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A facile two-step strategy is developed for in situ fabrication of hierarchical nanostructured Fe3O4@C 

mesoporous nanowires. Coordination polymers that served as a precursor and self-template are 

hydrothermal synthesized in the first step, and subsequently thermal treated in an inert atmosphere. Well-10 

defined mesoporous nanowires that assembled by a large number of core-shell structured Fe3O4@C 

spherical particles with an ultrasmall and uniform size (~8 nm) are successfully obtained. As a proof-of-

concept application, they are used as anode materials for lithium-ion batteries. These Fe3O4@C 

mesoporous nanowires exhibit excellent electrochemical performance with high reversible capacity, good 

cycling stability and rate capability. The remarkable electrochemical performance is due to the effective 15 

combination of ultrasmall and uniform Fe3O4 nanoparticles, mesoporous nanowire structures and carbon 

networks, which simultaneously supplies a high contact area, mitigates the volume change during the 

lithiation/delithiation process, and enhances the electronic conductivity. 

1. Introduction  

For the extensive applications of lithium-ion batteries (LIBs) in 20 

electric vehicles (HEV), plug-in hybrid electric vehicles (PHEV), 

and electric vehicles (EV), developoing electrode materials with 

high energy, high power densities, good cyclic stability and low 

cost are always an ongoing research focus. In the last two decades, 

a number of 3d transition metal oxides (such as NiO,1,2 Co3O4,
3,4 25 

Fe3O4
5,6 and Fe2O3

7,8 etc.) have been extensively investigated as 

potential anode materials for LIBs due to their higher theoretical 

capacities (~1000 mAh g−1) and novel conversion mechanisms 

which involves the formation and decomposition of Li oxide 

(Li2O), accompanying the reduction and oxidation of metal 30 

nanoparticles. In particular, Fe3O4 is attractive for its abundant, 

low-cost, biocompatible, and environmental benignity.9-11 

However, the intrinsic limits including low electrical conductivity 

and the severe volume change of Fe3O4 during lithium-ion 

insertion/extraction lead to unsatisfactory cycling stability and 35 

rate performance. 

To circumvent these obstacles, one effective approach is to 

fabricate nanostructured Fe3O4.
12-16 Well-designed nanostructures 

not only shorten the path lengths for the transport of lithium-ions, 

which can improve its rate performance, but also provide flexible 40 

space to buffer the mechanical strain of lithium-ion 

insertion/extraction. In particular, designing a one-dimensional 

(1D) porous nanostructure is one of the most favorable strategies 

to improve the electrochemical performance of Fe3O4.
15,16 1D 

nanostructures provide short transport path along the confined 45 

radial dimension, while the connected porous framework could 

not only allow for efficient active mass-electrolyte contact but 

also accommodate better the strains related to the structural 

transformation upon repeated Li+ insertion/extraction. However, 

the high surface-to-volume ratio and large surface free energy of 50 

nanostructured electrode materials raises the risk of side reactions 

involving electrolyte decomposition between electrode and 

electrolyte, and the formation of thick solid electrolyte interphase 

(SEI) films, which consume much of the lithium supplied by the 

cathodes and thus lead to a high level of irreversibility (i.e., low 55 

columbic efficiency) and poor life cycle.17 Therefore, fabricating 

nanostructured Fe3O4 with surface modifications should be 

considered. A promising way is to encapsulate nanostructured 

Fe3O4 by a carbon shell, which can not only effectively protect 

the active surfaces of nanostructures from electrolyte, but also 60 

significantly enhance the electronic conductivity of Fe3O4.
18-21 

Accordingly, constructing a carbon-coated 1D porous 

nanostructure can provide large surface area, rapid lithium-ion 

transport, and excellent structure stability, resulting in 

outstanding lithium storage performance.21 However, it is still a 65 

challenge to homogeneously disperse the high-surface-energy 1D 

porous nanostructures in a carbon matrix during preparation 

process. 

Coordination polymers constructed from coordinate bonds 

between metal ions/clusters and multidentate organic ligands 70 

have attracted great attention and have undergone rapid 

development owing to their intriguing structures and potential 

applications.22 The structures, sizes and morphologies of 

coordination polymers are diverse and controllable because of the 
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richness of the organic ligands and diversification of secondary 

building units.23 Therefore, they are promising precursors or 

sacrificial templates to construct the morphology-inherited porous 

metal oxides.24-26 Actually, coordination polymers often include 

metal-oxygen bond and carbon containing groups with ordered 5 

and repeated arrangement. Thus, it is possible to obtain 

homogeneously porous nanostructured transition metal 

oxides/carbon composites from thermal treatment of coordination 

polymers in an inert atmosphere. 

Herein, we report a facile in situ synthesis strategy to fabricate 10 

hierarchical mesoporous Fe3O4@C nanowires from Fe-based 

coordination polymers. The detailed synthesis procedures are 

described in the experimental section and the formation process is 

schematically illustrated in Fig. 1. In brief, Fe2+ from dissolving 

(NH4)2Fe(SO4)2·6H2O in distilled water will be coordinated with 15 

Nitrilotriacetic acid (NTA) during hydrothermal process to form 

nanowire structured Fe-NTA coordination polymers. During the 

in situ crystallization and carbonization process, core-shell 

Fe3O4@C nanoparticles are generated and assembled into 

mesoporous nanowires. This specific nanostructure encourages us 20 

to explore the actual applications in LIBs. As a result, 

mesoporous Fe3O4@C nanowires exhibit fascinating 

electrochemical performance, such as high reversible capacity, 

excellent cycling stability and good rate capability, when 

evaluated as an anode material for LIBs. 25 

 

Fig. 1 Schematic diagram of the preparation of hierarchical mesoporous 

Fe3O4@C nanowires 

2. Experimental 

2.1 Materials Synthesis 30 

All the chemicals purchased were of reagent grade and used 

without further purification. (NH4)2Fe(SO4)2·6H2O (J&K, 99%) 

and Nitrilotriacetic acid (Alfa Aesar, 98%) were used. In a typical 

procedure, 2.6 g of (NH4)2Fe(SO4)2·6H2O and 0.6 g of 

Nitrilotriacetic acid (NTA) were added to 40 ml distilled water 35 

with vigorous stirring. The mixture was then transferred into a 50 

ml Teflon-lined autoclave, which was gradually heated to 180 oC 

and maintained at this temperature for 12 h. After cooling down 

naturally, the white products were centrifuged, washed, vacuum-

dried, and calcined at 500 oC in Ar for 2 h to obtain the 40 

hierarchical mesoporous Fe3O4@C nanowires. 

2.2 Characterization 

The structures of the as-prepared materials were determined by 

X-ray powder diffraction (XRD, Rigaku D/Max-2500 with Cu 

Kα radiation). The morphologies were evaluated by filed-45 

emission scanning electron microscopy (SEM, JEOL JSM-6700F 

field emission), transmission electron microscopy (TEM) and 

high-resolution transmission electron microscopy (HRTEM) on a 

JEOL JEM-2100 transmission electron microscope. The thermal 

performance of the Fe-NTA coordination polymers has been 50 

evaluated on a NETZSCH STA 449C instrument under Ar 

(99.999%) atmosphere at a heating rate of 10 oC min-1. Fourier 

transform infrared spectroscopy (FTIR) spectra of Fe-NTA and 

pure NTA were determined by a FTIR-650 spectrometer (Bruker 

Tensor 27). Nitrogen adsorption/desorption measurements 55 

(NOVA 2200e, Quantachrome Instruments) were performed to 

characterize the Brunner−Emmet−Teller (BET) specific surface 

areas and porous instincts of the obtained Fe3O4@C nanowires. 

Carbon analyses of the hierarchical mesoporous Fe3O4@C 

nanowires were performed on a Perkin-Elmer 240C elemental 60 

analyzer. 

2.3 Electrochemical Tests 

The electrochemical tests were carried out with CR2032-type 

coin cells. The working electrode was prepared by mixing 70 

wt% active materials (the obtained hierarchical mesoporous 65 

Fe3O4@C nanowires), 20 wt% carbon black (Super P) and 10 

wt% polyvinylidene fluoride (PVDF) dissolved in N-

methylpyrrolidinone (NMP). The formed slurry was coated onto 

a copper foil and dried at 80 oC for 12 h. Then, the electrode was 

assembled into coin cell (CR2032) with a Celgard separator 70 

membrane and lithium metal as the counter and reference 

electrode in an argon-filled (99.999%) glovebox. The electrolyte 

was 1 mol L-1 LiPF6 in ethylene carbonate (EC)-diethyl carbonate 

(DEC)-ethylmethyl carbonate (EMC) (1:1:1 vol %). The 

galvanostatic charge-discharge and cycling performance 75 

measurements were carried out on LAND battery-test instruments 

(CT2001A) at various charge-discharge currents between 0.01 V 

and 3.0 V (vs. Li/Li+). Cyclic voltammetry (CV) measurement 

was performed using a ZAHNER Zennium Electrochemical 

Workstation in a potential range of 0.1-3 V (vs. Li+/Li) with the 80 

scan rate of 0.1 mV s-1 at 25 oC.  

3. Result and Discussions 

3.1. Sample characterization 

 

Fig. 2 SEM (a,b) and TEM (c,d) images of Fe-NTA coordination 85 

polymers. 

The morphologies of the Fe-NTA coordination polymers are 

characterized by scanning electron microscopy (SEM) and 

transmission electron microscopy (TEM). Fig. 2a and b show 

representative SEM images of polymers. It is clearly observed 90 

that a large quantity of highly aligned wire-like nanostructures 
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with lengths of several to tens of micrometers in Fig. 2a. A 

magnified view represents that the nanowires have smooth 

surfaces and are bundled with each other (Fig. 2b). Interestingly, 

the nanowire bundles can be disassembled into some single 

nanowires by ultrasonication for several minutes, as shown in the 5 

TEM images (Fig. 2c and d). The average diameter of the 

nanowire is about 150 nm.  

 

Fig. 3 (a) Infrared (IR) spectras of NTA and Fe-NTA nanowires. (b) TGA 

and DTA curves of Fe-NTA nanowires. 10 

The infrared (IR) spectras of NTA and Fe-NTA nanowires are 

shown in Fig. 3a. The bands ranging from 3100 to 2900 cm-1 is 

related to the stretching vibration of C-H.27 For NTA, the peaks 

are centered at 3042.22, 2991.64 and 2958.83 cm-1. However, 

these peaks in Fe-NTA nanowires become very weak in intensity 15 

and shift to 2951.13, 2918.34 and 2850.83 cm-1, respectively. 

This could be caused by the introduction of Fe3+ coordination.28 

The band at 1732.46 cm-1 for NTA is assigned to the stretching 

vibration of C=O. However, the C=O band disappears in Fe-NA 

nanowires, and a wide band composed of two peaks at 1681.95 20 

cm-1 and 1582.75 cm-1 is observed instead, indicating the 

formation of -COOFe coordination group.29 

The thermal stability of Fe-NTA coordination nanowires in Ar 

has been investigated by thermogravimetric analysis (TGA), as 

shown in Fig. 3b. The gradual mass loss of 6.8 wt% below 120 oC 25 

is mainly due to the evaporation of absorbed water. When the 

temperature is increased to 440.3 oC, there is a well-defined 

weight loss of about 47.3% occurred, which is due to the 

decomposition of Fe-NTA to Fe3O4@C. Therefore, the 

temperature for the calcination of the polymer nanowire precursor 30 

to Fe3O4@C is set at 500 oC for 2 h to ensure the complete 

decomposition of Fe–NTA.  

 

Fig. 4 (a) XRD pattern of porous Fe3O4@C nanowires. Vertical bars 

below the pattern show the positions of all possible reflection peaks. The 35 

hkl labels are placed according to the reflection position. (b) N2 

adsorption/desorption isotherm curve of porous Fe3O4/C nanowires. Inset 

shows the pore size distribution. 

The XRD pattern of the resulting Fe3O4@C product is shown 

in Fig. 4a. The sample presents the single phase that can be 40 

indexed to the cubic structure of Fe3O4 with a space group Fd-3m 

(JCPDS file no. 79-0419). No other impurities are detected. In 

addition, the diffraction peaks are quite narrow, demonstrating 

the good crystallinity of sample. Moreover, elemental analysis 

results show that the amount of carbon is about 12.9 wt%. As no 45 

crystalline carbon (graphite) diffraction peaks are observed in the 

XRD pattern, it should be amorphous in the sample. Therefore, it 

is concluded that the precursor Fe–NTA nanowires are 

successfully transformed to Fe3O4@C. 

To evaluate the permanent porosity of Fe3O4@C, N2-sorption 50 

experiments were performed at 77 K. Fig. 4b shows the isotherm 

and corresponding Barrett-Joyner-Halenda (BJH) pore size 

distribution curves. The isotherm can be categorized as type IV 

curve, according to the IUPAC classification30, with an H3 

hysteresis loop located in the range 0.8–1.0 p/p0, indicating a 55 

mesoporous characteristic. The Brunauer-Emmett-Teller (BET) 

from the N2-sorption isotherm is 33.64 m2 g-1. Accordingly, the 

maximum N2 adsorption of 90 cm3 g-1 gave a pore volume of 

0.135 cm3 g-1. The pore-size distribution from the analysis of the 

N2 isotherm at 77 K by using BJH method is around 17.12 nm. 60 

 

Fig. 5 (a, b) SEM images of mesoporous Fe3O4@C nanowires. Inset 

shows HRSEM image of mesoporous Fe3O4@C nanowires. (c-d) TEM 

and (e) HRTEM image of mesoporous Fe3O4@C nanowires. The inset is 

the corresponding FFT pattern. (f) Atomic resolution lattice image of 65 

mesoporous Fe3O4@C nanowires. (g) Elemental mapping images. 

SEM images of mesoporous Fe3O4@C are shown in Fig. 5a 

and b. At the first blush, it is obvious that the obtained product 

well inherits the morphology of Fe-NTA nanowires without 

structure collapse (Fig. 5a). However, the Fe3O4@C nanowires 70 

have hierarchical nanostructures in the enlarge view (Fig. 5b). It 

seems that several spherical particles assemble into a porous 

nanowire, as illustrated in the inset of Fig. 5b. TEM images (Fig. 

5c and d) show that the prepared Fe3O4@C nanowires are 

composed of interconnected nanosized subunits with highly 75 

porous structure. Those subunits have a core-shell and 

polycrystalline structure with an ultrasmall and uniform size (~8 

nm), as further illustrated in HRTEM image and fast Fourier 

transform (FFT) pattern (Fig. 5e and inset). The carbon network 

has an amorphous feature without lattice fringes. Moreover, the 80 

spacing of the planes is 0.293 nm (Fig. 5f), which matches well 

with the separations between the neighboring lattices of the (220) 
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planes of Fe3O4. Further, the elemental mapping images confirm 

the uniform distribution of C, Fe, and O in the mesoporous 

nanowires (Fig. 5g). 

3.2. Electrochemical properties 

 5 

Fig. 6 (a) CV profiles of hierarchical mesoporous Fe3O4@C nanowires at 

a voltage range of 0.01 to 3.0 V (vs Li+/Li) and scan rate of 0.1 mV s-1. (b) 

Typical first three charge/discharge profiles of hierarchical mesoporous 

Fe3O4@C nanowires. (c) Cyclic performance and (d) rate capability of 

hierarchical mesoporous Fe3O4@C nanowires. 10 

Motivated by the advantages of hierarchical mesoporous 

Fe3O4@C nanowires as anode materials for lithium-ion battery, 

electrochemical measurements were carried out by using coin-

type Li cells. Fig. 6a shows the first three cyclic voltammogram 

(CV) curves of the as-prepared Fe3O4@C electrode at room 15 

temperature. Two reduction peaks located at 0.91 and 0.67 V (vs 

Li+/Li) can be found in the cathodic polarization process of the 

first cycle, which is usually attributed to the side reactions on the 

electrode surfaces and interfaces to form the solid-electrolyte 

interface (SEI), as well as the two steps of the lithiation reactions 20 

of Fe3O4 (step 1, Fe3O4+xLi++xe-
↔LixFe3O4; and step 2, 

LixFe3O4+(8-x)Li++(8-x)e-
↔4Li2O+3Fe).31-33 During the 

subsequent anodic process, two oxidation peaks at around 1.67 

and 1.87 V can be ascribed to the oxidation of Fe to Fe3O4. On 

successive scans, only one reduction peak can be detected at 25 

around 0.81 V, corresponding to the electrochemical reduction 

(Fe3O4→Fe). Moreover, the peak intensity drops significantly, 

indicating the occurrence of irreversible reactions in the first 

cathodic scan. From then on, the CV curves are almost 

overlapped, which indicates the good reversibility of the 30 

electrochemical reactions. Therefore, it can be deduced that a 

stable SEI film forms on the surfaces and interfaces of carbon 

shells in the first cycle, which prevents the direct contact of 

encapsulated Fe3O4 nanoparticles with electrolyte and retains the 

structural integrity of Fe3O4 during subsequent charge-discharge 35 

cycles.31-33  

Fig. 6b shows the first three discharge/charge voltage profiles 

of hierarchical mesoporous Fe3O4@C nanowires at a current 

density of 0.1 A g-1 between 0.01 and 3.00 V. A total specific 

capacity of 1550 mAh g-1 can be observed in the first discharge 40 

process, but a relative low reversible capacity of 1056 mAh g-1 is 

achieved in the corresponding charge process, leading to an initial 

coulombic efficiency of around 70%. The excess capacity is due 

to the irreversible processes, including the inevitable formation of 

SEI and decomposition of electrolyte, which are common for 45 

transition metal oxides.14,34-36 This also agrees well with the CV 

results. Moreover, the discharge voltage plateau at ∼0.81 V in the 

first cycle is different from those of other cycles at ∼0.9 V, also 

indicating the irreversible reactions in the first cycle. Furthermore, 

no obvious change in both charge and discharge profiles is 50 

observed during the subsequent cycles, showing excellent 

capacity retention. 

The curve of capacity versus cycle number at a current density 

of 0.1 A g-1 is shown in Fig. 6c. From the second cycle onward, 

hierarchical mesoporous Fe3O4@C nanowires exhibit excellent 55 

cycling stability. The reversible discharge capacity is about 1100 

mAh g-1, which can be retained at 1037 mAh g-1 after 50 cycles. 

In addition, the Coulombic efficiency remains at about 97% after 

three cycles, suggesting a facile lithium insertion/extraction 

associated with efficient transport of ions and electrons in the 60 

electrode. 

As the rate capability of hierarchical mesoporous Fe3O4@C 

nanowire electrode is also critical for practical applications, it 

was evaluated at various current densities from 0.1 to 1 A g-1, as 

presented in Fig. 6d. The electrode delivers the average discharge 65 

capacities of 990, 850, 680 mAh g-1 at 0.2, 0.5 and 0.8 A g-1, 

respectively. Even at a high rate of 1 A g-1, the reversible 

discharge capacity still retains at approximately 550 mAh g-1, 

which is much higher than the theoretical capacity of graphite 

(372 mAh g-1). More importantly, after the high-rate charge-70 

discharge cycling, the discharge capacity can still be recovered to 

almost the same value by using a small density of 0.1 A g-1, 

indicating the good reversibility of hierarchical mesoporous 

Fe3O4@C nanowires. 

Table 1 Comparison of electrochemical performance of hierarchical 75 

mesoporous Fe3O4@C nanowires with those Fe3O4/C composite anodes 

reported. 

Sample 

Cycling performance 

Rate capability 1st discharge 

capacity 

Cycling 

discharge 

capacity  

This work 
1550 mAh g

-1
 at 

0.1 A g
-1

 

1037 mAh g
-1

 

after 50 cycles 

550 mAh g
-1 

at 1 

A g
-1

 

Fe3O4@N-rich Carbon 

Microspheres
37

 

~1400 mAh g
-1

 at 

0.0926 A g
-1

 

670 mAh g
-1

 after 

30 cycles 

363 mAh g
-1

 at 

0.463 A g
-1

 

Fe3O4/C Microrods
38

 
~1200 mAh g

-1
 at 

0.2 A g
-1

 

650 mAh g
-1

 after 

100 cycles 

400 mAh g
-1

 at 

1 A g
-1

 

Fe3O4/C
39

 
1221 mAh g

-1
 at 

0.1 A g
-1

 

856 mAh g
-1

 after 

60 cycles 

570 mAh g
-1 

at 1 

A g
-1

 

Fe3O4/C
40

 
1600 mAh g

-1
 at 

0.05 A g
-1

 

610 mAh g
-1

 after 

100 cycles 

390 mAh g
-1 

at 

0.8 A g
-1

 

Coaxial Fe3O4@C Hollow 

Particles
41

 

1318 mAh g
-1 

at 1 

A g
-1

 

864 mAh g
-1

 after 

50 cycles 

320 mAh g
-1 

at 3 

A g
-1

 

C-Fe3O4 Nanospheres
42

 
1166 mAh g

-1 
at 

0.2 A g
-1

 

712 mAh g
-1

 after 

60 cycles 
/ 

Macroporous 

Fe3O4/Carbon 

Microspheres
43

 

1258 mAh g
-1 

at 2 

A g
-1

 

1022 mAh g
-1

 

after 200 cycles 

621 mAh g
-1 

at 9 

A g
-1

 

Mesoporous Fe3O4@C 

Nanospheres
44

 

~1300 mAh g
-1 

at 

0.1852 A g
-1

 

837 mAh g
-1 

after 

20 cycles 

642 mAh g
-1 

at 

0.926 A g
-1

, 

330 mAh g
-1 

at 

4.63 A g
-1
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Fe3O4@Carbon 

Nanorods
45

 

2085 mAh g
-1 

at 

0.926 A g
-1 

 

808 mAh g
-1 

after 

100 cycles 
/ 

Nitrogen-doped Carbon-

coated Fe3O4
46

 

~1100 mAh g
-1 

at 

0.1 A g
-1

 

848 mAh g
-1 

after 

50 cycles 

485 mAh g
-1 

at 1 

A g
-1

, 

360 mAh g
-1 

at 2 

A g
-1 

 

Hollow Porous Fe3O4 

beads-graphene
47

 

1233 mAh g
-1 

at 

0.1 A g
-1

 

1039 mAh g
-1 

after 170 cycles 

396 mAh g
-1 

at 1 

A g
-1

, 

193 mAh g
-1 

at 2 

A g
-1

 

According to the results obtained, hierarchical mesoporous 

Fe3O4@C nanowires derived from Fe-NTA coordination 

polymers exhibit excellent electrochemical performance. These 

promising properties are better than most of the reported Fe3O4/C 

composite anodes (as compared in Table 1). 37-44 They might be 5 

related to their unique structural features in several aspects: (1) 

the building subunits with an ultrasmall and uniform size not only 

facilitate fast transport of lithium ions and electrons but also 

render a high surface area, which is critical to the rate capability. 

(2) the mesoporous nanowire structure could endure the volume 10 

expansion/contraction during the lithium ion insertion/extraction 

processes, leading to the attractive structure stability which can 

be reflected in the TEM images of cycled electrode (Fig. 7) and 

improving the cycling performance. (3) the carbon shells can 

protect the encapsulated Fe3O4 nanoparticles from directly 15 

contacting with the electrolyte and alleviate the side reactions on 

the interface between Fe3O4 and electrolyte, leading to structural 

and interfacial stabilization of Fe3O4 nanoparticles. (4) the carbon 

network interconnected the subunits constructs an efficient and 

continuous conductive net, resulting in good electrical 20 

conductivity and improving the rate capability. 

 

Fig. 7 TEM images of hierarchical mesoporous Fe3O4@C nanowire 

electrode after 50 cycles. 

Conclusions 25 

In summary, we have developed an efficient coordination 

polymer templating approach for in situ fabrication of 

hierarchical mesoporous Fe3O4@C nanowires. Lots of core-shell 

structured Fe3O4@C subunits with an ultrasmall and uniform size 

(~8 nm) were interconnected to construct mesoporous nanowires. 30 

The pore-size distribution was around 17.12 nm. When evaluated 

as an anode material for LIBs, those distinctive Fe3O4@C 

nanowires exhibited excellent electrochemical performance with 

high reversible capacity, excellent cycling stability and good rate 

capability. We believe that this low cost and convenient method 35 

could be extended to the fabrication of other metal oxide/carbon 

composites with well-designed hierarchical porous structures 

from specific coordination polymers, which may develop 

advanced electrodes in energy storage and conversion. 
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