
Silk-regulated hierarchical hollow magnetite/carbon 
nanocomposite spheroids for lithium ion battery anodes

Weiqin Shenga, Guobin Zhub, David L Kaplana,c, Chuanbao Caod, Hesun Zhud, and Qiang 
Lua

Qiang Lu: Lvqiang78@suda.edu.cn
aNational Engineering Laboratory for Modern Silk & Collaborative Innovation Center of Suzhou 
Nano Science and Technology, Soochow University, Suzhou 215123, People’s Republic of China

bCollege of Physics, Optoelectronics and Energy & Collaborative Innovation Center of S uzhou 
Nano Science and Technology, Soochow University, Suzhou 215006, People’s Republic of China

cDepartment of Biomedical Engineering, Tufts University, Medford, MA 02155, USA

dResearch Center of Materials Science, Beijing Institute of Technology, Beijing 100081, People’s 
Republic of China

Abstract

Hierarchical olive-like structured carbon-Fe3O4 nanocomposite particles composed of a hollow 

interior and a carbon coated surface are prepared by a facile, silk protein-assisted hydrothermal 

method. Silk nanofibers as templates and carbon precursors first regulate the formation of hollow 

Fe2O3 microspheres and then they are converted into carbon in a reduction process into Fe3O4. 

This process significantly simplifies the fabrication and carbon coating processes to form complex 

hollow structures. When tested as anode materials for lithium-ion batteries, these hollow carbon-

coated particles exhibite high capacity (900 mAh g−1), excellent cycle stability (180 cycles) and 

rate performance due to their unique hierarchical hollow structure and carbon coating.
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1. Introduction

Lithium-ion batteries (LIBs), the dominant power sources for portable electronic devices [1–

4], are expanding their applications to electric vehicles and green energy grids [5–9]. The 

growing demand for these emerging applications boosts continuing interest in seeking more 

environmentally acceptable anode materials with high energy and power density and long 

life-times [10]. Among the available alternative anode materials, magnetite is a promising 

candidate due to its higher theoretical capacity (926 mAh g−1) than graphite and other 

transition metal oxides such as SnO2 [11], high electronic conductivity (2×104 S m−1), 
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nontoxicity, low cost, abundance, and environmental compatibility [12–16]. Despite these 

attractive features, the large capacity decay caused by the large volume expansion of Fe3O4 

during charge-discharge hinders its practical applications for LIBs [17]. Different 

approaches have been developed to overcome these problems. One strategy is to fabricate 

Fe3O4 hollow nanostructures with high area and short diffusion paths, leading to a better 

rate capacity and improved cycling stability [18, 19]. Other solutions are to coat or 

encapsulate magnetite with carbon, which can increase electrical conductivity, and alleviate 

pulverization and aggregation of the magnetite materials [20–23]. Although some exciting 

developments have been achieved in recent studies, the fabrication of truly durable Fe3O4 

anodes with high-rate capability and high specific capacity remains a challenge.

The construction of a hierarchical hollow nanostructure of Fe3O4/carbon composite might 

be a good approach to address the current issues and challenges. It is expected that more 

efficient and rapid transfer of ions and electrons, and the accommodation of volume 

expansion during cycling, could be achieved via this approach. However, it remains a 

challenge to develop a simple, green and reliable method for the formation of such 

hierarchical nanostructures. Most template-assisted methods for the formation of hollow 

structures involve complicated procedures including the preparation and removal of 

templates [24, 25]. Furthermore, the production of Fe3O4/carbon composite materials 

requires a complicated process. Few successful attempts have been reported to design 

hollow Fe3O4/carbon nano-composites with enhanced lithium storage properties.

Bombyx mori silk fibroin (SF), a naturally derived, high molecular weight, amphiphilic 

protein polymer, has unique self-assembly behavior, excellent biocompatible and 

mechanical property, acting as a template to prepare different nanomaterials such as calcium 

carbonate [26], copper oxide [27], silver [28], and iron oxides [29, 30] with controllable 

morphologies. However, reliable control of nanostructures of SF-regulated materials is 

challenging due to the polymorphic and dynamic state of the silk chains in solution. This 

problem was addressed by tuning the self-assembly process of SF in our recent study [31]. 

Water dispersible SF nanofibers with high beta-sheet content were prepared, providing a 

stable template for the formation of different nanomaterials including iron oxides. Herein, 

we report a facile and scalable solvothermal method for synthesizing hierarchical olive-like 

Fe3O4/carbon hollow microspheres via the assistance of the templating SF nanofibers. The 

hollow microspheres were prepared by a simple one-pot reaction with the SF nanofibers as 

templates, followed by calcination at 600°C in Ar where the SF nanofiber was used as a 

carbon precursor without additional separation or purification steps. The multiple functions 

of the SF nanofiber simplified previous complicated steps in hollow structural fabrication 

and carbon coating processes, resulting in the reliable preparation of hollow Fe3O4/carbon 

nanocomposite particles with excellent capacity, cycle stability, and rate performance.

2. Experimental

2.1. Materials

Iron (III) chloride hexahydrate (FeCl3·6H2O), Ethanol and Na2CO3 were purchased from 

Sinopharm Chemical Reagent Co., Ltd., Shanghai, China. LiBr was purchased from Sigma-

Aldrich. All the reagents were used without further purification.
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2.2. Preparation of silk fibroin solutions

SF solutions were prepared according to our previously published procedures [32]. B. mori 

cocoons were boiled for 20 min in an aqueous solution of 0.02 M Na2CO3 and then rinsed 

thoroughly with deionized water to extract the sericin proteins. After drying, the extracted 

silk was dissolved in 9.3 M LiBr solution at 60 °C for 4 h, yielding a 20% (w/v) solution, 

since LiBr could dissolve the crystalline regions of silk fibroin and then make silk fibroin 

soluble in water. This solution was dialyzed against deionized water using dialysis tube 

(MWCO 3,500) for 72 h to remove the salt. Then the solution was centrifuged at 9,000 rpm 

for 20 min at 4 °C to remove silk aggregates formed during the process. The final 

concentration of silk was about 7 wt%, determined by weighing the remaining solid after 

drying. The prepared SF solution was stored at 4 °C for future use.

2.3. Preparation of silk fibroin nanofiber solutions

SF nanofiber solutions were prepared according to our recent work [31]. Typically, the SF 

solution was concentrated to about 20% (w/w) over 24 h at 60 °C to form metastable 

nanoparticles. Then the concentrated SF solution was diluted to 0.5% with deionized water 

and incubated at 60 °C until the SF nanofiber solution formed.

2.4. Synthesis of olive-like Fe3O4/C hollow microspheres

Olive-like hollow microspheres were synthesized by a simple solvothermal method. In a 

typical procedure, the SF nanofiber solution was sonicated with a SL-650D Sonifier for 10 

min at 80% amplitude (output power supply is 650 W) to achieve short nanofiber templates 

(diameter 20nm, length 100–200nm) (Figure S1, Supporting Information). Then, 1.2g 

FeCl3·6H2O was dissolved in the 90 ml sonicated SF solution with stirring. The transparent 

mixture was transferred to a 100 ml Teflon-lined stainless-steel autoclave and heated at 160 

°C for 20 h. After the autoclave was cooled to room temperature, the as-prepared α-

Fe2O3/SF hollow microspheres were collected after a centrifugal process (8,000 rpm, 30 

min), and washing process with deionized water and ethanol for three times each, followed 

by drying in a vacuum oven at 60 °C for 12 h. Different weights of FeCl3·6H2O were also 

added into the above sonicated SF solution to achieve α-Fe2O3/SF microspheres with 

various morphologies and sizes. The olive-like α-Fe2O3/SF hollow microspheres obtained 

were then calcined at 600 °C in Ar for 5 h to generate olive-like Fe3O4/C hollow structures.

2.5. Characterizations

X-ray diffraction (XRD) patterns of the samples were recorded on an X’Pert-Pro 

diffractometer (PANalytical, Holland) with Cu Kα radiation in the 2θ range from 10 to 90° 

at 40 kV and 40 mA. TEM and high-angle annular dark-field scanning TEM (HAADF-

STEM) were performed using a Tecnai FEI 20 transmission electron microscope (Tecnai G2 

F20, FEI, USA) at 200kV. In addition, field emission scanning electron microscopy 

(FESEM, SU8010, Hitachi, Japan) was used to determine morphology at 15kV. The sample 

solutions were dipped on the Cu grids for TEM observation, and similarly were cast on 

silicon wafers for SEM characterization.
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2.6. Electrochemical measurements

Electrochemical measurements were carried out using pure lithium foil as the counter/

reference electrode, polypropylene (Celgard 2400) film as the separator, Fe3O4/C as the 

working electrode, and 1M LiPF6 dissolved in ethylene carbonate (EC)/diethyl carbonate 

(DEC) (1:1 v/v) as the electrolyte. The Fe3O4/C working electrode was prepared by mixing 

65% of the active material (Fe3O4/C), 25% of the conducting carbon black (super-P-Li) and 

10% of polyvinylidenedifluoride (PVDF). The cells were assembled in a glove box filled 

with argon. The galvanostatic charge-discharge cycles were tested by a LAND CT2001A 

(Wuhan, China) battery tester at 303K, respectively.

3. Results and discussion

The chemical composition and phase purity of the calcined product is determined by XRD 

analysis. All diffraction peaks in the XRD pattern can be unambiguously assigned to the 

Fe3O4 phase (JCPDS card no. 03-065-3107) (Figure 1a). No other impurities are observed. 

The typical black colour of the product further confirms the formation of Fe3O4. The Fe3O4 

particles were characterized by FESEM (Figure 1b) and showed uniform olive-like particles 

with a length of about 1.0 µm and a diameter of about 500 nm. From the cross-section 

images (Figure 1c, polished by Iion, Gatan 693 Precision Cross-Section System), the hollow 

particles with volume ratio of about 50% were composed of densely packed subunits. The 

high-magnification TEM image (Figure 1d) of the shell of the particles shows a thin carbon 

coating with depth of about 1nm outside the Fe3O4 shell (Figure 1e), which will facilitate 

electrical conductivity and alleviate pulverization and aggregation of the magnetite spheres.

The uncalcined precursor particles obtained in the presence of SF nanofibers in the reaction 

mixture are characterized by XRD and FESEM (Figure S2). The morphological comparison 

between the precursor and final Fe3O4 particles shows no noticeable structural change 

caused by the calcination process. The XRD pattern (Figure S2a) shows typical diffraction 

peaks of α-Fe2O3 (JCPDS card no. 00-024-0072), which is further confirmed with the red 

colour of the powder in a mortar, the typical colour of α-Fe2O3 particles. We therefore 

conclude that the as-prepared precursor is hematite that is converted into Fe3O4 phase in Ar 

by the reduction of carbon carbonized from SF [20].

In the present solvothermal system, the SF nanofiber additive has an important influence on 

the morphology of the product. We therefore study the effect of different amounts of SF 

nanofibers in the reaction mixture on the structure of the α-Fe2O3 particles before 

calcination (Figure 2). When less silk nanofiber (the ratio of SF to FeCl3·6H2O, 2:9 (w/w)) 

is present in the reaction system, the particles obtained are olive-like structures with a larger 

size (about 2 µm in length, 1.2 µm in diameter). Following the increase of SF (the ratio of SF 

to FeCl3·6H2O, 6:5 (w/w)) in the reaction mixture, the α-Fe2O3 particles maintain an olive-

like morphology with a decrease in size from several microns to about 100 nanometers, and 

are finally transformed into irregular nanoparticles with a size of about several ten 

nanometers. It is also observed that the hollow structure change when more silk nanofiber is 

present in the reaction system. If the relative amount of SF nanofiber to FeCl3·6H2O is 

increased to more than 4/7 (w/w), a dense packing of the nanoparticle subunits appear, 

giving the structure an almost solid interior (Figure S3). These observations suggest that the 
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formation of olive-like hollow spheres composed of smaller nanoparticles depend primarily 

on the concentration of SF in the reaction system.

We next carry out a time-dependent experiment to clarify the formation process of the 

unique hollow olive-like structures in the present system. Nanorods with a similar length to 

the silk nanofiber templates are collected after a reaction time of 1h and 2h. When the 

reaction duration is prolonged to 6 h, olive-like spheres have formed. Scheme 1 illustrates 

the formation process of the precursor olive-like hollow α-Fe2O3 spheres. The tyrosine 

residues in SF macromolecular chains can provide strong interactions with Fe (III) [33, 34], 

making silk-Fe complexes possible in different reaction systems. Compared to previous 

reported silk fibroin materials, silk fibroin nanofiber with increased negative potential 

provided stronger interactions with positive charged Fe (III) [35] to form silk-Fe nanofiber 

complexes. Then the silk-Fe nanofiber complexes are hydrolyzed into FeOOH during the 

hydrothermal process, and the FeOOH nanoparticles are further dehydrated to transform into 

olive-like α-Fe2O3, accompanied by the reassembly and aggregation process to reduce the 

system energy. The FeOOH firstly assembled into nanofiber structure and then aggregated 

to form olive-like structure rather than microspheres due to the influence of the SF nanofiber 

template (as opposed to free silk protein chains in solution) [36]. During longer reaction 

times, the small α-Fe2O3 crystallites in the core region of the spheres are dissolved 

according to an inside-out Ostwald ripening process [5]. The hollowing process continues 

with longer reaction times until well-defined olive-like hollow spheres form. The HAADF-

STEM images (Figure 3) reveal the hollowing process. The spheres obtained after reaction 

for 6 h are still solid. When the reaction time is extended to 8 h, hollow structures initially 

appear around the central region of the spheres. After 20 h, well-defined olive-like hollow 

spheres form.

The calcination and reduction happen simultaneously at 600 °C for 5 h in Ar to form 

hierarchical olive-like Fe3O4/carbon hollow microspheres in the reaction system. Our 

previous studies have revealed that SF regulate crystallization, serving as a template, and 

also coat the outside the particles as a stabilizer [26, 35]. The SF coating also form outside 

the α-Fe2O3 particles (Figure 3i, insert), and help with the formation of the hierarchical 

hollow magnetite spheres with carbon coatings after calcination and reduction at 600 °C in 

Ar. We next study the electrochemical properties of the carbon-coated hollow magnetite 

spheres. Figure 4a presents the results of the electrochemical tests conducted by 

galvanostatic charge-discharge voltage cycling between 50 mV and 3.0 V (versus Li+/Li) at 

a current density of 200 mA g−1. A distinct voltage plateau is identified at about 0.75 V, 

agreeing well with that found in prior studies [20, 23]. This conversion -reaction provide the 

dominant contribution to the lithium-storage capacity of the material. The first discharge and 

charge capacities are 1369 mAh g−1 and 1028 mAh g−1, respectively, leading to a relatively 

low irreversible capacity loss of 25%. Such initial irreversible capacity loss is usually due to 

the formation of a solid-electrotyte interface (SEI) and some side reactions [20, 23]. The 

Coulombic efficiency increases rapidly to 97% in the second cycle and stabilize to 99% over 

180 cycles, indicating the irreversible surface reactions are limited by the hollow structure 

and carbon coating of the material. The cycling performance and Coulombic efficiency of 

the material are further evaluated by prolonging cycling over 180 cycles at a constant 
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current density of 200 mA g−1 between 50 mV and 3.0 V (Figure 4b). As expected, the as-

prepared hierarchical Fe3O4/carbon hollow spheres exhibit excellent cyclic capacity 

retention with a stable reversible capacity of about 900 mAh g−1 even at the end of 180 

charge-discharge cycles. The rate performance of the sample is examined by charging/

discharging the cells at different current densities from 0.1C, 0.2C, 0.5C, 1C, 2C, 5C, 10C, 

20C, and back to 0.1C and 1C (1 C = 1000 mA g−1) for 3 cycles interval each (Figure 4c). 

The ultrahigh specific capacity of the Fe3O4/carbon hollow spheres steadily decrease as the 

current rate is increased, which is possibly due to the slow diffusion of Li+ ions in the solid 

material. However, the capacity returns to 950 mAh g−1 from 374 mAh g−1 when the current 

rate is reassumed to 1 C, suggesting that the electrode materials could sustain the extensive 

cycling at high rates. It is particularly interesting to note that the specific capacity of the 

Fe3O4/carbon hollow spheres at different current densities has been enhanced when 

compared to olive-like Fe3O4/carbon solid spheres (Figure S4) and other hollow Fe3O4 

spheres-based electrodes under similar conditions [12, 19]. We can attribute this superior 

performance to the carbon coating providing fast and efficient transport of Li ions.

Thus, the advantage of the present material for energy storage is apparent. The 

electrochemical performance, including the high specific capacity, enhanced cycling 

stability and rate performance, relate to the advantageous structure of these hierarchical 

hollow Fe3O4/carbon nanocomposite spheres. The hollow interior endows the spheres with 

high structural integrity and efficient transport of Li ions because of the effective buffer of 

the stress induced during charge-discharge process and the short Li ion diffusion length. The 

carbon coating further relieves the stress induced by volume expansion/contraction and 

increases the electrical conductivity. These Fe3O4/carbon hollow microspheres have 

potential as an interesting anode material.

4. Conclusions

A simple SF nanofiber-assisted solvothermal method for the synthesis of hierarchical olive-

like Fe3O4/carbon hollow microspheres was identified. SF nanofibers served as templates to 

first control the morphology of α-Fe2O3 precursors, inducing olive-like hollow microsphere 

formation. These precursor hollow microspheres could be readily converted into Fe3O4 

hollow microspheres by reduction under an Ar atmosphere without significant structural 

collapse. In the process, silk nanofibers as a carbon precursor are converted into carbon that 

coats the outside the spheres. In view of their unique structural advantages, these olive-like 

Fe3O4/carbon hollow microspheres were evaluated as an anode material for lithium-ion 

batteries, showing improved electrochemical performance with excellent cycling stability 

and a higher reversible capacity of 900 mA h g−1 even after 180 cycles.
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Figure 1. 
XRD pattern (a), FESEM images (b, c, e) and HR-TEM image (d) of the obtained olive-like 

Fe3O4 hollow microspheres; insert in Figure 1a shows the optical image of the black 

coloured Fe3O4 in a mortar and the inserts in image of Figure 1e are the EDS mapping of 

Fe, O, and C according to the image of Figure 1e.
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Figure 2. 
FESEM images of the obtained olive-like α-Fe2O3 hollow microspheres prepared with 

different proportions (w/w) of SF to FeCl3·6H2O. (a) 0, (b) 2:9, (c) 3:8, (d) 4:7, (e) 5:6, (f) 

6:5, (g) 7:4, (h) 8:3.
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Figure 3. 
HAADF-STEM images of the obtained olive-like α-Fe2O3/SF hollow microspheres 

prepared with different reaction time. (a) 1 h, (b) 2 h, (c) 3 h, (d) 4 h, (e) 6 h, (f) 8 h, (g) 12 

h, (h) 20 h, (i) 24 h. The red arrow in Figure 6f indicates that the hollow structure began to 

form and the insert in Figure 6i is the HR-TEM image of the olive-like α-Fe2O3/SF hollow 

microspheres prepared with 24h, showing SF coating outside the olive-like α-Fe2O3/SF 

hollow microspheres.
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Figure 4. 
(a) Charge-discharge curves and (b) cycling performance of olive-like hollow Fe3O4 

electrode. All galvanostatic tests were performed at a constant current density of 0.2 C 

between 0.05 and 3 V (vs. Li+5 /Li). (c) Rate performance of olive-like hollow Fe3O4 

electrode at different rates ranging from 0.1 C to 20 C. (1 C=1000 mA g−1).
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Scheme 1. 
Possible mechanism for the formation of olive-like Fe3O4/C hollow microspheres.
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