1 (at 100 mA g−1 after 140 cycles) [34]

Poly tannic acid carbon rods LIB 535 mA h g−1 (at 100 mA g−1 after 100 cycles) [35]

Polyacrylonitrile nanofibers LIB 390 mA h g−1 (at 100 mA g−1 after 100 cycles) [36]

SIB 200 mA h g−1 (at 100 mA g−1 after 100 cycles)

N-rich carbon nanotubes LIB 170 mA h g−1 (at 4000 mA g−1 after 5000 cycles) [37]

SIB 132 mA h g−1 (at 4000 mA g−1 after 5000 cycles)

Hollow Carbon Nanospheres LIB 310 mA h g−1 (at 372 mA g−1 after 200 cycles) [38]

SIB 200 mA h g−1 (at 50 mA g−1 after 100 cycles) [39]

LPC LIB 738 mA h g−1 (at 74.4 mA g−1 after 300 cycles) This work

SIB 460 mA h g−1 (at 74.4 mA g−1 after 300 cycles)

PC, disordered, or hard carbon anodes, such as switchgrass,[19]

peels,[20] etc. And diverse microstructure and morphology of car-
bon nanomaterials can be obtained by intentionally selecting
biomass precursors with intrinsic structure. Additionally, vari-
ous rhizomes, as Si-containing biomasses, can derive carbon ma-
terials doped with Si or SiO2, which is beneficial to increasing
capacity.[21] KOH is a commonly used chemical activation addi-
tive for creating edge sites in the preparation of PCs. The resul-
tant carbon materials exhibit a well-defined micropore size dis-
tribution and an ultrahigh–specific surface area, which can reach
up to thousands. However, PC anodes always show a significantly
low initial Coulombic efficiency (ICE) and poor cycling stability
for their fragile structure,[22] which can be improved by introduc-
ing coating or frame construction.

The lotus stems are a new kind of carbon precursor carrying
abundant natural fiber[23] and a large number of naturally em-
bedded soil elements at the molecular level, the K content is ≈2.5
wt% in the freeze-dried lotus stems that can activate biomass in
situ during carbonization lead to a large specific surface area.[24]

Furthermore, the abundant calcium oxalate (CaC2O4) plant crys-
tals existing in the vacuoles of aquatic plant stems have a decom-
position temperature of ≈800 °C,[25] and these crystals are of-
ten removed during the high-temperature carbonization process
of bio-derived hard carbons, disregarding their potential as tem-
plates for preparing PC at lower temperatures. In addition, the
breakdown of natural lotus silk and plant vacuoles, which contain
a significant amount of cellulose, can result in the production
of glucose. Then the glucose undergoes ring-closure condensa-
tion to form graphene quantum dots (GQDs) or pseudo-graphite
structures.[26] Recently, hard carbon is synthesized via carboniz-
ing lotus stems, delivering a high capacity of 350 mA h g−1 (in a
current density of 100 mA g−1) as anode for SIBs, however, the
preparation temperature is up to 1400 °C and the as-prepared
carbon exhibits a specific surface area of only 25.81 m2 g−1.[27]

Furthermore, deliberately constructing inherent structural de-

fects can alter the chemical states on the surface of the carbon
framework, thereby enhancing the durability of carbon-based
materials.[15,28] Thus, it is vital to develop a successful plan that
effectively integrates porosity and inherent flaws.

In this study, we present a simple and efficient approach for
developing a lotus stem-derived PC (LPC) anode with abundant
intrinsic defects through a self-template method. The resulting
LPC anode demonstrates outstanding capacity, conductivity, and
stability, making it a promising candidate as an anode for both
LIBs and SIBs. The self-supporting porous structure in conjunc-
tion with embedded GQDs possesses abundant pores that facili-
tate the storage and transmission of Li+ and Na+. Additionally,
this unique structure can modify the local charge distribution
and reduce the diffusion path of ions, leading to a significant en-
hancement in the electrochemical performance of batteries. As
shown in Table 1 and the corresponding graphical representa-
tion of performance data (Figure S1, Supporting Information),
despite being compared to the majority of hybrid or pure car-
bon anodes, the LPC electrodes still exhibit distinct advantages.
The LIBs and SIBs based on the LPC anodes have high capac-
ity (738 mA h g −1 and 460 mA h g−1 at 0.2 °C after 300 cy-
cles, 1C≈372 mA h g−1), superior long-term cyclic stability, and
rate performance (440 mA h g−1 and 219 mA h g−1 at 5 °C after
1000 cycles), which are significantly higher than those of using
graphite as anodes.

2. Results and Discussion

The XRD pattern of LPC is presented in Figure 1a. The broad
peak located at around 23° and 43° is corresponding to the (002)
and (100) planes of carbon, respectively,[40] representing the over-
all disordered and locally graphitized structure of PC.[41] The two
broad peaks of the D-band at 1334 cm−1 and G-band at 1588
cm−1 in Raman patterns (Figure 1b) represent the existence of
the defect and the E2g graphitic mode, respectively.[27,36] The N2
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Figure 1. a) XRD patterns, b) Raman spectrum, and c) Nitrogen adsorption/desorption isotherms of the LPC samples. d) TGA curves of the LPC samples
washed with deionized water and hydrochloric acid, respectively. e) The SEM image of the as-prepared LPC materials washed with deionized water and
f) corresponding partially enlarged image located to CaC2O4. The high-resolution XPS spectra of C 1s (g), O 1s (h), and Si 2p (i) of the LPC materials.

adsorption/desorption isotherm of LPC in Figure 1c indicates
that the as-prepared substances have a wealth of micropores and
mesopores,[36] and the surface area is up to 1574 m2 g−1, sym-
bolizing the high active sites. The Barrett–Joyner–Halenda (BJH)
equation indicates that the pore size of LPC is mainly distributed
in 3−5 nm (inset of Figure 1c) with a pore volume of 0.916
cm3 g−1. The surface functional group of the LPC is analyzed
by Fourier transform infrared spectrum (FTIR, Figure S2, Sup-
porting Information), the peaks at 1384 and 1640 belong to the
C─H and C═O stretching vibration, respectively. The broad band
in the range of 3300–3700 cm−1 is assigned to the ─OH stretch-
ing vibration,[42] representing the huge number of outstanding
hydroxyl groups on the surface of the LPC. The presence of hy-
drogen is more conducive to the extraction of oxygen, and the
abundant oxygen species can provide more active sites for ion
storage.[43] As a result, the distinctive architecture of LPC is ben-
eficial to the effective contact of electrodes and electrolytes, facil-
itating the ions diffusion and the electrons transportation.

The thermogravimetric (TG) spectrum for the LPC sample
neutralized with deionized water and hydrochloric acid is shown
in Figure 1d. For the LPC washed with deionized water, the nat-

ural CaC2O4 template is not removed during the cleaning pro-
cess compared to the case of hydrochloric acid, and a weight loss
of 70% was observed after heating up to 600 °C and remained
unchanged until 750 °C. There are two temperature regions in
the process of losing weight. The first region ranges from 25 to
100 °C represents the weight loss caused by evaporating adsorbed
water in the air,[44] and the second region ranges from 400 to
600 °C is associated with the loss of pyrolysis carbon. In addition,
an apparent weight decay appears at ≈750 °C, corresponding to
the decomposition of CaC2O4, following the reaction: CaC2O4 =
CaCO3 + CO. As a result, the content of CaC2O4 in PC materials
is ≈25%. The higher content is also demonstrated by SEM im-
ages (Figures 1e,f) and the EDS elemental mappings in Figure S3
(Supporting Information), besides the as-prepared LPC, there are
several well-dispersed square CaC2O4 crystals, which can serve as
natural templates for the generation of braced frame structures
between holes. In contrast, the CaC2O4 crystals in LPC samples
washed with hydrochloric acid solution were well removed, show-
ing no weight loss between 600 and 800 °C. The final sample
content of ≈1% after heating to 800 °C corresponds to the exis-
tence of some intrinsic ingredients such as silicon (Si) and SiO2,
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Figure 2. a) Schematic illustration for the synthesis procedures of LPC materials. b) Low-magnification TEM image of the LPC sample, c) high-
magnification TEM image of LPC located in reticular structure with local magnification image of GQDs inset, and d) corresponding HRTEM image
of GQDs. e) high-magnification TEM image of LPC located in a self-supporting porous structure, f) the local magnification image of the yellow squares
in (e), and g) its HRTEM image.

which do not decompose at high temperatures or react with hy-
drochloric acid, its existence was also proved by corresponding
EDS elemental mappings of LPC (Figure S4, Supporting Infor-
mation).

The compositions and surface properties of LPC were further
characterized by X-ray photoelectron spectroscopy (XPS) mea-
surement. The C 1s spectrum (Figure 1g) is analyzed to identify
three distinct peaks. The binding energies of 284.78, 285.3, and
286.6 eV, correspond to the C═C, C─C, and C─O,[45] respectively,
the few oxygen contents enable LPC materials with more stable
carbon skeleton.[43] Noted that some Si species are detected in the
O 1s (Figure 1h) and Si 2p (Figure 1i) spectra, which serve as a
key ingredient to improve the capacity of batteries.

The unique structural properties of the lotus stem locate in
different parts including cell walls (Figure S5a, Supporting In-
formation), plant crystals CaC2O4 (Figure S5b, Supporting Infor-
mation), and natural silk fibers (Figure S5d, Supporting Informa-
tion) are shown in TEM images. The prismatic and square struc-
tures embedded in plant cell walls are observed in Figure S5a,b
(Supporting Information), and a lattice spacing of 0.29 nm is cer-
tificated by high-resolution TEM (HRTEM) (Figure S3c, Support-
ing Information), indicating its CaC2O4 crystal properties. It is
well known that the main components of the cell wall are cel-
lulose tthathat serves as a common carbon source, combined
with the natural filaments that exist in the lotus stem, which

will partially hydrolyze into monosaccharides during hydrother-
mal. Following carbonizing the natural filaments at 700 °C for
2 h with KOH activation, the silk fibers will transform into
a disordered mesh structure with some nanoparticles embed-
ded (Figure S5e, Supporting Information), the lattice spacing of
≈0.21 nm proves that the nanoparticles are graphene quantum
dots (GQDs) (FigureS2f, Supporting Information).[46] As a result,
the natural fiber filaments and CaC2O4 crystals in the lotus stem
are expected to produce unique carbon structures, as shown in
Figure 2a.

As expected, the LPC presents a typical porous feature com-
bined with some cross-linked network structure (Figure 2b), and
many GQDs with a size of 2–5 nm distributed in a carbon net ma-
trix (Figure 2c), showing a lattice spacing of 0.21 nm (Figure 2d),
the conductivity of LPC anode can be significantly improved for
the presence of porous network structure embedded with GQDs.
Different from general porous carbon from chemical etching,
there are some rhombic or square supporting frames embed-
ded in the pore (Figure 2e,f) with a lattice spacing of ≈0.4 nm
(Figure 2g), corresponding to the structure of pseudo-graphitic
carbon, which is formed with intrinsic CaC2O4 template. The
thickness of a loop–locked carbon nanowires framework (CNF)
is ≈10 nm with an obvious lattice transition zone compared to
an amorphous porous carbon frame. The larger interlayer space
of CNF cannot only provide more interspace and more active
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Figure 3. The cyclic voltammogram (CV) curves of the LPC anode in a) LIB and b) SIB tested between 0.01 V and 3.00 V at a scan rate of 0.1 mV s−1,
and different scan rates of 0.2‒1.2 mV s−1 c) LIB and d) SIB. Plot of log (scan rate) versus log (peak current), as calculated from CV curves of e) LIB and
f) SIB. Capacitive contribution in the CV curves of g) LIB and h) SIB at a rate of 1.2 mV s−1. The trend of the capacitive contribution of i) LIB and j) SIB
at different sweep rates.

sites for the insertion and extraction of Na+ and Li+ but effec-
tively accommodate the volume expansion of anodes during the
cycling process, leading to excellent electrochemical stability and
higher capacity. By comparison, the LPC samples prepared at
800 °C (named LPC-1, Figure S6, Supporting Information) only
show a porous structure with various of GQDs embedded, no
CNF is found for the CaC2O4 template that has been directly
decomposed during the high-temperature treating process. Fur-
thermore, the hole size (1≈2 μm) of LPC-1 is much higher than
LPC (50–500 nm) because the presence of intrinsic CaC2O4 tem-
plate with a size of 30–100 nm in biochar precursors cannot only
produce smaller pore structure but also reduce the pore-forming
effect of KOH.

To gain a more comprehensive understanding of the mecha-
nism and reaction kinetics of LPC electrodes in both LIBs and
SIBs, CV measurements are carried out on the anode, as shown
in Figure 3a,b. In the first discharging process of LIB, a broad

peak is observed at ≈0.7 V (Figure 3a), which disappears in subse-
quent cycles, suggesting that there is an irreversible decomposi-
tion of electrolyte on the anode surface with the formation of solid
electrolyte interphase (SEI) layer.[47] Furthermore, the small peak
at 1.5–1.7 V is attributed to the reaction of Li+ with some defects
on the LPC anode.[48] The formation potential of the Na-related
SEI layer in SIBs mainly corresponds to the two broad peaks cen-
tered at 0.3 and 0.8 V (Figure 3b), and the peak areas of SIB are
smaller compared to LIB.[36,39]

The electrochemical kinetics mechanism of the LPC anode in
LIB (Figure 3c) and SIB (Figure 3d) was investigated by testing
CV curves at various scan rates ranging from 0.2 to 1.2 mV s−1.
Both the peak areas increased with increasing scan rates, demon-
strating good rate performance. The identical shape of the curves
further supports this conclusion. The total capacity is identified
into pseudo-capacitance and diffusion-controlled contribution,
which can be obtained by CV curve fitting at various rates. The
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Figure 4. Galvanostatic charge/discharge profiles of a) LIB and b) SIB were examined at a rate of 0.2 C (1 C ≈ 372 mA h g−1). Cycle performances and
CE of the LPC anodes in LIBs and SIBs at a rate of c) 0.2 C, d) 2.0 C, and e) 5.0 C, respectively. f) Rate performance at various current densities for the
cells with LPC anodes.

current intensity (i) of the batteries as a function of scan rate
(v) is plotted in Figure 3e following a power-law formula of i
=avb , where a and b are the fitting parameters. The value b near
1.0 corresponds to a surface-controlled process (capacitor behav-
ior), while near 0.5 corresponds to a diffusion-controlled process
(diffusion behavior).[43,49] Through linear fitting, the b values of
peaks L1‒L5 in LIB are 0.97, 0.82, 0.71, 0.99, and 1.08, in turn.
And the b values of oxidation peak N1 and reduction peak N2 in
SIB are 0.80 and 0.87, respectively. Both the b values of peaks are
close to or even exceed 1, indicating a surface-controlled process
either in LIBs or SIBs, such as adsorption on CNF or pores of
LPC anodes.

The pseudocapacitive components at different scanning
speeds were analyzed based on i = k1v + k2v1/2, where k1v (k2v1/2)
corresponds to the capacitive process (diffusion process). The
proportions of capacitive contributions of LPC anode in LIB
(SIB) are 50.5% (46.3%), 57.4% (49.2%), 62.6% (51.2%), 68.4%
(55.6%), 73.7% (58.2%), and 80.9% (60.1%) at scan rates of 0.2,
0.4, 0.6, 0.8, 1.0, and 1.2 mV s−1, in turn. The proportions of pseu-
docapacitor contribution for LIB and SIB both increase with in-
creasing scan rate, indicating the favorable cycling stability and
rate performance of LPC anode.[49] The pseudocapacitor contri-

bution of LPC in LIB is higher concerning the case of SIB, for
Na+ has a larger ionic radius and poorer transmission dynamic
than Li+,[50] and the carbon-based materials normally have larger
surface adsorption energies towards Li+.[48]

The electrochemical impedance spectroscopy (EIS) in Figures
S7 and S8 (Supporting Information) illustrates the charge trans-
fer impedance, interface impedance, and ion diffusion resistance
of the LPC and LPC-1 anodes before and after the 10th cycle in
LIBs and SIBs, respectively. Before cycling, the high-frequency
semicircle overlaps with the middle-frequency semicircle in LIB,
but not in SIBs, meaning that the LPC anode possesses a less in-
terface impedance with respect to the case of SIB.[51] After mul-
tiple charge/discharge cycles, both LIB and SIB exhibit reduced
charge-transfer impedances and interface layer resistance due to
the activation of the electrode and improved contact between the
active material and electrolyte.[52] In contrast, the LPC-1 anodes
show a larger impedance than the case of LPC whether before
or after the 10th cycle (Figure S8, Supporting Information), in-
dicating the unique structure of LPC can enhance ion transmis-
sions and enhance the electrochemical performance of batteries.
Calculated from the galvanostatic intermittent titration technique
(GITT) curves (Figure S9, Supporting Information), both the Li+
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Figure 5. The a,d) SEM, b,e) TEM, and c,f) HRTEM images of LPC anode after the 500th discharging process at a rate of 2 C in a–c) LIB and d–f) SIB.

(10−7 to 10−10 cm2 s−1) and Na+ (10−8 to 10−11 cm2 s−1) have a
large diffusion coefficient in LPC anode, which is attributing to
its unique porous structure and the good conductivity of GQDs.

The discharge/charge capacities of the LPC anode in LIB
(Figure 4a) and SIB (Figure 4b) during the first cycle are
1575/773 mA h g−1 and 1325/636 mA h g−1, respectively, having
an ICE of 50% and 48%, the average CE are ≈98.5% and 98%
during 300 cycles, indicating the excellent cycling stability of the
LPC anode. Generally, the charging and discharging patterns
in SIBs resemble those of LIBs, exhibiting a sharp incline
and a noticeable plateau that correspond to the absorption
of Li+ or Na+ into LPC. However, for the LPC-1 anode, the
first discharge/charge capacities are 1691/809 mA h g−1 and
2894/1010 mA h g−1, respectively, with an ICE of 47% (LIB-1)
and 34% (SIB-1) (Figure S10, Supporting Information), indi-
cating that there is a large consumption of electrolyte in the
first cycling process. The average CE during 300 cycles is ≈98%
(LIB-1) and 96.5% (SIB-1), respectively, which is lower than the
case of LPC. The higher initial discharge/charge capacities of
LPC-1 are attributed to its larger pore size compared to LPC,
which generally leads to reduced reversibility and poor structural
stability. However, CaC2O4 templet in LPC can produce both a
smaller pore structure and a CNF framework with larger inter-
layer space and stable structure, which is favorable to improving
the ICE and cyclability of batteries.

Figure 4c displays the cycle performances of the LPC an-
odes in LIB and SIB at 0.2 C. The reversible capacity can reach
738 mA h g−1 and 460 ma h g−1 after 300 cycles in LIB and SIB,
respectively, the capacity attenuation of LIB during the first few
cycles is attributed to the formation of SEI layers that take elec-
trolyte as consumption.[16] Noted that when performed at high
current densities (i.e., 2 C in Figure 4d and 5 C in Figure 4e), after
the formation of SEI, the LIBs exhibit an increased reversible ca-
pacity from 350 mA h g−1 to 570 mA h g−1 at 2 C and 285 mA h g−1

to 440 mA h g−1 at 5 C after 1000 cycles, respectively, which is at-
tributed to the fast structure activation of electrode as well as the

full infiltration of electrolyte.[53] Although the SIBs only main-
tain the reversible capacity of 283 and 219 mA h g−1 at the same
condition, the value is significantly higher than the as-reported
bio-carbon and even hard-carbon, for the SIBs anodes always suf-
fer from a severe capacity decay at large current densities, which
derived from the severe structural collapse caused by large-sized
Na+, and a substantial electrolyte consumption will happen in
long-term cycling processes.

For example, the LPC-1 anode presents an obvious capacity
fading at a high rate of 2 C (Figure S11b, Supporting Informa-
tion) and 5 C (Figure S11c, Supporting Information) in SIBs, ex-
hibiting the capacities of 242 and 146 mA h g−1 after 1000 cycling
processes, respectively. Furthermore, the capacities of LPC-1 in
LIBs and SIBs are all lower than that of LPC at various rates with-
out no capacity increasing trend, and severe structural damage
has become the major factor affecting capacity. Therefore, CNF
plays an important role in maintaining structural stability and
improving the capacity of LPC anodes. The rate performances of
the LPC anodes at various current densities in SIBs and LIBs are
shown in Figure 4f. The reversible capacity of LIB (SIB) at the
rate of 0.2 C, 0.5 C, 1 C, 2 C, and 5 C is 740 (450 mA h g−1), 589
(380 mA h g−1), 525 (317 mA h g−1), 456 (280 mA h g−1), and 370
(226 mA h g−1), respectively. When the current density drops to
0.2 C, the capacity retention rates reach ≈94% and 93%, respec-
tively, which are higher than the LPC-1 anodes (93% for LIB and
80% for SIB, Figure S11d, Supporting Information). Noticeably,
the structures and properties of LPC samples are not affected by
the picking areas, which ensures the uniformity of the LPC an-
ode materials for practical application (Figure S12, Supporting
Information).

The favorable capacity retention and excellent stability of
LPC anodes were ascribed to the structural stability of the
self-supporting nanowires frame and the high reversible adsorp-
tion/desorption capability for lithium and sodium ions. Both the
LPC anodes in LIB (Figure 5a) and SIB (Figure 5d) retain the orig-
inal porous structure after 500 cycles at a rate of 2 C, and the CNFs

Small Methods 2023, 2300746 © 2023 The Authors. Small Methods published by Wiley-VCH GmbH2300746 (7 of 9)
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are still supported in the pores buffering the impact of Li+/Na+

on the carbon skeleton (Figure 5b). Noted that the interlayer space
of GQD expands to ≈0.22 nm attributing to the combination
of Li or Na ions (Figure 5c,f), enabling batteries with favorable
electrical conductivity. And the adjacent pseudo-graphite carbon
plays a key role in providing more active sites for ion migration
and storage, especially for Na+, resulting in an enhanced capacity
and cycling stability for batteries. By contrast, the LPC-1 anodes
suffer from serious structural damage after 500 cycles in LIB-1
(Figure S13a, Supporting Information) and SIB-1 (Figure S13b,
Supporting Information), indicating that it is the CNFs enable
LPC anode with high-rate performance and long cycling stability.

3. Conclusion

This study successfully fabricated a lotus stems-derived hybrid
anode for Li and Na ion batteries using hydrothermal and
chemical activation with a self-template method. The porous ar-
chitecture with the carbon nanowire framework wrapped im-
proves the utilization of the PC anode by allowing sufficient
penetration of electrolytes and relieving volume expansion dur-
ing charge/discharge cycles. In addition, the GQDs embedded
within or clung to the surface of the porous carbon skeleton ef-
fectively improve the electrical conductivity, leading to an excel-
lent electrochemical performance. The high reversible capacity
(738 mA h g−1 for LIBs and 460 mA h g−1 for SIBs at 0.2 C af-
ter 300 cycles) and excellent long-term stability (440 mA h g−1

for LIBs and 219 mA h g−1 for SIBs at 5 C after 1000 cycles)
have achieved both in LIBs and SIBs, which established its po-
tential properties for the commercial field. This sustainable and
cost-effective approach provides new perspectives for bio-carbon
material engineering for second-ion batteries.
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