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a b s t r a c t

The intrinsic insulation and drastic volume change of the red phosphorus during the 3-electron alloying

process greatly limits its widespread applications in sodium-ion batteries. Here, we report a monomicelle-

directed assembly approach for controllable synthesis of monodispersed mesoporous polypyrrole (PPy)

nanospheres, which allows for the shape-preserving conversion into N-doped carbon with regular meso-

scopic pore and high surface area, thus affording a high dispersion of red phosphorus during melt im-

pregnation process due to the available diffusion apertures and strong molecular chemical anchoring.

Moreover, the theoretical calculations further revealed that positively polarized pyridine N atoms in N-

doped mesoporous carbon nanospheres can empower comprehensive regulation of red phosphorus ad-

sorption by strong chemical binding. Benefitting from the above advantages, the resultant red phosphorus

host for sodium-ion batteries delivered an outstanding reversible capacity of 856 mAh/g with a capacity

fading rate of only 0.025% per cycle during 1000 cycles at 1.0 A/g. This work provides an effective ap-

proach based on monomicelle-directed assembly engineering of carbon-based phosphorus hosts for ad-

vanced energy conversion and storage systems.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Sodium-ion batteries (SIBs) have garnered significant attention

in recent years owing to the abundant sodium resource and

comparable electrochemical performance to that of lithium-ion

batteries [1–3]. Nevertheless, there are still some critical issues

that need to be addressed before the commercialization of SIBs

[4–8]. Especially, the development of viable anode materials re-

mains the main scientific obstacle due to their low sodium storage

capacity and rapid decay for a competitive SIB technology [9–11].

Many proposals have been made to develop anode materials (e.g.,

hard carbon, metal alloys and phosphides) for high-performance

SIBs [12–14]. Recently, red-phosphorus (RP) delivers a remark-

able theoretical specific capacity of 2596 mAh/g, low cost and

a safe working potential of 0.45V versus Na/Na+, thus garnering

significant attention as a potential anode material [15,16]. Nev-

ertheless, the stress deformation and interface passivation during

sodiation/desodiation of RP-based anodes would lead to electrical
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isolation and pulverization of active materials as well as drastic

capacity fading, which impedes its rapid development [17–19].

To tackle these barriers, the strategies of decreasing the particle

size and designing conductive configurations for RP are proposed

to accommodate the significant volume-expansion-induced stress

as well as boost the ionic/electrical conductivity. An efficient ap-

proach is to integrate RP with carbon-based conductive matrixes

through vaporization-condensation or solution impregnation meth-

ods [20,21]. It is noted that the carbon materials could coopera-

tively enhance the electronic conductivity and accommodate the

volume expansion during cycling [22,23]. However, the efficient

dispersion of red phosphorus in high-conductive material through

vaporization condensation is still limited [24]. Therefore, there is

an urgent requirement to engineer advanced carbon hosts with

desired architectures that can not only guarantee a high loading

amount of RP but also simultaneously encapsulate RP within them

to effectively accommodate the volumetric changes of RP during

cycling [25].

In this work, we first developed a monomicelle-directed as-

sembly strategy to fabricate polypyrrole-derived N-doped meso-
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Fig. 1. Schematic illustration of monodisperse hierarchical porous PPy nanospheres.

porous carbon nanospheres (N-MCNs) with precisely controllable

pore sizes and nanoarchitectures. Monomicelle formed by the self-

assembly of polystyrene-block-poly(ethylene oxide) (PS-b-PEO) was

used as an assembly unit, which could subsequently attract pyrrole

(Py) precursor through hydrogen bond and then co-assemble into

a secondary assembly. Driven by the polymerization process and

aggregation effect of the secondary assemblies, the co-assemblies

formed a uniform spherical micellar composite structure (PPy@PS-

b-PEO). The derived N-MCNs have a porous micro/nanostructure

with a high specific surface area (315 m2/g) and pore volume

(0.63 cm3/g) obtained after extraction and carbonization. The re-

sulting N-MCNs@RP composite owning plenty of space for load-

ing RP can offer the strong adsorption for RP and form a P-C

bond, which enhances the dispersion and electronic properties of

RP. The results of theoretical simulations indicated that pyridine N

atoms in the carbon framework can contribute to the comprehen-

sive regulation of red phosphorus adsorption, enhancing electri-

cal conductivity. Complementary characterizations clearly verified

the high reversibility of sodiation/desodiation and robust interfa-

cial/structural integrity of the N-MCNs@RP composite during cy-

cling, which together delivered a discharge capacity of 856 mAh/g

at a current density of 1.0 A/g with long cycle stability (capacity

retention over 75%) after 1000 cycles.

The PPy nanospheres with different pore sizes can be con-

trol synthesized by a universal monomicelle-directed assembly ap-

proach taking PS-b-PEO as a template (Fig. 1) [26–29]. The adap-

tive block copolymer (BCP) synthesized were measured by nu-

clear magnetic resonance (NMR), which was labeled as PS66-b-

PEO45 (Fig. S1 in Supporting information). Through gel permeation

chromatography (GPC), a single spike appeared to exhibit an even

distribution of molecular weight (Fig. S2 in Supporting informa-

tion). Monodisperse spherical micelles with hydrophobic cores and

hydrophilic crowns were formed because of hydrophilic and hy-

drophobic interaction in the tetrahydrofuran/ethanol/H2O mixture

solution. After stirring constantly and adding pyrrole as monomers,

pyrrole adsorbed on the surface of spherical micelles in order

to co-assemble. Driven by polymerization caused by an oxidiz-

ing agent, the co-assembly of micelles and pyrrole stacked tightly

from the dispersion so that the complex construction of spheri-

cal PPy@PS-b-PEO micelles was evolved with pore canals exposed

by centrifugal subside. Notably, the aggregation effect of the co-

assemblies was the key to this strategy. The concentration of mi-

celles and co-assemblies changed by importing different volumes

of water after micelles appeared. The lower the concentration

of micelles was with the oxidizing agent applied, the less likely

molecules of pyrrole were to cross-link and polymerize. Therefore,

the fabrication and morphology adjustment of 0D mesoporous PPy

could be realized according to the number of co-assemblies and

the extent of interaction.

The significance of the block copolymers and water content

in the formation of the mesoporous polypyrrole (mPPy) polymers

with versatile architectures was further established (Fig. 2). Com-

pared with manifold mPPy manufactured by different water con-

Fig. 2. Microstructure and morphology of prepared mPPy nanospheres. (a-c) SEM

images, (d-f) TEM images and (g-i) particle size distribution of the synthesized sam-

ples.

tents (Fig. S3 in Supporting information), the research was concen-

trated on water contents from 40 wt% to 70 wt%. Three typical ar-

chitectures of mPPy were acquired under the circumstance of 42

wt%, 50 wt% and 67 wt% which were labelled as mPPy-1, mPPy-

2 and mPPy-3, respectively. On the basis of the scanning electron

microscope (SEM) images (Figs. 2a-c) and the transmission elec-

tron microscopy (TEM) images (Figs. 2d-f), mesopores were ob-

served clearly, especially with the increase of water content. As

shown in Figs. 2g-i), the average sizes of mPPy-1, mPPy-2 and

mPPy-3 are 189, 88 and 56nm according to NANO measurement,

which is in accord with the SEM images and TEM images. In ad-

dition, PPy nanospheres prepared in different solvent systems, in-

cluding 1,2-dioxane (Dio)/ethanol/H2O and N,N-dimethylformamide

(DMF)/ethanol/H2O for a sufficient comparison (Fig. S4 in Support-

ing information). On account of different solubility parameters, uti-

lizing Dio (δ =20.5) could achieve a similar effect, while disorder

particles were obtained in DMF (δ =24.8). Besides, the average of

mesopores is about 15nm through TEM images. What is notewor-

thy is that the construction of pores is isolated and evident with

water content increasing. It is not difficult to come to the conclu-

sion that the reduced number of micelles per unit volume can im-

pair the crosslinking and aggregation effect and then influence the

particle sizes and the distances of pore canals, which is in accord

with the deduction mentioned before.

To make out the polymerization feature of obtained samples,

different characterization tools were applied. The Fourier trans-

form infrared (FT-IR) spectroscopy and X-ray diffraction (XRD) was

examined first. Conjugated C-N stretching bands at 1310 cm−1,

C-H bending bands at 1050 cm−1 and C=C stretching bands at

1570 cm−1 can be observed distinctly from the FT-IR profiles of

mPPy, PPy and PS-b-PEO (Fig. 3a) [30]. The similar infrared ab-

sorption signals from 500 cm−1 to 4000 cm−1 between mPPy and

PPy without characteristic peaks of PS-b-PEO demonstrate the suc-

cess of polymerization. As shown in Fig. 3b, there is a wide strong

diffraction peak around 25° derived from π-π stacking [31,32]. Be-

sides, Fig. 3c displays N2 adsorption and desorption isotherms of

obtained samples, which conform with the typical IV curves, par-

ticularly mPPy-3. The H3-type hysteresis loop verifies the existence

of mesopores [28]. Surprisingly, there is an unprecedented result

that the BET surface area of mPPy-3 is 192 m2/g (Table S1 in Sup-

porting information), which surpasses existing reports on specific

surface areas of conducting polymers [33–35]. Fig. 3d also exhibits

that the sizes of mesopores are approximately 3nm and 15nm,

consistent with SEM and TEM images. The pores at 15nm are in-
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Fig. 3. (a) FTIR spectra of PS-b-PEO, PPy, mPPy. (b) XRD patterns of mPPy. (c) N2 adsorption-desorption isotherm and (d) pore size distribution of mPPy. XPS spectra of (e)

C 1s and (f) N 1s of mPPy.

Fig. 4. (a) Schematic illustration of the synthesis process for the N-MCNs@RP composite. (b) N2 sorption isotherms of N-MCNs. (c) XPS spectra of P 2p of N-MCNs@RP

composites. (d) Raman spectra of N-MCNs and N-MCNs@RP composite. (e) Adsorption energy and corresponding charge density difference of N-MCNs@RP composite. (f)

Density of states analysis for N-MCNs@RP composite.

duced by the template, PS-b-PEO, while the emergence of smaller

mesopores is due to the stacking of the polypyrrole chains and

particles during the secondary assembly. X-ray photoelectron spec-

troscopy (XPS) was further used to investigate chemical compo-

sitions of mPPy. In the C1s spectrum (Fig. 3e), three characteris-

tic peaks centered at 286, 284.8 and 283.5 eV can be assigned to

C-O/C-N, C-C and C=C, respectively. Another four peaks centered

at 402.1 eV for =N+–, 400.5 eV for –NH+–, 399.3 eV for –NH–, and

398.2 eV for =NH– appeared in the N 1s spectrum (Fig. 3f). Based

on the above analysis, it is verified that this synthesis of hierarchi-

cal N-rich mesoporous PPy nanospheres is feasible and tunable.

Inspired by the high theoretical specific capacity (2596 mAh/g)

of red phosphorus, RP was employed into N-MCNs so that the

composite can give play to their advantages. The fabrication pro-

cess of the N-MCNs@RP composite is exhibited in Fig. 4a. The

N-MCNs@RP composite is obtained by employing a vaporization-

condensation method after carbonizing mPPy nanospheres. The

high N/C ratio of PPy ensures that abundant N atoms can be incor-

porated into the carbon framework homogeneous during the car-

bonization process. On account of the high specific surface area

of mPPy-3, it was chosen to investigate the characteristics after

carbonization. N2 adsorption-desorption isotherms were examined

first to analyze the porosities of the obtained N-MCNs. As shown

in Fig. 4b, the specific surface area reaches up to 315 m2/g and the

size of mesopores is around 20nm. SEM characterization further

revealed that the mesoporous structure could be stably maintained

during the carbonization process (Fig. S5 in Supporting informa-

tion). X-ray photoelectron spectroscopy (XPS) was measured to re-

veal the chemical interactions between RP and N-MCNs. In the P

2p spectrum (Fig. 4c), three characteristic peaks centered at 131.4,

133.6 and 134.2 eV can be assigned to P-C, P-N and P-O, respec-

tively [36]. The XPS survey spectra established chemical interac-

tions between RP and N-MCNs in light of the deviations of these P-

P bond peaks. Compared with the Raman spectroscopy of N-MCNs
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Fig. 5. (a) CV curves of the N-MCNs@RP composite half-call at a scan rate of 0.1mV/s. (b) Discharge/charge profiles of the N-MCNs@RP composite electrode between 0.01V

and 2V at a current density of 0.4 A/g. (c) EIS plots of the N-MCNs@RP composite electrode. (d) The rate performance of the N-MCNs@RP and N-CNs@RP composite electrodes

at the current densities of 0.4–6.0 A/g. (e) The long cycling stability of the N-MCNs@RP and N-CNs@RP composite electrodes at 1.0 A/g. (f) Illustration of the discharge/charge

processes of N-MCNs@RP in Na ions half batteries.

and N-MCNs@RP (Fig. 4d), a remarkable peak at around 400 cm−1

appears on the curve of N-MCNs@RP, demonstrating that RP was

imported into N-MCNs successfully. There are no other changes ob-

servable in the carbon Raman peak, indicating that the incorpora-

tion of RP does not result in structural damage to the N-MCNs.

The theoretical calculation was executed because it could pro-

vide more insights into the energy storage mechanism of N-

MCNs@RP. As shown in Fig. 4e and Fig. S6 (Supporting informa-

tion), RP would be absorbed into the carbon network through the

electrostatic interaction with carbonyl groups and N heteroatoms

after encapsulating RP into N-MCNs. All of them constructed the

active region to coordinate with Na+. In order to deduce the mu-

tual effect between RP and N-MCNs, the differential charge density

was analyzed by VASP. The blue region and red region represent

electron accumulation and electron depletion respectively. When

RP is introduced, the carbon framework appears evident in charge

transfer. The electrons on the carbon network are enriched around

P, indicating the strong electron adsorption capacity and the ability

of charge transfer. Besides, polarized pyridine N atoms can regulate

the distribution of RP by chemical bond cooperation. The density

of states (DOS) which is exhibited in Fig. 4f was calculated after

absorbing RP on N-MCNs. DOS calculations show that N-MCNs@RP

composite is still keep a good conductor property despite introduc-

ing RP, confirming that N-MCNs@RP have a very good perspective

of energy storage application.

In order to examine the properties of the N-MCNs@RP com-

posite electrode, the cyclic voltammetry (CV) was conducted at

0.1mV/s in a voltage window of 0.01–2.0V when it was applied to

Na-ions batteries (Fig. 5a). Two reductive peaks can be observed

visibly at 0.05 and 0.23V during the second cathodic scan. In the

second anodic scan, there are also two peaks at 0.55V and 0.68V.

The excellent stability of the N-MCNs@RP composite is confirmed

through the CV curves because of steady reductive/oxidation peaks

appearing in each loop. Fig. 5b displays the charge/discharge

profiles of the first three cycles of the N-MCNs@RP composite

electrode at 0.4 A/g, which is in accord with the results of the

CV curves. High discharge/charge capacities of 1817.6 and 915.8

mAh/g with an initial Coulombic efficiency (ICE) of 50.4 % cal-

culated through the mass of RP are obtained in the first cycle.

The irreversible capacity fading is caused by the generation of

an SEI film. Notably, the specific capacity of the N-MCNs is

negligible (Fig. S7 in Supporting information). To further clarify

the advantages of mesoporous structures, the electrochemical

performance of PPy-derived N-doped carbon nanosphere (N-CNs)

served RP host was performed. The electrochemical impedance

spectroscopy (EIS) profile of the N-MCNs@RP composite electrode

is shown in Fig. 5c. Compared with the N-CNs@RP, the arc radius

of N-MCNs@RP composite electrode in the high-frequency region

indicating a lower charge transfer impedance. The steeper slope of

N-MCNs@RP composite electrode indicates a faster ion transport

rate and higher electrochemical capacitance in the low-frequency

region. These superiorities can be attributed to abundant meso-

pores and higher electronic conductivity promoted by N-MCNs.

Porous structure facilitates the penetration of the electrolyte,

shortening the ion diffusion distance, and a high specific surface

area provides more active sites and contact interfaces between the

electrolyte and the electrode. In addition, the higher conductivity

of N-MCNs (0.9 S/cm) can compensate for the low conductivity

of red phosphorus (10−14 S/cm). Fig. 5d and Fig. S8 (Supporting

information) exhibit the rate performance of N-MCNs@RP and

N-CNs@RP composite electrodes from 0.4 A/g to 6.0 A/g. The N-

MCNs@RP composite shows stable reversible capacities of 1049.1,

808.7, 722.2, 630.0, 520.8, 458.0, and 381.9 mAh/g at 0.4, 1.0, 1.6,

2.0, 3.0, 4.0 and 6.0 A/g, respectively. For a sufficient comparison,

the electrode of N-CNs@RP composite, a control sample, delivers

inferior capacities and poor Coulombic efficiencies. When the

current density returns to 0.4 A/g, a reversible capacity of 927.7

mAh/g is obtained, which proves that the nanostructure of the

N-MCNs@RP composite is in good condition after high-rate dis-

charge/charge. Compared with some previously reported RP-based

anodes, the N-MCNs@RP composite electrode exhibits exceptional

rate performance in sodium-ion batteries (Fig. S9 in Supporting
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information). It can be attributed to the hierarchical mesoporous

nanostructure and abundant loading space, which improve the

electrode-electrolyte contact and alleviate the volume expansion.

Besides, the N-MCNs@RP composite electrode was measured at

1.0 A/g for 1000 cycles to investigate its long cycling performance,

exhibiting superior first charge capacities of 856 mAh/g and en-

hanced capacity of 679.6 mAh/g with a capacity fading rate of only

0.025% per cycle after 1000 cycles. (Fig. 5e). The extra-large pore

volume accounts for the superb cycling performance because it

can prevent the destruction of the nanostructure in the process of

discharging and charging. Additionally, the Na-ion batteries based

on the N-MCNs@RP composite electrode can power a timer dis-

player well, revealing its application potential in electronic devices

(Fig. S10 in Supporting information). Accordingly, the charging and

discharging processes of prepared Na ions half batteries are shown

in Fig. 5f. Through vaporization and condensation, ultrasmall RP

could be trapped in the pores of N-MCN evenly. During the dis-

charge process, RP would be changed to Na3P, while the meso-

porous imposes restrictions on the movement of Na3P and pro-

vides enough space for volume expansion.

In summary, mesoporous polypyrrole with tunable pore sizes

and spherical nanoarchitectures has been obtained, which can be

directly converted into N-doped carbon with regular mesoscopic

pores and high surface area. Combined experimental and com-

putational studies have shown that the unique structural design

of N-MCNs can significantly accommodate mechanical stress and

enhance the electronic conductivity of RP effectively, delivering

exceptional electrochemical performance with high reversible

capacity and reliable long-term cycling stability. The N-MCNs@RP

composite electrode shows a high reversible capacity of 856

mAh/g, an enhanced capacity of 679.6 mAh/g with a capacity

fading rate of only 0.025% per cycle after 1000 cycles at 1.0

A/g and a superior rate capability (384.7 mAh/g at 6.0 A/g). Our

research provides fresh insight for synthesizing tunable N-doped

mesoporous carbon nanospheres and paves a new way for the

application of RP-based anodes in practice.
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