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A phosphorus (P), and boron (B) enhanced N-doped carbon nanofiber materials was prepared via a facile
electrospinning method as a binder-free anode for lithium-ion storage applications. The triple-doped
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binder-free electrode demonstrated a high specific capacity of 611.2 mA h g~* at a current density of

0.1 A g tand a high capacity retention of 94.8% after 500 cycles. This work demonstrates that adding P
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Introduction

Lithium-ion batteries (LIBs) and lithium-ion capacitors (LICs)
are recognized as promising energy storage technologies for
applications in electric vehicles, portable electronic devices,
and large-scale power grid storage, owing to the high energy
density of LIBs, as well as the exceptional energy density, high
power density, and long cycle life of LICs."” While LIBs and LICs
fundamentally differ in their energy/power density trade-offs,
their anode materials share similarities, often undergoing
faradaic reactions wherein lithium ions are reversibly interca-
lated into or extracted from the battery-type anode during
charge/discharge processes. This mechanism enables high
energy density, low self-discharge rates, superior rate perfor-
mance, and excellent cycling stability, collectively positioning
them as a research focal point.>* A wide range of anode mate-
rials, such as alloy-based materials,® metal-organic frameworks
(MOFs),® and intercalation-type materials,” have been developed
to advance LIB and LIC technology. Among them, disordered
carbon-based materials have gained widespread attention as
anode materials due to their outstanding properties, including
high specific surface area (SSA), excellent chemical/
electrochemical stability, and structural features such as
amorphous frameworks, wide interlayer spacing, and abundant
surface defects.*® For instance, Bhattacharjee et al.'® synthe-
sized a porous and disordered carbon-rich polymer material for
use as an anode in LICs, achieving an Ip/Ig ratio of 2.02 and
demonstrating a specific capacity of 130 mA h g™ at a current
density of 1 A g~ in half-cell configurations. Wang et al.'!
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and B in N-doped carbon materials can significantly improve electrochemical properties and provides
a methodology for the development of carbon-based materials for energy storage applications.

reported a lignin-derived nanosized honeycomb-like porous
carbon materials, with a 483.8 mA h g~ ' after 100 cycles at
a current density of 100 mA g .

Heteroatom doping has been extensively employed to
enhance the chemical and electrochemical properties of
carbon-based materials."> N-Doped carbon materials have
found widespread applications, as the introduction of nitrogen
atoms can significantly boost conductivity, expedite charge
transfer, and augment the surface wettability of carbon mate-
rials.”*'* However, nitrogen doping alone is often insufficient to
markedly enhance the material's electrochemical performance,
due to its limited capacity to optimize electronic conductivity
and active site distribution.” To address this limitation, the
incorporation of phosphorus (P) or boron (B) atoms has been
proposed as an effective strategy to further modify N-doped
carbon materials. Phosphorus doping or functionalization can
create topological defects that exhibit higher electronic capa-
bilities than carbon. This significantly accelerates the storage
and transport kinetics of lithium ions (Li*).*® Boron doping, on
the other hand, can enhance the adsorption strength between
lithium and carbon atoms, which in turn leads to a substantial
increase in lithium-ion storage capacity.”” Additionally,
nitrogen and phosphorus with rich electrons and boron with
low electrons can provide more electroactive sites and improve
the electron transfer rate in the electrochemical process.*®
Furthermore, the larger atomic size of phosphorus and boron
than carbon can increase the interlayer spacing, thus enhancing
the electrochemical properties and stability of carbon mate-
rials.” Thus, doping with P and B heteroatoms can synergisti-
cally enhance the material's surface properties, electronic
structure, and catalytic activity, which makes them promising
candidates for boosting the performance of N-doped carbon
materials in LIBs and LICs."** Alomari et al.*® prepared a 3D
nitrogen and phosphorous co-doped reduced graphene aerogel
via a hydrothermal method, which delivered a specific capacity

© 2025 The Author(s). Published by the Royal Society of Chemistry
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of 120 mAh g " at 0.1 A g~ '. Yang et al.*® prepared a N/P dual-
doped carbon nanofiber film anode via an electrospinning
process, which exhibited a high capacity of 507.3 mA h g~ " at
0.1 A g~ Significant research efforts have been devoted to
single-element modified N-doped carbon materials, whereas
studies on dual-element enhanced N-doped carbon materials
for LICs applications remain relatively limited.**

In this study, we have successfully fabricated a binder-free,
P,B-enhanced N-doped carbon nanofiber electrode via the
electrospinning method for use as an anode in LICs. This
innovative approach offers several distinct advantages. Firstly,
the stable and binder-free carbon nanofiber network provides
abundant channels for ion/electron transmission, eliminating
the interference of insulating binders. Secondly, electro-
spinning ensures uniform doping of N, P, and B within the
carbon nanofibers, maximizing the synergistic effects of these
elements. Thirdly, the co-doping of P, and B creates numerous
electroactive sites compared with N-doped carbon nanofibers,
significantly enhancing the electrode's electrochemical perfor-
mance compared to materials doped with a single element or
a combination of two elements. The resulting electrode exhibits
a high specific capacity of 611.2 mA h g~* at 0.1 A g * and
maintains a high capacity retention rate of 94.8% after 500
cycles. This work not only provides a new pathway for
enhancing carbon-based materials for LICs but also holds great
promise for applications in related fields.

Experimental
Materials preparation

A sol precursor was prepared by adding 0.6 g of polyacrylonitrile
(PAN, M,, = 150000, Aldrich), 0.2 mL of tributyl borate (TB,
Aladdin), and 0.25 g of melamine polyphosphate (MP, Aladdin)
to 10 mL N,N-dimethylformamide (DMF, Aladdin) and
magnetic stirring for 12 h. Then the sol precursor were trans-
ferred to the injection pump for electrospinning. The electro-
spinning was developed at a fixed voltage of 16 kv, a pumping
rate of 1.8 mL h™ %, and a fixed distance of 15 cm between the
collection and the needle, and the fibers were collected by
a piece of aluminum foil. The collected composite fibers were
stripped from aluminum foil and transferred to a tube furnace,
and heated at 250 °C for 3 h with a heating rate of 2 °C min~* in
air for stabilization, and then heated at 800 °C for 3 h with
a heating rate of 2 °C min~" in Ar atmosphere. The as-prepared
material was named as CNF-N,P,B. For comparison, the mate-
rials with different types of the doping elements were named as
CNF-N (only adding PAN), CNF-N,P (only adding PAN and MP),
and CNF-N,B (only adding PAN and TB), respectively.

Materials Characterization

Scanning electron microscopy (SEM, Thermo Scientific Helios
5CX), transmission electron microscopy (TEM, JEOL JEM-F200),
Raman spectrometer (Horiba Scientific LabRAM HR Evolution),
and X-ray diffraction (XRD, Rigaku Ultima IV) were used to
characterize the structures of the samples. Nitrogen adsorption
isotherms were measured at 77 K by a 3H-2000PM2 analyzer to
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determine the specific surface area (SSA) of the samples. Before
measurements, the samples were degassed in vacuum at 200 °C
for 6 h. The SSA and pore sizes were computed by the Brunauer-
Emmett-Teller (BET) method and the adsorption branches of
the isotherms using the Barrett-Joyner-Halenda (BJH) model,
respectively. X-ray photoelectron spectroscopy (XPS, ESLALAB
250Xi, USA) was used to detect the bonding states and compo-
sition of the samples.

Electrochemical Measurements

The electrochemical properties of the samples were tested using
2025-type coin cells. The samples were cut into round slices
(14 mm in diameter), weighed accurately, (about 2-3 mg), and
directly used as binder-free anodes. In a glovebox full of Ar,
CNF-N, CNF-N,P, CNF-N,B, and CNF-N,P,B anodes were used
to assemble LICs, and celgard 2500 films, Li foils, and 1 mol L™*
LiPFs in dimethyl carbonate/diethyl carbonate/ethylene
carbonate (1:1:1 by volume) were used as membranes,
counter electrode, and electrolyte, respectively.

Results and discussion

The structural characteristics of the samples were examined
using SEM. Fig. 1a-d reveal that the samples exhibit smooth
surfaces with continuous fibrous morphologies, indicative of
a low presence of large pores. The average diameters of the
CNF-N, CNF-N,P, CNF-N,B, and CNF-N,P,B fibers were
measured to be 350 nm, 200 nm, 200 nm, and 150 nm,
respectively, which indicating that the more doping elements
there are, the smaller the diameter. This is because the carbon

b) CNF-N,P, (
N,P,B and EDS mappings of C, O, N, P, and B for CNF-N,P,B.

Fig.1 SEMimages of (a) CNF—-N, ( c) CNF-N,B, (d) CNF-
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skeleton is primarily derived from PAN, while TB and MB
contribute only a small amount of doping elements. Thus, the
proportion of PAN decreases with the addition of TB and/or MB,
leading to a reduction in the diameters of CNFs-N,P and CNFs-
N,B compared with CNFs-N, and the CNFs-N,P,B exhibits the
smallest diameter. Additionally, the EDS elemental mapping of
CNFs-N,P,B (Fig. 1e) shows uniform distributions of N, P, and B
throughout the sample.

The TEM characterization of CNF-N,P,B is shown in Fig. 2,
which reveals nanofibers with diameters ranging from 100 to
150 nm (Fig. 2a), demonstrating excellent consistency with the
dimensions observed in the previously obtained SEM results.
Meanwhile, TEM analysis reveals distinct mesoporous struc-
tures within the fiber matrix (Fig. 2a), a morphological feature
we attribute to the thermally induced decomposition and
volatilization of organic constituents (PAN, TB, and MP
precursors) during calcination. This controlled elimination of
volatile components creates interconnected pore networks
while maintaining structural integrity. High-resolution TEM
analysis (Fig. 2b) exhibits characteristic features of amorphous
carbon materials, with no discernible lattice fringes present in
the fibrous structures. This observation is further corroborated
by the selected-area electron diffraction pattern (Fig. 2c), which
displays diffuse diffraction rings devoid of sharp crystalline
reflections, conclusively confirming the amorphous carbon
configuration.

As shown in Fig. 3a, the X-ray diffraction (XRD) patterns
exhibit a single broad peak at around 24°, corresponding to the
(002) crystal planes in the amorphous carbon structure with
a low degree of graphitization. The (002) peaks of CNFs-N,
CNFs-N,P, CNFs-N,B, and CNFs-N,P,B are located at 24.72°,
24.04°, 24.16°, and 23.74°, respectively, indicating that the
addition of P and B enhances the disorder of the carbon
materials.'® This conclusion is further supported by Raman
spectroscopy results, as shown in Fig. 3b. The Ip/l ratio,
a crucial indicator for assessing the degree of disorder in carbon
materials, reflects the relative intensities of the D band (disor-
dered carbon) and G band (ordered carbon).>** The Ip/I; ratios
of CNFs-N, CNFs-N,P, CNFs-N,B, and CNFs-N,P,B are 1.01, 1.04,
1.02, and 1.08, respectively, indicating that P and B doping
result in the generation of more defects.”*

Fig. 2

(a) TEM image, (b) HRTEM analysis, (c) SAED of CNF-N,P,B.
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Fig. 3 (a) XRD patterns, (b) Raman spectra, (c) nitrogen adsorption—
desorption isotherms, and (d) pore size distributions of different CNF
samples.

Anode materials for LICs necessitate a large SSA to provide
ample active sites for enhanced electrochemical performance.
To this end, nitrogen adsorption/desorption isotherms were
meticulously measured to scrutinize the SSA of the fabricated
samples. As depicted in Fig. 2c, all samples exhibited a combi-
nation of type-I and type-IV isotherms, indicative of the pres-
ence of both micropores and mesopores.>® The SSAs of CNF-N,
CNF-N,P, CNF-N,B, and CNF-N,P,B were determined to be
20.49, 97.84, 116.88, and 252.00 m”> g ', respectively. Addi-
tionally, the average pore diameters of these samples were
measured to be 12.22, 6.67, 5.87, and 3.12 nm, respectively. As
shown by the SEM images in Fig. 1, the more types of dopants
introduced, the smaller the fiber diameter, which in turn boosts
SSA. Simultaneously, the SSA significantly increased and the
pore sizes notably decreased following doping, suggesting that
the introduction of P and B dopants facilitated the formation of
more mesoporous and microporous structures. This enhanced
SSA is anticipated to bolster the electrochemical properties of
the doped materials.>®

The N content of the samples were analyzed using XPS, with
the results presented in Fig. 4. The XPS survey spectra of the
samples reveal several peaks at 133.0, 191.0, and 400.0 eV,
corresponding to P, B, and N, respectively. The N 1s spectra of
the samples exhibit peaks at 398.3, 400.0, 401.2, and 405.0 €V,
which are attributed to pyridinic nitrogen (N1), pyrrolic
nitrogen (N2), graphitic-N (N3), and N-O bond (N4), respec-
tively." Pyridinic-N, pyrrolic-N, and N-O bond facilitate pseu-
docapacitive charge storage through redox-active sites, whereas
graphitic-N improves electronic conductivity via electron
donation to the carbon matrix.””*® It is evident that the incor-
poration of P and B leads to an increase in the content of pyr-
idinic nitrogen, while the addition of B results in a higher
content of pyrrolic nitrogen. Besides, there is a positive corre-
lation between heteroatom co-doping concentration and N-O
bond content, suggesting synergistic chemical interactions
during the pyrolysis process. The nitrogen contents in the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 XPS spectra of N 1s for (a) CNF-N, (b) CNF-N,P, (c) CNF-N,B,
(d) CNF-N,P,B.

heteroatom-doped carbon nanofibers were quantified as
follows: CNF-N (7.00%), CNF-N,P (10.71%), CNF-N,B (10.48%),
and CNF-N,P,B (12.69%), demonstrating a positive correlation
between heteroatom co-doping (P/B) and enhanced nitrogen
retention efficiency during pyrolysis.

The P and B contents of the samples were investigated using
XPS, with the results depicted in Fig. 5. The P 2p spectra of the
P-doped samples (Fig. 5a and c) display peaks at 132.0, 133.3,
and 134.0 eV, which can be attributed to P-C (P1), O-P (P2), and
O=P (P3), respectively.” The B 1s spectra of the B-doped
samples (Fig. 4b and d) show peaks at 186.7, 189.0, 192.0, and
193.8 eV, corresponding to B,C (B1), B;C (B2), BC,O (B3), and
BCO,, (B4), respectively.*® The presence of P-C and B-C bonds
indicates the successful doping of P and B atoms into the
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Fig.5 XPS spectra of P 2p for (a) CNF-N,P, (c) CNF-N,P,B and B 1s for
(b) CNF-N,B, (d) CNF-N,P,B.
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carbon skeleton. The formation of P-C and B-C bonds in the
CNFs may originate from either (i) substitutional doping via P
and B atoms incorporation into the carbon lattice, facilitated by
the atomic radius mismatch between P or B and C, or (ii)
covalent edge functionalization through anchoring of P/B-
containing moieties at defect sites,” as evidenced by the
increased Ip/I; ratio in Raman spectroscopy (from 1.01 to 1.08).
It is observed that after both B and P doping, the areas of the
P=0, BC,0, and BCO, peaks increase significantly compared
with those of single-doping samples, indicating that oxygen
atoms are more involved in the bonding process for CNF-N,P,B,
which may influence the electrochemical properties.** More-
over, the P contents in CNF-N,P and CNF-N,P,B were measured
to be 0.62% and 0.82%, respectively. The B contents in CNF-N,B
and CNF-N,P,B were measured to be 3.32% and 3.95%,
respectively. The increased P and B contents in CNF-N,P,B
could enhance the active sites and defects to boost their
capacities, as well as enlarge the interlayer distances for fast Li"
diffusion to improve their rate properties.*

The as-prepared CNFs were employed as binder-free elec-
trodes in half cells to assess their Li" storage performance, with
the results illustrated in Fig. 6. The charge-discharge curves of
the third cycles for the different samples at a current density of
100 mA g~ within a voltage range of 0.1-3.0 V vs. Li‘/Li are
depicted in Fig. 5a, exhibiting slant discharge and charge
plateaus around 0.5 V and 1.2 V, respectively.'® The reversible
capacities of CNF-N, CNF-N,P, CNF-N,B, and CNF-N,P,B were
determined to be 370.5, 534.2, 548.2, and 595.2 mA h g !,
respectively. It is evident that the capacities of CNF-N,P and
CNF-N,P,B exceed that of CNF-N, with CNF-N,P,B demon-
strating the highest capacity. This indicates that co-doping
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Fig. 6 (a) charge—discharge curves of the third cycles, (b) rate

performance (the unit of current densities is A g73), (c) EIS curves of
different samples, (d) EIS comparison before and after test for CNF-N
and CNF-N,P,B (the lines are the fitted results according to the data
points), the equivalent circuits of (e) before test, (f) after test.
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Table 1 The comparison of our work and other carbon materials with heteroatom doping

Materials Doping elements Specific capacities Reference
Carbon nanofibers N,P,B 611.2mAhg 'at0.1Ag " This work
GPNx@CNTs nanofibers N About300mAhg 'at0.1Ag " 12

CNT sponges N 290mAhgat0.1A g’1 36
Graphite F 3949mAhg 'at0.07Ag " 37
Graphene sheets B About 450 mAhg tat0.5A¢g™" 38
Reduced graphene aerogel N,P 120mAhg'at01Ag"! 20
Hollow carbon fibers N,P 310mAhg 'at0.1Ag " 39
Carbon nanofibers N,P 5073 mAhg 'at01Ag " 19
Carbon nanofibers N 479.44mAhgtat0.1Ag™" 40
Carbon nanofibers Sb,Se;@N-CQDs 571.4mAhg tat01Ag " 41
Carbon fibers N 387.5mAhg tat0.1Ag" 42

with N, P, and B can enhance the electrochemical performance
of CNF samples.*® This finding is further corroborated by the
rate properties of the different samples presented in Fig. 5b.
CNF-N,P,B exhibited the highest specific capacities of 611.2,
534.1, 464.3, 414.1, and 356.3 mA h g~ ' at current densities of
0.1, 0.2, 0.5, 1.0, and 2.0 A g, respectively, and returned to
604.3 mA h g~' when the current density was reverted to
0.1 A g *. This underscores the excellent rate performance and
reversibility of CNF-N,P,B. The electrochemical properties of
CNF-N,P,B were then benchmarked against those of published
doped carbon anodes, as shown in Table 1, which indicates that
CNF-N,P,B exhibits superior electrochemical properties.

The EIS curves of different samples are shown in Fig. 6c,
where the R, of CNF-N, CNF-N,P CNF-N,B, and CNF-N,P,B
were fitted to be 47.03, 40.45, 33.09, and 20.74 Q, respectively,
according to the equivalent circuit in Fig. 5e. The CNF-N,P,B
exhibited the lowest R, compared with the other samples,
which could be one of the reasons of its highest electrochemical
properties. Furthermore, the EIS comparison of before and after
100 cycles (charged state) for CNF-N and CNF-N,P,B were
measured, and the results are shown in Fig. 6d. It is observed
that after 100 cycles, the sample showed two semi-circles, cor-
responding to the Rsg; and R, respectively.’> Based on the
equivalent circuit in Fig. 5f, the R. values before and after tests
were 47.03 and 48.41 Q for CNF-N, and the values for CNF-
N,P,B were 20.74 and 22.35 Q, which indicates that the R
decreases after the cycle test, leading to excellent cycle
stability.** In addition, the Rsg; of CNF-N and CNF-N,P,B were
fitted to be 20.74 and 17.54 Q, respectively, illustrating that
CNF-N,P,B was less affected by the SEI film, resulting in better
charge-discharge performance. However, the slope of the
inclined lines decreases after test compared with the samples
before test, resulting from the affect of SEI film during the
discharge-charge test.

Based on the preceding evaluations, the CNF-N,P,B sample
exhibited superior electrochemical performance compared to
other samples. Consequently, the CV curves and cycling
stability of CNF-N,P,B were further investigated. Fig. 7a illus-
trates the CV curves of CNF-N,P,B at a scan rate of 0.5 mV s~ *. It
is observed that the curves of the second and third cycles differ
from that of the first cycle. The initial peak around 0.5 V, which
is attributed to the formation of the SEI film, only appears in the
first cycle and disappears in subsequent cycles. Each cycle

19526 | RSC Adv, 2025, 15, 19522-19529

features a discharge peak around 0.1 V and a charge peak
around 0.2 V, corresponding to the insertion and extraction of
Li’, respectively. Another peak around 1.2 V is ascribed to the
desorption of Li* from defects induced by N, P, and B doping,
which significantly enhances the reversible capacity.*>** Addi-
tionally, the rate performance of CNF-N,P,B was assessed, with
the results presented in Fig. 7b. The specific capacities were
measured to be 615.3, 548.5, 445, 388, 348, 292.5, 254.3, 179.5,
and 604.8 mA h ¢! at current densities of 0.1, 0.2, 0.5, 1, 2, 5,
10, 20, and back to 0.1 A g™ ", respectively. These results indicate
that the successful N,P,B-triple doping endows the sample with
excellent rate performance. The cycling stability of CNF-N,P,B
was evaluated at a current density of 1 A g™, with the results
shown in Fig. 7c. After 500 cycles, the capacity retention rate was
94.8%, demonstrating outstanding cycling stability.

In summary, the CNF-N,P,B sample, which is enhanced by P
and B doping in addition to N doping, demonstrated superior
electrochemical performance compared to materials doped
with a single element or dual elements. This enhanced perfor-
mance can be attributed to three primary factors. First, P/B co-
doping introduces additional defects into the N-doped CNF,
which facilitate the absorption and desorption of Li* ions,
thereby enhancing specific capacities.*** XPS analysis confirms
that multi-element co-doping (N/P/B) synergistically enhances
active-site density through increased pyridinic-N, pyrrolic-N,
and oxygen-based groups, while higher dopant diversity
amplifies total heteroatom content by 10.46%, collectively
boosting capacity by 60.6% versus single-doped systems. This
multi-element amplification effect demonstrates that diversi-
fied doping optimizes both ionic and electronic interactions,
surpassing conventional binary doping limitations. Second, N/
P/B co-doping synergistically enhances the material's elec-
tronic structure through complementary electron donor (P)-
acceptor (B) interactions,’ which optimize charge transfer
kinetics.**®* The left-shifted (002) carbon peak from XRD
patterns, the higher I/l value from Raman spectra, the
enhanced SSA from BET curves, and the average pore diameters
from pore size distribution collectively illustrate that P/B co-
doping improves the N-doped CNF's defect structure. Third,
EIS results indicate that R, of CNF-N,P,B is significantly
reduced compared to other samples, suggesting that the defects
and lattice enlargement resulting from P/B co-doping enhance
electronic and ionic conductivity, leading to lower polarization

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.7 (a) CV curves, (b) rate performance (the unit of current densities
is A g1, and (c) cycle performance of CNF-N,P,B.

and higher capacity.*** Collectively, these factors contribute to
the improved electrochemical properties of CNF-N,P,B for LIC
applications.

Conclusions

This study developed P and B enhanced N-doped carbon
nanofibers through electrospinning as binder-free anodes for
lithium-ion storage application. Compared to single-element-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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doped analogs (CNF-N, CNF-N,P, CNF-N,B), the CNF-N,P,B
exhibited enriched structural defects and electrochemically
active sites, resulting in an elevated specific surface area (252.00
m” ¢') and optimized charge transfer kinetics. These syner-
gistic effects from multi-heteroatom co-doping endowed the
CNF-N,P,B with exceptional lithium storage performance:
a high reversible capacity of 611.2 mA h g ' at 0.1 A g/,
remarkable rate capability (179.5 mA h ¢~ " at 20 A g '), and
robust cyclability (94.8% capacity retention after 500 cycles).
The work demonstrates an innovative and scalable approach to
designing high-performance carbonaceous anodes via strategic
multi-element doping and binder-free architecture engineering.
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