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a b s t r a c t

Flexible energy storage devices have been paid much attention and adapts to apply in various fields.

Benefiting from the active sites of boron (B) and phosphorus (P) doping materials, co-doped carbon ma-

terials are widely used in energy storage devices for the enhanced electrochemical performance. Herein,

B and P co-doped flexible carbon nanofibers with nitrogen-rich (B-P/NC) are investigated with electro-

spinning for sodium-ion battery. The flexible of binderless B-P/NC with annealing of 600 °C (B-P/NC-600)

exhibits the remarkable performance for the robust capacity of 200 mAh/g at 0.1 A/g after 500 cycles

and a durable reversible capacity of 160 mAh/g even at 1 A/g after 12,000 cycles, exhibiting the equally

commendable stability of flexible B-P/NC-600. In addition, B-P/NC-600 delivers the reversible capacity of

265 mAh/g with the test temperature of 60 °C. More importantly, the flexible B-P/NC-600 is fabricated as

anode for the whole battery, delivering the capacity of 90 mAh/g at 1 A/g after 200 cycles. Meanwhile,

theoretical calculation further verified that boron and phosphorus co-doping can improve the adsorption

capacity of nitrogen carbon materials. The favorable performance of flexible B-P/NC-600 can be ascribed

to the nitrogen-rich carbon nanofibers with three-dimensional network matrix for the more active site of

boron and phosphorus co-doping. Our work paves the way for the improvement of flexible anodes and

wide-operating temperature of sodium-ion batteries by doping approach of much heteroatom.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

In recent years, lithium-ion batteries (LIBs) have been exten-

sively studied and widespread used in everyday electronic devices

due to its high specific capacity and stable cycle performance

[1–3]. However, the limited reserves and increasing cost of lithium

resources significantly hinders its development. As the same

main group element, sodium-ion shows the similar physical and

chemical properties [4–6]. Compared to lithium ions, the Stokes

radius of sodium ions is smaller in organic solvent, suggesting

that sodium ions have higher electrical conductivity [7]. Besides,

the sodium also exhibits the advantage of low price and abundant

reserves [8]. Based on the above reasons, sodium-ion batteries

(SIBs) are considered as the potential secondary batteries in the

sustainable development and costly effective.

As an important pole of sodium-ion battery, the selection of

electrode material plays a vital role on the performance for SIBs
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[9]. Among the SIB’s anode materials, carbon-based materials are

superior than metals, transition metal compound, because of inex-

pensive, structurally stable and electrically conductive of carbon-

based materials [10–12]. However, their capacity is insufficient, and

to improve its sodium storage capacity, researchers have many

outstanding optimization strategies, such as heteroatom doping,

nanostructure and composite with other materials [13–16]. Up to

now, heteroatom doping exhibits the excellent performance due to

the simple and easy operation and the preferable properties. Typ-

ically, nitrogen (N), boron (B) and phosphorus (P) are commonly

used for heteroatom doping in carbon-based materials. These

doped heteroatoms can enter the carbon skeleton to affect the

original carbon structure, thus impacting the physical and chemical

properties of carbon-based materials. Compared to the single atom

doping, multi-atom co-doping also utilized for the preparation of

advanced electrode materials. For example, Yang and Shao reported

that boron and nitrogen co-doped carbon nanospheres embodied

better electrochemical performance for supercapacitors [17]. Mean-

while, there related theoretical calculations revealed that the for-
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Fig. 1. The synthetic schematic diagram of flexible B-P/NC.

mation energy and the ionization energy of boron and phosphorus

atom co-doping are much lower than that of single atom doping

[18]. Furthermore, the introduction of heteroatoms can generate

more active defect sites and increase the layer spacing, ultimately

prompting the transfer of sodium ions and improving the cycle ca-

pability and rate performance [19].

In addition, as the requirement of wearable intelligent de-

vices increased, the flexible energy storage materials have been

gained the increasingly interests [20]. Multi-dimensional carbon

nanofibers are considered as the preeminent substrates [21–23].

Benefiting the richer conductive network of multi-dimensional

nanostructure, nanozation can reduce the transport distance of

the charge, resulting in the outstanding electrochemical perfor-

mance of electrode material. Typically, the most common, sim-

ple and convenient method of preparing multi-dimensional carbon

nanofibers is electrospinning [24]. Moreover, the annealing tem-

perature for electrode materials could impact on sodium storage

capacity, rate performance and cycle stability [25,26]. Meanwhile,

the wide-operating temperature of sodium-ion battery, which is

important for the accommodate with the harsh environment in

different temperature conditions should be thoroughly investigated

[27].

In this work, the flexible and binderless B and P co-doped N-

rich carbon nanofiber (B-P/NC) has been successfully fabricated

with electrospinning and annealing. The sodium storage proper-

ties of flexible B-P/NC composite are explored with the temper-

ature of 500 °C (B-P/NC-500), 600 °C (B-P/NC-600) and 700 °C
(B-P/NC-700). And the flexible B-P/NC-600 exhibits remarkable ca-

pacity, better rate capability and durability cycle performance in

sodium-ion battery. In addition, the electrochemical pseudocapaci-

tance of B-P/NC is investigated and B-P/NC-600 exhibits more sig-

nificant pseudocapacitance compared to B-P/NC-500 and B-P/NC-

700. Meanwhile, B-P/NC-600 delivers the extraordinary properties

of sodium storage with the wide-operating temperature and the

prominent performance for the whole battery.

The synthetic process of flexible B-P/NC is displayed in Fig. 1.

The precursor suspension of electrospinning is composed of poly-

acrylonitrile (PAN), N,N-dimethylformamide (DMF), H3PO3 and Red

P with magnetic stirring. B and P atoms are co-introduced into the

nitrogen-rich carbon nanofibers by the subsequent electrospinning

and annealing process (including the pre-annealing in air and high

temperature carbonization in Ar), successfully preparing the flexi-

ble B-P/NC materials. Correspondingly, XRD, Raman, SEM and TEM

measurements are carried out to further study the structural infor-

mation of the boron and phosphorus co-doped carbon nanofibers

with nitrogen-rich (B-P/NC).

The XRD patterns in Fig. 2a exhibit a broad peak located at

about 25° without other diffraction peaks, corresponded to the

(002) planes of graphite carbon, which illustrates that the B-P/NC

material still are graphite structure after B-P co-doping. In addi-

tion, it can be found that the intensity of diffraction peak has

slightly enhanced associates with the annealing temperature, sug-

gesting that high temperature is beneficial to form the ordered

graphitized layer to enhancing the conductivity of materials [28].

To identify the formation of ordered graphitized carbon nanofiber,

Raman spectrum was conducted. From the Raman spectra of Fig.

2b, it can be observed two typical Raman peaks locating at about

1360 and 1580 cm−1, corresponding to D band and G band of car-

bon, respectively. Moreover, the intensity varies with respect to the

annealing temperature of B-P/NC, and the intensity ratio of D and

G bands of B-P/NC-700, B-P/NC-600 and B-P/NC-500 is 1.004, 1.170

and 1.270, respectively. The enhancement of ID/IG ratio manifests

that carbon nanofibers are converted to the richest defect with de-

creasing annealing temperature, ultimately providing more active

sites to store sodium ions [28,29]. Subsequently, the surface struc-

ture of the samples can be viewed in the SEM image of B-P/NC in

Figs. 2c and d and Fig. S1 (Supporting information). Compared with

the smooth distribution of B-P/NC-700, B-P/NC-600 and B-P/NC-

500 display rougher surface to increase its surface area. Taking into

account the conductivity and surface structure of the material, the

co-doping carbon nanofibers annealing at 600 °C, which has bet-

ter electrical conductivity, richest active defect sites and rougher

surface, may be preferable performance for SIBs. As shown in Figs.

2e and f with the TEM image, there is no lattice fringes, indicat-

ing an amorphous graphite carbon for B-P/NC-600. The element

distribution of B-P/NC-600 in Figs. 2g–k illustrates the uniformly

nitrogen, boron and phosphorus elements distribution of carbon

nanofibers, further identifying that the heteroatoms have been suc-

cessfully incorporated into the B-P/NC-600.

The X-ray photoelectron spectroscopy (XPS) are characterized to

analyze the specific electronic states of B-P/NC-600, and the low-

resolution and overall view of XPS spectra are clearly observed

with N, C and O, but B or P are barely observable in Fig. S2 (Sup-

porting information). Whereas, the high-resolution XPS spectrum

for C 1s, N 1s, B 1s and P 2p of B-P/NC-600 are shown in Fig. 3

and the corresponding content is 67.96%, 27.18%, 1.53% and 0.35%,

respectively, suggesting the existing of B and P elements in the

carbon nanofibers with rich nitrogen. The C 1s in Fig. 3a can be

fitted with C–C/C=C peak (284.79 eV), C–C peak (284.58 eV), C–N

peak (286.09 eV) and C–O peak (287.16 eV) [30–32], and the de-

composed of N 1s spectrum in Fig. 3b is observed four components

with pyridinic-N (398.26 and 398.32 eV), pyrrolic-N (400.05 eV)

and graphitic N (401.4 eV) [33–36]. The B 1s spectrum in Fig.

3c could be fitted with two peaks at 190.37 and 192.01 eV, which

ascribed to B-B and B-O [37,38], respectively. And the P 2p peak in

Fig. 3d is divided into 133.8 and 132.33 eV, which corresponding to

P-O and P-C [39,40].

In order to exploring the flexibility of B-P/NC-600, the

schematic diagram of flexible anode by winding several rolls on

the tweezers and then unrolling are shown in Fig. 4a, suggesting

the favorable flexibility of B-P/NC-600 and the suitable candidate

for flexibility anode. To detect the sodium storage property of the

flexible B-P/NC-600, the CV curves in Fig. 4b are carried out to

obtain the mechanism of storing sodium ions for the flexible B-

P/NC-600 at 0.1mV/s. The large peak at 0.5V can be observed in

the first cycle due to the reversible electrochemical adsorption and

the irreversible formation of solid electrolyte interfaces (SEI) [41].

And another significant peak is found at 1.1V possibly because of

the reaction of Na+ with functional group(s) at the surface of B-

P/NC-600 [42]. Additionally, there is a weak cathode peak at 0.2V,

which is caused by the insertion of sodium ion [41]. In subsequent

cycles, there is no significant REDOX peak, indicating that the B-

P/NC-600 may be dominated by the pseudo-capacitor sodium stor-

age mechanism, and the corresponding the galvanostatic charge-

discharge curves are displayed in Fig. 4c. From the cycle perfor-

mance at 0.1 A/g in Fig. 4d, the flexible B-P/NC-600 exhibits better

stability with the capacity of 200 mAh/g for 500 cycles, while the

flexible B-P/NC-700 and B-P/NC-500 only maintain the capacity of
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Fig. 2. (a) XRD patterns and (b) Raman spectra of B-P/NC. (c, d) SEM images and (e, f) TEM images of B-P/NC-600. (g–k) EDS element distribution mapping of individual

nanofiber for B-P/NC-600.

Fig. 3. The high-resolution XPS spectra of (a) C 1s spectrum; (b) N 1s spectrum; (c)

B 1s spectrum and (d) P 2p spectrum.

140 and 120 mAh/g. This demonstrates the preferable sodium stor-

age property of B-P/NC-600. Moreover, the rate capabilities of B-

P/NC at various current densities are shown in Fig. 4e, the B-P/NC-

600 exhibits the significantly higher capacities of 202, 178, 156,

136, 123, 103, and 78 mAh/g than that of B-P/NC-700 and B-P/NC-

500 at the current density of 0.05, 0.1, 0.2, 0.5, 1, 2 and 4 A/g, re-

spectively. Furthermore, the discharge capacity of B-P/NC-600 can

be recovered to 183 mAh/g after the test current density again re-

turned to 0.1 A/g, illustrating its general robust reversibility. The

sodium storage capacity of flexible B-P/NC-600 with the stable ca-

pacity of 80, 125, 210 and 265 mAh/g as the test temperature at

0, 20, 40 and 60 °C are displayed in Fig. 4f. It is easy to find that

the flexible electrode structure can be adapted to the temperature

change without any affect on its sodium storage performance. In

addition, the ultra-long cycle measurements at 1 A/g are applied

for B-P/NC-600 to assess the cyclic durability are shown in Fig. 4g,

and the initial discharge capacity is 335 mAh/g, and the discharge

capacity stabilized at 160 mAh/g and coulomb efficiency maintain

at 100% after 12,000 cycles at 1 A/g. Consequently, it can be men-

tioned that the B-P/NC-600 not only shows the excellent sodium

storage performance in the flexible binderless electrode, but also

exhibits the durable and robust of the cycle stability and width

temperature work for sodium-ion battery.

To further study the electrochemical kinetics of sodium storage

for B-P/NC-600, the CV curves are performed from 0.001V to 2.5V

with a series of scanning rates from 0.2mV/s to 2mV/s (Fig. 5a),

and the tendency of CV curves with the increase of scanning rate

keeps almost unchanged, revealing the relatively low polarization

for B-P/NC-600. Generally, the contribution of capacitive-controlled

and diffusion-controlled could be divided into two parts of k1v

and k2v
1/2 basing on the model of i(v)= k1v+ k2v

1/2 (i is the

current response, v is scanning rate, k1 and k2 is parameters) [22],

and the contribution percentages ratio for capacitive-controlled

approximately is to 73.7% at the scan rate of 0.6mV/s by the

calculation and analysis (Fig. 5b). Similarly, Fig. 5c displays the

contribution percentages ratio with capacitive-controlled have

been calculated to 64.8%, 69.6%, 74.8%, 76.5% and 84.7% with same

analysis method, corresponding to other scanning rates at 0.2, 0.4,

0.8, 1.0 and 2.0mV/s, respectively. In addition, the current response

i and scanning rate v of CV can be described according to the

mathematical model with i= avb (0.5≤ b≤1) and a, b of the model

are the changeable parameters, which could be transformed into

log(i)= log(a)+ blog(v) with reasonable conversion. In addition, the

b value close to 0.5 stands for a diffusion-controlled process and

b value approach to 1 represents a capacitive-controlled behavior

[43]. As displayed in Fig. 5d, the b value of the REDOX location

is figured via the linear fitting to be 0.99, meaning that the main

way of sodium-ion storage of the B-P/NC-600 comes from the
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Fig. 4. (a) The schematic diagram of flexible B-P/NC-600 with different bending degree. (b) The CV curves at 0.1mV/s and (c) galvanostatic charge/discharge curves at 0.1

A/g for B-P/NC-600. (d) Cycle performance at 0.1 A/g and (e) rate capabilities for B-P/NC anode. (f) Energy storage performance at different temperatures and (g) ultra-long

cycle stability for B-P/NC-600 at 1 A/g.

Fig. 5. (a) The CV curves with the 0.2–2.0mV/s. (b) The CV outline of capacitive contribution at the scan rate of 0.6mV/s. (c) The capacitive contribution percentage at

different scan rates and (d) the plots of log(i) vs. log(υ) of for B-P/NC-600.

capacitive-controlled electrochemical characteristics. These results

further indicate the less obvious REDOX peak in the CV curve for

scanning rates of 0.1mV/s.

Meanwhile, the CV curves at different scan rates from 0.2mV/s

to 2.0mV/s for B-P/NC-500 and B-P/NC-700 are also character-

ized (Fig. S4 in Supporting information). To comparative investi-

gate the capacitive-controlled sodium storage of B-P/NC anode, the

electrochemical kinetics of sodium storage are shown in Table S1

(Supporting information). It can be known that the contribution

percentages ratio with capacitive-controlled for B-P/NC-700 have

been analyzed to 49.0%, 52.1%, 55.1%, 57.9%, 58.8% at the scan-

ning rates at 0.2, 0.4, 0.6, 0.8, 1.0 and 2.0mV/s and 74.8%, respec-

tively, while it is 10.2%, 12.7%, 14.1%, 16.1%, 17.4% and 26.3% for

B-P/NC-500. What is more, the b values for B-P/NC-500 and the
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Fig. 6. (a) The cycle performance of B-P/NC-600 in whole cells at 0.1 A/g. (b) The

schematic diagram of operating mechanism with the whole battery. (c, d) SEM im-

ages of B-P/NC-600 in whole cells after cycle. (e) Model of the pristine nitrogen-

doped carbon materials adsorbing sodium. (f) Model of sodium adsorption on boron

and phosphorus co-doped nitrogen-rich carbon materials.

B-P/NC-700 are 0.84 and 0.93 by the linear fitting, respectively,

suggesting co-contribution of the both capacitive-controlled and

battery-controlled behaviors of B-P/NC-500 and B-P/NC-700. Thus,

the main contribution of capacitance characteristics in B-P/NC-600

might be response for more remarkable sodium storage perfor-

mance and the excellent stability for ultra-long cycle performance

at the large current. Overall, the robust and durable performance

of binderless sodium-ion batteries could be better electrical con-

ductivity and more active site of nitrogen-rich carbon nanofibers

with co-doped B and P to form the flexibility of richer conductive

network.

In order to further investigate the sodium storage properties of

flexibility B-P/NC-600, the property of the whole battery composed

of Na3V2(PO4)2F3 cathode is investigated at the voltage window of

0.001V to 4.2V. The cycle performance of B-P/NC-600 in Fig. 6a il-

lustrates that the capacity is reserved 90 mAh/g after 200 cycles

in the whole battery at 1 A/g. To further explore the morphol-

ogy and structure variation, the B-P/NC-600 of whole battery af-

ter circulation is disassembled and cleaned for the observation of

SEM in Figs. 6c and d. The full view of B-P/NC-600 in Fig. 6c re-

veals the unabridged of three-dimensional network structure af-

ter the charge and discharge process. The high-resolution SEM in

Fig. 6d is seen the unchangeable surface and diameter of the flex-

ibility B-P/NC-600 except for some residual electrolytes, suggest-

ing the stable structure and good storage capacity of sodium ions

for B-P/NC-600 during cycling of whole battery. And the operat-

ing mechanism schematic diagram of the whole battery is dis-

played in Fig. 6b based on the above SEM results and test perfor-

mance. The binderless B-P/NC-600 can bond directly with sodium

ions, which provided by Na3V2(PO4)2F3 during the repeated charge

and discharge process. Furthermore, the detailed interactions and

binding strength between sodium ions with the surfaces of pris-

tine nitrogen-doped carbon materials (NC) and boron-phosphorus

co-doped nitrogen-rich carbon materials (B-P/NC) are investigated

and calculated with Materials Studio. Figs. 6e and f display the

model of sodium ion sites adsorbed with NC and B-P/NC, and the

obtained Es is calculated −0.11 eV and −0.26 eV with the formula

of Es = EG+Na – EG – ENa, corresponding to the adsorption energy

of sodium ion for the NC and B-P/NC, respectively. By compar-

ing the adsorption energies of the two models, it can be con-

cluded that the method of changing the electronic properties of

nitrogen-rich carbon materials by doping with boron and phos-

phorus atoms can improve the adsorption strength of nitrogen-rich

carbon nanofibers for sodium ion. All these demonstrated that the

simultaneous introduction of boron and phosphorus atoms can en-

hance the sodium-ion storage performance of nitrogen-rich carbon

nanofibers.

In summary, the flexible anodes of boron/phosphorus co-doped

nitrogen-rich carbon nanofiber without binder are prepared by

electrospinning and annealing. The as-synthesized flexible and

binderless B-P/NC-600 displayed robust and durable cycle perfor-

mance of sodium ion storage with reversible capacity for 200

mAh/g at 0.1 A/g after 500 cycles and 160 mAh/g at 1 A/g after

12,000 cycles. Furthermore, the flexible B-P/NC-600 exhibits the

outstanding rate performance with sufficient pseudo-capacitance

characteristics. More importantly, the flexible B-P/NC-600 delivers

the favorable sodium storage performance in wide area tempera-

ture and the outstanding whole sodium-ion battery performance

with Na3V2(PO4)2F3 cathode. The theoretical calculation also re-

veals the boron and phosphorus co-doping can enhance the ability

to adsorb sodium ions for nitrogen carbon materials. At all, this

work provides the novel approach of the double element doping

and flexible anode with carbon material for the prominent perfor-

mance of sodium-ion battery.
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