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ABSTRACT 

Three 1D polymer-derived amorphous carbons are prepared by electrospinning technique 

combined with SiOx-template method in this section: polyacrylonitrile (PAN)-derived CNF, 

polyvinylpyrrolidone (PVP)-derived porous CNF, and Polydopamine (PDA)-derived N-doped carbon 

tube (N-CT). At first, the effect of N-doping on the electrochemical performance of PAN-derived CNF 

is investigated. The results show that N element content dercease from 12.5 at.% to 2.8 at.% with the 

carbonization temperature increased. The N types in the CNF are divided into tpyridinic N, pyridonic 

N, and graphitic N, respectively. Among the three N types, graphitic N contributes to the improvement 

of electron conductivity of CNF, thus enhancing the rate performance of CNF. Then, we evaluate the 

PVP-derived porous CNF as the anode materials for LIBs. It is found that hollow-structural pore are 

more beneficial for the penetration of Li+-carrying electrode into the CNF, thus decreasing the 

Li+-diffusion distance, which leads to improved electrochemical performance, especially the rate 

performance. At last, based on the aforementioned two works, we employ PDA as the precursor to 

prepare N-CT with an ultra-thin wall thickness of about 16 nm. The results shows that the graphitic N 

content in N-CT (carbonization temperature is 750°C) is abundant (~3.1%). Benefiting from the 

synergistic effect of unique hollow structure and abundant N-doping that shorts the Li+-diffusion 

distance and facilitates the electron conductivity, the optimal N-CT electrode shows excellent rate 

performance (406 mA h g-1 at 2 A g-1). 

1 INTRODUCTION 

In recent years, rechargeable lithium-ion batteries (LIBs) have been widely used in portable 

electronic devices and are regarded as one of the most promising energy storage/conversion devices 

for electric vehicles (EVs) and smart grids due to their unmatchable combination of high energy and 

power density, long cycle life and non-memory effect [1-3]. As one of the most important components 

in LIBs, anodes play a significant role in determining the overall performance. Though the most 

successfully commercialized anode material is graphite, increasing industrial demand for 

high-capacity power sources has led to further development of new anode materials as replacements 

for graphite in Li-ion batteries because of its low theoretical specific capacity(372 mAh/g) [4]. Owing 

to their variety, tunable specific capacity and rate capability, nanostructured carbonaceous materials 

have been considered as the most potential anode materials for high-performance LIBs. 

A variety of nanostructured carbonaceous materials such as carbon nanotubes[5,6], carbon 

nanofibers[7,8], graphene[9-11], hollow carbon nanospheres[12,13] and their composites[14-16] have 
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been investigated as anode materials for LIBs. Among them, hollow structured carbonaceous 

materials have attracted considerable attention because the hollow structure can offer a high surface 

area, a large electrode/electrolyte interface and a shortened Li ion diffusion path[12,13,17]. For 

instance, an ensemble of monodisperse hollow carbon nanospheres with a shell thickness of ~12nm 

were synthesized via a combined polystyrene latex/hydrothermal carbonization templating approach, 

and showed high rate performance[12]. Recently, nitrogen-doped porous interconnected 

double-shelled HCSs prepared by chemical treatment of Fe3O4 @C precursors using HNO3 delivered 

a remarkably high reversible capacity of 512 mA h g -1 at 1.5C after 500 cycles[18]. The obvious 

enhancement of electrochemical performance can be attributed to the enhanced electric conductivity 

and increased active sites.[19-23]. Therefore, it is worth looking forward to exploring new 

nitrogen-doped hollow structured carbon materials that can meet the demand of high energy and 

power densities. 

Generally speaking, here are two main approaches to achieve the introduction of nitrogen atoms 

into carbon materials. One is post-treatment, such as HNO3-impregnating treatment[24]and annealing 

with NH3[25]. Another is in-situ doping through pyrolyzing nitrogen-containing organics[26]. 

Comparatively speaking, the latter one is believed to be relatively simple and eco-friendly method to 

prepare N-doped carbon materials. As a nitrogen-rich biomimetic polymer, polydopamine contains 

both catechol and amine groups, it is advantageous to electrolyte wetting, electrolyte uptake, and ionic 

conductivity[27,28] and can highly buffer the volume expansion of these high-capacity 

lithium-storage materials and improve the conductivity of the overall electrode during cycling when 

used as the in situ N-doped carbon precursor for coating SnO2[29,30], MnO[31], Fe3O4[32,33], etc. 

However, to the best of our knowledge, the electrochemical properties of PDA-derived 

hollow-structured carbons have not been thoroughly evaluated as anode materials. More importantly, 

the structure and electrical conductivity of PDA-derived nitrogen-enriched carbon is similar to that of 

N-doped multi-layered graphene, which reveals huge potential for lithium-storage. 

In this paper, we fabricated PDA-derived N-doped carbon tubes(N-CTs) through a 

template-assisted method and investigated its electrochemical performance as a lithium-ion battery 

anode material. Owing to the hollow nanostructure and nitrogen doping, the N-CT electrode showed a 

high initial reversible capacity of 753 mA h g-1 at 100 mA g-1, and excellent rate performance (e.g., 

406 mA h g-1 at 2 A g-1 ).It is worth noting that the capacity significantly increased during the 

long-term cycling after the first several cycles. We believe that interlamellar spacing expansion led to 

easier insertion/extraction of Li ions into/from the inner part of the N-CTs, owing to the increase of 

active sites caused by the increased distance between adjacent layers, the capacity significantly 

improved. 

2 EXPERIMENT 

2.1 Synthesis of a silica nanofiber (SiO2 NFs) template 

The SiO2 NFs were synthesized by electrospinning with tetraethylorthosilicate (TEOS) as the silica 

precursor, followed by calcination in air[34]. Typically, 0.8 g of TEOS was added dropwise to 7ml 

N,N-dimethylformamide/acetic acid (volume ratio of 15/1) solvent mixture to form a homogenous 

solution. Then, 1 g of polyvinylpyrrolidone(PVP, Mw=1300000)was dissolved in the solution under 

vigorous stirring for 10 h to obtain the precursor solution for further electrospinning. The precursor 

solution was delivered to a stainless steel needle with an inner diameter of 0.5mm by using a syringe 
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pump and electrospun at a voltage of 25 kV. As-electrospun nanofibers were collected on the 

electrically grounded aluminum foil that covered the roller with a rotation speed of 600 rpm. Finally, 

SiO2 nanofibers were obtained after calcination in air at 600°C for 6h. 

2.2 Synthesis of N-doped carbon tubes 

100 mg of the as-prepared SiO2 NFs were dispersed in 100 ml Tris-buffer (pH: ~8.5) by 

ultrasonication for 30 min to form a suspension. Then 100 mg dopamine was added to the suspension 

under stirring, After 10h of reaction, brown precipitates were obtained by centrifugation, washed 

several times with deionized water, and then dried at 60°C in an vacuum oven for 12 h. Subsequently, 

the core-shell nanofibers were carbonized at 750°C for 3h in a N2 atmosphere. Finally, N-doped 

carbon tubes were obtained by etching off silica template with NaOH solution. 

2.3 Characterization 

a field emission scanning electron microscope (FE-SEM, Supra55, Carl Zeiss), a high resolution 

transmission electron microscope (HR-TEM, Tecnai G2F30S-TWIN), a wide angle X-ray 

diffractometer (XRD) (WAXD, D8 Advance, Bruker, Cu Kα, λ = 0.154 nm) and a Raman 

spectrometer (Renishaw, INVIA). An X-ray photoelectron spectrometer (XPS, EscaLab 250, Thermo 

Fisher Scientific) were used to analyzed the morphology, structure and the elemental chemical status 

of the sample. 

2.4 Electrochemical measurements 

The N-CT sample was mixed with carbon black and poly-(vinylidene difluoride) (PVDF) to form a 

slurry at a weight ratio of 7:2:1 in N-methyl pyrrolidone (NMP). The working electrode was prepared 

by casting the slurry onto nickel foil through a doctor blade method and then dried in a vacuum oven 

at 120°C overnight, the cells were assembled in an Ar-filled glovebox with the mass loading of the 

active material for each electrode controlled to be about 1.0 mg cm-2. After assembly, cyclic 

voltammetry (CV) measurements were performed between 0.005 and 3 V by using an Autolab 

PGSTAT 302 N (Metrohm) workstation with a scan rate of 0.1 mV s-1. The galvanostatic 

charge/discharge measurements were carried out between 0.005 and 3.0 V on a Land CT2001A 

(China). Electrochemical impedance spectroscopy (EIS) measurements were also carried out at the 

same electrochemical workstation with an amplitude of 10 mV and a frequency ranging from 10 kHz 

to 0.1 Hz. 

3 RESULTS AND DISCUSSION 

The fabrication process of N-CTs is schematically illustrated in Fig. 1. Owing to the oxidization 

and cyclization reactions, dopamine molecules joined via aryl–aryl linkages and forming a 

polydopamine coating layer on the surface of SiO2 NFs template in the dispersion process.  
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Figure1. Schematic illustration of the synthesis of N-CTs. 

3.1 The structure and morphology of N-CTs 

 

Figure2. (a) SEM image of SiO2 NFs; (b)(c) SEM image of N-CTs; (d-f) HR-TEM image of N-CTs 

The as-prepared N-CTs maintained the one-dimensional skeleton structure of SiO2 NFs template 

(Fig. 2a and b) and showed a diameter of 250-400nm with several micrometers in length(Fig. 2c and 

d), hollow structure could be clearly seen with a uniform wall thickness of ~16nm(Fig. 2e), which was 
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believed to achieve better wetting and infiltration of electrolyte and shorten the Li+-diffusion 

distance[20].And from Fig. 2f, graphitic structure is observed with a interlayer spacing of ~0.354nm, 

which is slightly larger than that of graphite(0.335nm), the enlarged d-spacing would facilitate 

intercalation/extraction of Li+ and increase the reversible capacity. 

 

Figure3. XRD pattern(a) and Raman spectrum(b) of N-CTs 

Two broad peaks were detected in XRD measurement(Fig. 3a), which reflected the low 

graphitization degree of N-CTs and consistent with the result of larger interlayer spacing. Further, as 

shown in Fig. 3b, the N-CTs have two characteristic Raman peaks, D-band located at 1338 cm-1 

corresponded to the disoredered mode and G-band located at 1590 cm-1 corresponded to the stretching 

mode of C–C bonds of graphite[35], ID/IG is about 0.9, further demonstrating the low graphitization 

degree of N-CTs. 

 

Figure 4. High-resolution XPS of (a) C1s spectrum and (b) N1s spectrum of N-CTs 

XPS studies were carried out to demonstrate the in situ doping of nitrogen in the N-CTs. the C1s 

peak can be resolved into three components located at 284.9, 285.8, and 286.9 eV, which 

corresponded to sp2C–sp2C, N–sp2C, and N–sp3C bonds in Figure 4a, respectively. And in Figure 4b, 

N1s can be deconvoluted into three species: pyridinic N(N-6), pyrrolic N (N-5) and graphitic N (N-Q). 

Among them, the graphitic N content is abundant (~3.1%). Many defects would be introduced due to 

the formation of pyridinic and pyrrolic N, which can act as active sites and effectively capture Li-ion.  
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3.2 The Electrochemical performance of N-CTs as anode for LIBs 

 

Figure 5. Electrochemical characteristics of the N-CT electrode: (a) first three CV curves at a scan rate 

of 0.1 mV s-1, (b) first three galvanostatic charge–discharge curves at a rate of 100 mA g-1, (c) cycling 

performance at 100 mA g-1, (d) rate performance at different rates, (e) long-term cycling performance 

at a rate of 500 mA g-1, and (f) differential capacity vs. cell voltage. 

From CV and charge–discharge curves (Fig. 5a and b), there are no obvious redox peaks and 

voltage platform, which represents multiple lithium storage behavior of the N-CT electrode. In the 

potential region below 0.5V, the capacity could be attributed to the lithium insertion into the graphitic 

layers, the disorder stacking of which may result in the appearance of potential slope. The capacity 

from 0.8V to 2.0V may result from Li+ uptake by defects and the capacity from 2.0V to 3.0V is due to 
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the integration between Li+ and nitrogen heteroatoms[36]. The first discharged and discharged 

capacities are 1244.8 and 753.8 mA h g-1, the coulombic efficiency is calculated to be about 60%. The 

irreversible capacity is mainly caused by the formation of solid electrolyte interphase. As shown in 

Fig. 5c, the discharged and discharged capacities decrease during the initial several tens of cycles, 

then gradually increase and finally stabilized at around 1635 mA h g-1after 200 cycles, which is almost 

twice as high as the beginning. What’s more, it shows excellent rate performance with a capacity of 

406 mA h g-1 even at a high rate of 2 A g-1(Fig. 5d) attributed to the fast transport of Li+ into N-CTs 

caused by the special hollow structure with thin wall. From Fig. 5e, the coulombic efficiency is 

stabilized at above 98% after 25 cycles and the capacity reaches 1100 mA h g-1 at 500th cycle. The 

differential-capacitance–voltage plot reveals that the increase in lithium-storage capability of N-CTs is 

mainly from the Li+ uptake below the voltage of ca. 0.8V (Fig. 5e), which means the lithium insertion 

into the disordered graphitic layers plays the leading role. 

4 CONCLUSIONS 

In this study, N-doped carbon tubes were fabricated by pyrolyzing polydopamine using silica 

nanofibers as templates for the first time. Owing to the synergistic effect of unique hollow structure 

and abundant N-doping(~3.1%) that shorts the Li+-diffusion distance and facilitates the electron 

conductivity. The N-CTs shows high specific capacity of 1635 mA h g-1 at a rate of 100 mA g-1 after 

300 cycles, excellent rate capability of 406 mA h g-1 even at a high rate of 2 A g-1and robust durability 

when used as an anode material for LIBs, making it a promising candidate for next-generation LIBs. 
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