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As anode materials for lithium ion batteries, metal oxides have a large storage capacity. However, their 

cycle life and rate capability are still not suitable for commercial applications. Herein, 3D hierarchical 

Fe3O4 spheres associated with a 5-10 nm carbon shell were designed and fabricated. In the constructed 

architecture, the thin carbon shells can avoid the direct exposure of encapsulated Fe3O4 to the electrolyte 

and preserve the structural and electrochemical integrity of spheres as well as inhibit the aggregation of 10 

pulverized Fe3O4 during electrochemical cycling. While the hierarchical structure formed by bottom-up 

self-assembly approach can efficiently accommodate the mechanical stress induced by the severe volume 

variation of Fe3O4 during lithiation/delithiation processes. Moreover, the carbon shell together with the 

structure integrity and durability endows the favorable high conductivity and efficient ion transport. All of 

these features are critical for high-performance anodes, therefore enables an outstanding lithium storage 15 

performance with long cycle lifespan. For instance, such an electrode could deliver a capacity of 910 

mAh g-1 even after 600 cycles with a discharge/charge rate of 1 A g-1. In addition, this effective strategy 

may be readily extended to construct many other classes of hybrid electrode materials for high-

performance lithium-ion batteries 

1. Introduction 20 

Due to the demand of renewable energy sources for extensive 

applications, from consumer electronics to electrical vehicles, 

materials for electrodes of lithium ion batteries (LIBs) have been 

intensively explored.[1] Currently, commercial anodes are made 

of graphite. However, its energy density is too low (372 mAh g-1) 25 

and using graphite imposes safety issues because of the lower 

operating voltage.[2] In the last two decades, a worldwide effort 

has been made to search for alternative anode materials for higher 

energy density and longer cycle lifetimes. Recently, Sony 

introduced amorphous phase of a Sn-Co alloy with carbon as 30 

anode electrode, which showed a remarkable improvement for 

the anode materials with a  capacity of ~600 mAh g-1.[3] Among 

the explored systems, iron oxide has been considered as one of 

the most promising anode candidates because of its higher 

reversible specific capacity (~ 1000 mAh g-1), world-wide 35 

abundance, high corrosion resistance, low cost and non-toxic 

properties.[4] However, significant capacity fading is observed at 

both high rate and long-term electrochemical cycling due to the 

excessive generation of solid-electrolyte interphase (SEI) layers 

on the surface, low electrical conductivity of its intrinsic nature, 40 

and mechanical degradation and pulverization resulted from 

severe volume expansion and contraction (~ 200%) during 

cycling.[5]  

To address these intractable issues, two typical approaches 

have been employed. One effective method is to fabricate 45 

nanostructured iron oxide materials with various morphologies,[4a, 

6] including nanoparticles,[7] nanospheres,[8] nanorods,[9] 

nanosheets,[10] nanotubes,[11] etc. Of particular note, the 

hierarchical structures have aroused tremendous interest because 

of their intrinsic merits[4a, 12]: 1) the hierarchical structure 50 

provides extra free void for alleviating the structural strain and 

accommodating the large volume variation during repeated 

electrochemical discharge and charge processes; 2) the relatively 

high surface area endows the materials with more lithium storage 

sites and large electrode-electrolyte contact area for high lithium 55 

ions flux across the interface. Although, improved the cycling 

performance was achieved compared with the solid 

counterpart.[11, 13] The rate capability still remains insufficient to 

fully realize its potential in LIBs due to intrinsically poor 

electronic conductivity of iron oxide.[14] Besides, excessive 60 

generation of SEI films on the surface of active structures will 

consume much of the lithium supplied by the cathodes and cause 

crack-up of the nanostructures.[15] The other promising strategy is 

to construct hybrid electrodes by integrating the carbonaceous 

matrix into the iron oxide active materials to form hybrid 65 

nanostructures.[1a, 2b, 4a, 6b, 16] By coating a thin carbon layer on the 

iron oxide nanostructures, which accounts for limited weight 

percent, significantly enhanced electrochemical performance can 

be achieved. The carbon can promote the electron transport in the 

poorly conductive iron oxide, form a stable SEI film and 70 

Page 1 of 8 Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t



 

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00–00  |  2 

meanwhile act as buffer layers to enhance the stability of the 

electrode materials.[17] However, the compact carbon coatings 

cannot allow residual buffer space to relieve the critical stress 

arising from the large volume change during Li+ insertion/ 

extraction,[18] which will eventually induce the collapse of shells 5 

after prolonged cycles.[16b] It would be highly desirable to 

synthesize Fe3O4@carbon core shell architecture with 

hierarchical structure, which can fully utilize the merits of 

hierarchical structure and carbon coating mentioned above. 

Herein, we develop a novel hierarchical Fe3O4@carbon 10 

core-shell structure as an advanced anode material for LIBs. The 

as-synthesized composite provides the critical features that are 

required for high-performance anodes, including efficient ion 

transport, high conductivity, favorable structure integrity and 

durability, therefore enabling an outstanding lithium storage 15 

performance with long cycle lifespan.  

Experimental Section 

2.1 Preparation of Fe3O4 hierarchical Spheres.  

In a typical experiment, first, 0.64 g (1.84 mmol) of sodium 

dodecyl benzene sulfonate (SDBS) surfactant in ethylene glycol 20 

(64 mL) was stirred vigorously at room temperature to give a 

transparent solution. Next, 2.16 g (8 mmol) of FeCl3·6H2O and 

3.72 g (44 mmol) of sodium acetate were added to the solution 

with vigorous stirring. Then the solution was transferred into a 

Teflon-lined stainless-steel autoclave with volume of 100 ml, and 25 

subsequently sealed and heated at 190 °C for 15 h in an oven. The 

resulting black product was centrifuged and washed with 

deionized water several times, and dried at 60 °C under vacuum 

overnight. 

2.2 Preparation of Carbon coated Fe3O4 Spheres  30 

A 0.8 g Fe3O4 nanoparticles was dispersed in 12.5 mL deionized 

water by ultrasonication to form a suspension. 1.6 g glucose was 

dissolved in another 37.5 mL deionized water. The former 

suspension together with 25 mL ethanol was added to the solution 

under stirring. The resulting suspension was transferred into a 35 

Teflon-lined stainless-steel autoclave with volume of 100 ml, and 

subsequently sealed and heated at 190 °C for 12 h in an oven. The 

carbon-precursor coated Fe3O4 hollow nanoparticles were washed 

with deionized water and dried at 90 °C in an oven. The resulting 

sample was heated in a quartz tube at 600 °C in Ar atmosphere 40 

for 4 h. 

2.3 Characterization 

X-ray diffraction (XRD) experiments of the samples were 

performed on an X’Pert Pro X-ray diffractometer (PANalytical, 

the Netherlands) with Cu Kα radiation at 40 kV and 40 mA. X-ray 45 

photoelectron spectroscopy (XPS) was carried out on a VG 

ESCALAB MARK II system with Mg Kα radiation (1253.6 eV) 

at a base pressure of 1 × 10-8 Torr. All binding energy values 

were referenced to the C 1s peak of carbon at 284.6 eV with an 

uncertainty of ±0.2 eV. Transmission electron microscopy (TEM, 50 

Tecnai G2 F30) and Scanning electron microscopy (SEM, 

Hitachi SU-70) were performed to examine the morphology and 

microstructure of the products. The accelerating voltage of TEM 

is 300 kV. For the cycled anode materials, before TEM 

characterization, the electrode was first washed with the 55 

electrolyte and then untrasonically dispersed in the ethanol to 

prepare the testing sample. Specific surface areas, pore size 

distributions, and pore volumes for the samples were 

characterized with N2 adsorption by means of a Quantacrome 

Autosorb-1-C system using the Brunauer-Emmett-Teller (BET) 60 

and Barrett-Joyner-Halenda (BJH) methods. Thermogravimetric 

analysis (TGA, Netzsch STA 449F3), performed in air with a 

heating rate of 3 °C/min, was used to determine the chemical 

composition of hybrid Fe3O4@C composite. 

The electrochemical tests were performed using a coin-type 65 

half cell (CR 2025). Metallic lithium was used as the negative 

electrode. To prepare working electrodes, Fe3O4@C or Fe3O4 

powders, carbon black, styrene-butadiene rubber (SBR) and 

sodium carboxymethyl cellulose (CMC) with mass ratio 

90:5:2.5:2.5 were mixed into a homogeneous slurry in deionized 70 

water with pestle and mortar. The slurry mixture was coated onto 

Cu foil and then dried at 80 °C for 12 h under vacuum. The 

electrolyte solution comprised 1 M LiPF6/ethylene carbonate 

(EC)/ dimethyl carbonate (DMC)/ ethylmethyl carbonate (EMC) 

(1:1:1 by volume). The cells were assembled with a 75 

polypropylene (PP) microporous film (Celgard 2300) as the 

separator. Charge/discharge experiments were performed at a 

constant current density between 0.005 and 3 V using a LAND 

CT2001A Battery Cycler at room temperature. Cyclic 

voltammetry (CV) was performed on the CHI660E 80 

electrochemical workstation in the potential range 0-3.0 V (vs 

Li+/Li) at a scan rate of 0.1 mV/s. For the electrochemical 

impedance spectroscopy (EIS) measurements, the excitation 

voltage applied to the cell was 5 mV and the frequency range was 

from 100 kHz to 10 mHz. 85 

3. Results and discussion 

The overall synthetic procedures of 3D hierarchical Fe3O4@C 

core-shell spheres are illustrated in Scheme 1. Fe3O4 

nanoparticles stabilized with SDBS were first prepared by alcohol 

reduction of ferric chloride via a solvothermal process. Then, 90 

Fe3O4 nanoparticles will be assembled into a hierarchical sphere 

with size of ≈ 200 nm in the autoclave. After synthesis of spheres, 

a carbon shell with thickness of several nanometers was coated 

using glucose solution as carbon precursor, detailed procedures 

are presented in experimental section. 95 
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Scheme 1 Schematic representation of the preparation of hierarchical Fe3O4@C spheres. 

SEM (Figure 1a, Figure S1) and TEM (Figure 1b) images 

show that Fe3O4 spheres with diameters of 200 nm were 

assembled by primary particles with size of ~20 nm. The high 5 

resolution TEM (HRTEM) is shown in Figure 1c, which 

confirmed the well crystallization of Fe3O4 nanoparticles, and no 

other layers on the surface of Fe3O4 nanoparticles. Lattice fringes 

with a spacing of 0.30 nm can be seen from the HRTEM image, 

corresponding to the (220) planes of Fe3O4. These results indicate 10 

that large-scale production of uniform-sized Fe3O4 spheres can be 

achieved in a simple way with the assistant of SDBS.  

The hierarchical structure was well maintained after the 

carbon coating procedure. SEM (Figure 1d) and TEM (Figure 1e) 

images clearly demonstrate typical Fe3O4 spheres are tightly 15 

encapsulated by carbon layers. The core-shell feature can further 

be elucidated from representative HRTEM image that there is 

notable contrast between the Fe3O4 nanoparticles and carbon 

shells, as shown in Figure 1f. Crystalline Fe3O4 is well 

encapsulated by amorphous carbon layers (5-10 nm). Of 20 

particular note, comparing to Fe3O4 spheres, it shows that the size 

of primary constituent nanoparticles of Fe3O4 in Fe3O4@C 

hybrids become more uniform with the spherical morphology 

(Figure 1d and e), indicating the reconstruction of Fe3O4 

nanoparticles during the carbonization of glucose (600 °C for 4 25 

h). During heat treatment, the smaller primary nanoparticles of 

Fe3O4 will merge into bigger ones due to the grain-boundary 

migration with the lattice diffusion of oxygen.[19] Notably, it is 

much brighter in the core of the Fe3O4@C for TEM images 

(Supporting information S2), demonstrating that all of the spheres 30 

have a hollow interior. Comparing with template-assisted 

methods for hollow structures, which requires a complicated 

procedure of preparation/removal of templates and suffers from 

partial structural collapse during the removal of templates,[11a] 

this procedure is quite simple and effective. It is believed that 35 

such a unique geometrically hierarchical structure confined by 

carbon can effectively suppress the aggregation of nanoparticles 

and enhance electrode stability against cycling processes for 

lithium storage.  

 40 
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Fig.1  a), b) and c) are the SEM, TEM and HRTEM images of hierarchical Fe3O4 spheres; d), e) and f) are the SEM, TEM and HRTEM images of 

hierarchical Fe3O4@C core-shell spheres; g) XRD patterns of Fe3O4 and Fe3O4@C spheres; h) TGA profile of Fe3O4@C spheres; i) High-resolution XPS 

Fe 2p spectrum of mixture of Fe3O4&C (89:11 in mass) and Fe3O4@C spheres; 

Phase structure and composition of the sample were further 

identified by XRD, TGA and XPS. XRD patterns of the as-5 

synthesized Fe3O4 and Fe3O4@C hollow spheres are shown in 

Figure 1g. It is found that all the diffraction peaks can be well 

indexed to the magnetic cubic structure of Fe3O4 (JCPDS 79-

0419). After coating carbon, no other peaks show up, indicating 

the carbon is in amorphous state, in good agreement with the 10 

HRTEM results. To determine the chemical composition of 

hybrid Fe3O4@C composite, TGA was performed as shown in 

Figure 1h. The sample was heated to 800 °C in air so that Fe3O4 

is oxidized to Fe2O3 and carbon is oxidized to CO2. According to 

the remaining weight of Fe2O3, the original fraction of Fe3O4 is 15 

calculated to be 89 wt%, which is much higher than those 

reported for Fe3O4/carbon composites.[16c, 20] In order to further 

confirm if our synthesized Fe3O4@C core-shell spheres have a 

high-quality encapsulation structure, a surface-sensitive high-

resolution XPS experiment was carried out to examine the 20 

chemical characteristics of the surface of the spheres. For 

comparison, a mixture of Fe3O4 and graphite (Fe3O4&C) with 

weight ratio of 89:11 was also tested. Figure S3 shows the full 

XPS spectrums of the Fe3O4@C and Fe3O4&C, in which the 

photoelectron lines at a binding energy of about 285 and 532 eV 25 

are attributed to C 1s and O 1s, respectively. Figure 1(i) exhibits 

the high-resolution XPS Fe 2p spectrum of Fe3O4&C (89:11 in 

mass) and Fe3O4@C spheres. Intensive peaks of Fe 2p3/2 and Fe 

2p1/2 at about 710 and 724 eV for the mixture of Fe3O4&C can be 

observed, but there is almost an absence of the signals of Fe 2p3/2 30 

and Fe 2p1/2 for the Fe3O4@C composite. Because the atomic 

sensitivity factor of Fe is much higher than those of C and O,[14] 

absence of its peaks implies that, in our synthesized Fe3O4@C 

core-shell spheres, the Fe3O4 spheres appears to be completely 

sealed inside the carbon shells. It is believed that the entire core-35 

shell structure will be more favorable to keep the architecture 

integrity during electrochemical discharge and charge processes 

comparing with the bare spheres or the carbon supported 

spheres.[16a, 21] 

The porous structure of hybrid Fe3O4@C was further probed 40 

by nitrogen isothermal adsorption/desorption measurement 

(Figure 2). Remarkably, the Brunauer-Emmett-Teller specific 

surface area of Fe3O4@C was calculated to be 52.0 m2/g which is 

higher than that of Fe3O4 spheres (34.9 m2/g). We obtained a 

type-IV isotherm for the Fe3O4 spheres with an H3-type 45 

hysteresis loop attributed to a mesoporous system as is frequently 

observed for porous materials with broad pore-size 

distributions.[5, 22] The pore size distribution for the Fe3O4 spheres 

is shown in the inset of Figure 2a and indicates the formation of 

randomly distributed pores with size of from 4 to 15 nm and 50 

dominant at 4 nm. Interestingly, a well-defined 4 nm mesopore 

distribution with much higher intensity was obtained for 

Fe3O4@C from analysis of the isotherms (inset of Figure 2b), 

which can be attributed to the intervoids among the constituent 

nanoparticles. Uniform pores of Fe3O4@C imply the 55 

reconstruction of nanoparticles of Fe3O4 during carbon coating, 

which is in consistent with the SEM and TEM observations. For 

the big pores with large open-windows, the glucose may access to 

the pores and form the conducting carbon networks for the 

Fe3O4@C, which can improve the rate performance of the 60 

Fe3O4@C electrode. The high specific surface area of hybrid 

Fe3O4@C in association with its uniform mesoporous features, 

are favorable for electrolyte accessibility and rapid lithium-ion 

diffusion.[16c] Based on the BET data, the specific pore volumes 

of Fe3O4 and Fe3O4@C are calculated to be 0.1006 cm3/g and 65 

0.0660 cm3/g, respectively. High volumetric capacities of 3150 

mAh/cm3 and 2950 mAh/cm3 are achieved for Fe3O4 and 

Fe3O4@C, respectively. 

The electrochemical performance was evaluated by 

preparing coin-type half cells that employ Fe3O4@C as a working 70 

electrode and Li foil as a counter/reference electrode. In this 

study the capacity is calculated based on the total mass of the 

composite including Fe3O4 and carbon shells. In order to clearly 

demonstrate superior features of Fe3O4@C on electrochemical 

performance, Fe3O4 spheres were also examined. Figure 3a and b 75 

represent the cyclic voltammograms of the Fe3O4@C and Fe3O4, 

respectively. In the cathodic process, both samples showed large 

peak at ~ 0.5 V in the first cycle, indicating the reaction Fe3O4 + 

8Li+ + 8e- → 3Fe0 + 4Li2O with the formation of the SEI layer. In 

 80 

 
Fig.2 N2 adsorption-desorption isotherms of Fe3O4 (a) and hybrid 

Fe3O4@C (b), and corresponding pore-size distributions of Fe3O4 (inset of 

a) and Fe3O4@C (inset of b). 

the first anodic process, two peaks were observed at 1.68 and 85 

1.85 V in Fe3O4@C, attributed to the oxidation of Fe0 to Fe2+ and 

Fe3+, respectively.[5, 14] The difference between the peaks in the 

first cycle and subsequent cycles can be ascribed to activation 

processes, including the conversion to nanosized metal particles 
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dispersed in the Li2O matrix or the formation of the SEI layers.[5] 

For the bare Fe3O4 electrode, much broad peaks were observed in 

the anodic processes, while the intensity lowered compared with 

the first cycle, indicating that an irreversible transformation 

occurred. 5 

Figure 3c and d show the charge/discharge curves of the 

Fe3O4@C and Fe3O4 electrodes at rate of 1 A/g in the voltage 

range of 0.05-3 V (versus Li+/Li). Upon cycling, the first 

discharge and charge capacities of the Fe3O4@C electrode were 

as high as 1226 and 862 mAh g-1, delivering an initial Coulombic 10 

efficiency of ~70%. In contrast, the bare Fe3O4 spheres deliver a 

relatively low Coulombic efficiency of 58%. The irreversible 

capacity loss of the first cycle could be ascribed to the inevitable 

formation of a surface SEI layer accompanying the electrolyte 

decomposition during discharge.[23] Quite interestingly, the 15 

cycling performance of Fe3O4@C seems undergo three stages 

upon repeated cycling. The discharge voltage plateau at ~0.7 V in 

the first cycle is different from those of other cycles (2nd, 3rd and 

100th) at ~1.0 V, further implying that irreversible reactions 

occurred in the first cycle. In the subsequent cycling, no obvious 20 

change in both charge and discharge profiles is observed for the 

2nd, 3rd and even the 100th cycle, which indicates that the carbon 

shells safeguard the structural integrity of Fe3O4 active materials 

during subsequent cycles, leading to the stable and superior 

reversibility of the electrodes. As cycling number increases 25 

(200th, 400th, 600th), the discharge/charge voltage plateau was less 

obvious with a capacity higher than the theoretical specific 

capacity of the composite (Fe3O4, 926 mAh g-1 and graphite, 372 

mAh g-1). The excess capacity and the increasing trend in the 

repeated cycles is likely due to the reversible growth of the 30 

polymeric gel-like film by the kinetically activated electrolyte 

degradation, which has been also observed in other metal oxide 

composites[16c, 16d, 24], or further lithium storage as a result of 

interface reaction in the process of activation and stabilization of 

the electrode.[23] In the case of bare Fe3O4 spheres, the SEI films 35 

will rupture due to the mechanical strain generated by the volume 

expansion/contraction during cycling or the catalyzing by the Fe 

nanocrystals formed during the delithiation processes, and thus 

the electrode surface would be cyclically exposed to the 

electrolyte, which results in continual formation of thick SEI 40 

films and accordingly continual consuming of electrolyte.[14] The 

cyclical rupture and growth of SEI will cause low Coulombic 

efficiency, higher resistance to ionic transport, and low electronic 

conductivity of the whole electrode.[15, 25] Therefore, the capacity 

of the anode of bare Fe3O4 spheres decreases rapidly, and their 45 

cycling performance is remarkably worse than that of Fe3O4@C 

core-shell spheres.  

Figure 3e shows cycling performance of Fe3O4, Fe3O4@C 

and the corresponding Coulombic efficiency of the Fe3O4@C 

electrode under a current density of 1 A g-1.  Interestingly, the 50 

capacity of the Fe3O4@C initially decreased until the 6 cycles and 

then started to increase until 200th cycle. A high reversible 

capacity of 910 mAh g-1 was obtained even after 600th cycles, 

which is higher than that of Sn-Co-C anode proposed by Sony 

company.[3] Such high capacity retention of iron oxide electrode 55 

at a current rate of 1 A g-1 after hundreds cycling is few reported. 

As compared to other iron oxide anodes tested under similar 

conditions, our hierarchical Fe3O4@C core-shell structure reveals 

greatly enhanced lithium storage properties with a higher 

reversible capacity.[7b, 10] The superior performance could 60 

probably be attributed to the nanometer-sized subunits with 

surrounding mesopores and the conducting carbon shells, which 

have been verified by SEM, TEM and BET techniques. After 

repeated electrochemical cycling, the primary Fe3O4 

nanoparticles pulverized into the smaller ones, the internal 65 

mesopores allow the iron oxide to effectively buffer the volume 

change during discharge-charge processes, while the outside 

carbon layers can ensure the structural integrity. The carbon 

shells associated with the internal pores provide a fast and 

efficient transport of electron and Li ions. In contrast, Fe3O4 70 

spheres showed a capacity of 850 mAh g-1 initially but faded 

gradually. After 200th cycle, they exhibited about 48 % of 

capacity retention, and the measurement was ceased. Although 

the hierarchical Fe3O4 spheres can alleviate the crumbling of 

Fe3O4 to some extent because of the inter-voids,[26] and exhibit an 75 

improved electrochemical performance compared with solid 

counterpart, the excessive generation of SEI on the surface 

associated with the disintegration aroused by crack-up result in a 

degradation of electrochemical performance. The rate 

performance of the hierarchical Fe3O4@C electrode is also 80 

outstanding (Figure S4). It can deliver high average specific 

capacities of 900, 850, 610, 380 and 200 mAh g-1 at the current 

densities of 0.5, 1, 4, 10 and 20 C (1 C = 926 mA/g), respectively. 

More interestingly, when the current rate was reduced stepwise to 

0.5 C after 160 cycles, the stable high capacity of 900 mAh g-1 85 

for Fe3O4@C was resumed. Although the intrinsically high 

plateau of Fe3O4 will suppress the energy density compared with 

graphite when it is used as anode material, while the significantly 

increased capacity will play a more important role in enhancing 

the energy density. Besides, the Fe3O4 with relatively higher 90 

operating voltage can avoid the safety issues especially in the 

higher discharge-charge rate.[4a] 

 
Fig. 3 Electrochemical performance of Fe3O4@C spheres and Fe3O4 
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spheres: (a) and (b) representative CV curves of hierarchical Fe3O4@C 

spheres and Fe3O4 obtained at a range of 0.0 to 3.0 V (vs. Li+/Li) and 

potential scan rate of 0.1 mV/s; (c) and (d) charge/discharge curves of 

Fe3O4@C and Fe3O4 electrode; (e) Cycling performance for Fe3O4@C 

and Fe3O4 electrode at a current density of 1 A/g. 5 

To verify the superior electrochemical performance of 

hierarchical Fe3O4@C spheres, electrochemical impedance 

measurements were performed after five discharge-charge cycles. 

The Nyquist plots for the samples are shown in Figure 4 with a 

frequency range of 100 kHz to 0.01 Hz. The diameter of the 10 

semicircle for hybrid hierarchical Fe3O4@C electrode in the high-

medium frequency region is much smaller than that of Fe3O4. The 

value of Rct is ~36 Ω for the hierarchical Fe3O4@C composite, 

which is lower than that of corresponding Fe3O4 spheres (78 Ω). 

It can be attributed to the increased contact area at the 15 

electrode/electrolyte interface as well as the enhanced electrical 

conductivity of the overall electrode.[16b, 27] At the low frequency 

region, a more vertical straight line of the Fe3O4@C compared to 

the Fe3O4 is further evident for the faster Li+ ion diffusion 

behavior of the hierarchical Fe3O4@C electrode. Once again, it is 20 

further evidenced the unique structure of hierarchical Fe3O4@C 

hollow spheres on the contribution to the enhanced cycling and 

rate capability compared to the bare Fe3O4 hollow spheres  

 
Fig.4 Nyquist plots (100 kHz – 10 mHz) of Fe3O4 and hierarchical 25 

Fe3O4@C electrodes. 

The different morphology and structure features during 

cycling between the Fe3O4 spheres and hybrid Fe3O4@C spheres 

play an important role in cycling stability, which are validated by 

SEM and TEM investigations after discharge/charge cycles. The 30 

original morphology of the hybrid Fe3O4@C electrode is well 

preserved by coating the porous hollow Fe3O4 spheres with a 

carbon shell, as shown in Figure 5a, b and c. In contrast to the 

speckles and distinct rings for the initial Fe3O4@C materials 

(Figure S2), diffusion rings are observed in the SAED pattern 35 

(inset, Figure 5c), indicating the encapsulated nanoparticles of 

Fe3O4 were pulverized. The HRTEM image (Figure 5d and e) 

evidences that Fe3O4 nanoparticles have been pulverized but are 

still sealed in the carbon layers. In contrast, the bare Fe3O4 

electrode was totally breakdown and could not find any spheres 40 

after 50 cycles at a cycling rate of 1 A g-1 (Figure S5). XRD 

patterns for Fe3O4@C electrode are shown in Figure 5f. The 

significantly broad bumps with low intensity for Fe3O4 after 

cycling confirm the dramatic reduction of grain size. Apart from 

Fe3O4, no other phases show up, indicating the excellent 45 

reversibility of electrochemical processes. We also conducted the 

SEM/TEM characterizations for the cycled Fe3O4@C material in 

the charged state. In the TEM experiment, SAED patterns were 

carried out. All of the images (Figure S6 and S7) are 

supplemented in the supporting information. Most of the 50 

Fe3O4@C composites were kept in the spherical shape, among 

which the carbon black and binder can be clearly observed. After 

several cycles, the lithiated Fe3O4@C composite is in relatively 

low crystallinity, thus only several diffuse rings can be observed 

in the SAED patterns, which can be ascribed to the in situ formed 55 

Fe nanocrystals. Based on the above analysis, a scheme of the 

microstructure evolvement of hierarchical Fe3O4@C hollow 

electrode is illustrated in Figure 5g. During repeated 

charge/discharge, the constituent nanoparticles of Fe3O4 

pulverized into smaller ones, the stress of which can be 60 

sufficiently accommodated by the inter-voids, while the carbon 

shells can prevent the exfoliation and disconnection of active 

materials and effectively cage these pulverized particles. 

Therefore, the overall structural stability and durability of the 

electrode are improved.  65 
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Fig. 5. SEM images of Fe3O4@C electrode after 10 (a) and 50 (b) cycles. TEM images of Fe3O4@C electrode after 100 cycles (c), (d) and (e). The insets 

of (c) and (d) are the corresponding SAED patterns and EDS results. The presence of Cu is derived from the copper mesh that supports the sample during 

TEM measurement. (f) XRD patterns of Fe3O4@C electrode after different cycles. The presence of Cu is derived from current collector. (g) A schematic 

illustration of cycling effects on the microstructure evolvement of Fe3O4@C electrode. 5 

To evaluate the performance of Fe3O4@C material, a full-

cell battery with the commercial cathode of LiMn2O4 and the as-

prepared Fe3O4@C as anode was fabricated. The cycling 

performance is shown in Figure S8. As expected, a discharge 

plateau of ~ 2.5 V and charge plateau of ~ 3.3 V can be observed 10 

during cycling test. After 50th cycling at a 1C rate, the capacity of 

Fe3O4@C can still exhibit a capacity of ~ 800 mAh g-1. The 

favourable cycling stability of Fe3O4@C in the full-cell battery 

makes it a promising anode material for LIBs. 

4. Conclusions 15 

In summary, 3D hierarchical Fe3O4@C electrode comprising 

mesoporous Fe3O4 spheres with carbon shells was fabricated. The 

unique architecture for the hybrid electrode endows a structural 

and electrochemical integrity for the composite during repeated 

electrochemical cycling, and ensures favorable transport kinetics 20 

for both electrons and lithium ions. As a consequence, superior 

cycling performance (910 mAh g-1 at 1 A g-1 over 600 cycles) and 

excellent rate capability (380 mAh g-1 at 10 C) were achieved. 

The outstanding electrochemical performance of the hybrid 

electrode can be ascribed to the following reasons: 1) the outer 25 

shell of carbon can form a stable SEI layer on the surface and 

inhibit the aggregation of pulverized Fe3O4 in electrochemical 

cycling; 2) the hierarchical structure can efficiently accommodate 

the mechanical stress induced by the volume variation of Fe3O4 

during lithiation/delithiation processes; 3) the carbon layers in 30 

association with mesoporous structural provide a fast and 

efficient transport of electron and Li ions. Such a simple and 

scalable route to construct carbon encapsulated hierarchical core-

shell structure may be further extended to other metals or metal 

oxides for electrochemical energy storage applications. 35 
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