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 One-Pot Magnetic Field Induced Formation of Fe 3 O 4 /C 
Composite Microrods with Enhanced Lithium 
Storage Capability  

   Yanrong    Wang     ,        Lei    Zhang     ,        Xuehui    Gao     ,        Liyuan    Mao     ,        Yong    Hu     ,   *      
 and        Xiong Wen    (David) Lou   *   

  In recent years, transition metal oxides (TMOs) have gained 

enormous research interest as promising anode materials for 

lithium ion batteries (LIBs) due to their high capacity. [ 1,2 ]  

Among TMOs, magnetite (Fe 3 O 4 ) is particularly attractive 

because of its high capacity, eco-friendliness, natural abun-

dance, and high electronic conductivity. [ 3–5 ]  However, Fe 3 O 4  

usually suffers from low rate capability and poor capacity 

retention upon cycling caused by kinetic limitations, agglom-

eration and volume expansion during the conversion reaction 

process. [ 6 ]  In order to overcome the above intractable prob-

lems, two typical strategies have been widely practised. One 

way is to synthesize nanosized Fe 3 O 4  materials with various 

morphologies, including nanoparticles, nanosheets, nanow-

ires, nanotubes, and hollow nanostructures. [ 1,7–10 ]  Particularly, 

there is growing interest in one-dimensional (1D) nanostruc-

tures as electrodes for lithium-ion batteries, [ 11,12 ]  because they 

are often observed to manifest high capacity and improved 

cycling stability. And 1D nanostructure is believed benefi -

cial for achieving high rate performance since it facilitates 

electron and lithium ion transport. [ 13,14 ]  On the other hand, 

incorporating different carbon materials is another effective 

strategy to enhance the electrochemical performance. [ 15,16 ]  It 

is hypothesized that the carbon component can act as a bar-

rier to restrain the aggregation and pulverization of electro-

active particles thus increasing their structural stability, and 

can at the same time increase electrical conductivity of the 

electrode. [ 17 ]  To date, many Fe 3 O 4 /C nanocomposites have 
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been prepared by various methods. [ 18–20 ]  But most of them 

do not show satisfactory electrochemical performance. It is 

therefore still desirable to synthesize structurally designed 

Fe 3 O 4 /C nanocomposites to further enhance the electro-

chemical performance. [ 21,22 ]  

 Up to now, many 1D magnetic materials have been syn-

thesized by different methods. [ 23,24 ]  In particular, an external 

magnetic fi eld has been increasingly used as an important 

handle to assemble magnetic particles into 1D nanostruc-

tures. [ 25–28 ]  As an example, 1D pearl chain-like Fe 3 O 4 /C 

core-shell nanocables have been successfully assembled from 

preformed Fe 3 O 4  nanospheres in the presence of an external 

magnetic fi eld, in which glucose-derived carbon serves as the 

“glue”. [ 29 ]  In this work, we report a magnetic fi eld induced 

formation of 1D Fe 3 O 4 /C composite microrods via a one-

pot solvothermal method. Importantly, the obtained Fe 3 O 4 /C 

composite microrods demonstrate much better lithium 

storage properties than Fe 3 O 4  nanospheres with a high 

reversible capacity of 650 mA h g −1  retained after 100 charge/

discharge cycles. 

 The synthesis strategy for the Fe 3 O 4 /C composite micro-

rods is schematically depicted in  Figure    1  . Glucose and eth-

ylenediamine (EDA) are adsorbed on the surface of Fe 3 O 4  

nanoparticles formed at the early stage. Glucose not only 

serves as the carbon source that would be carbonized under 

the solvothermal conditions, but also plays a key role in 

binding individual Fe 3 O 4  nanoparticles. Smaller Fe 3 O 4  nano-

particles formed at the initial stage aggregate together with 

the help of glucose to reduce their overall surface energy. [ 25 ]  

At the same time, EDA molecules may also infl uence the dis-

solution and regrowth process of iron-containing precursor, 

and thus affect the formation of products. [ 8 ]  In general, self-

generated magnetic fi elds in ferromagnetic nanoparticles 

are random in direction, and therefore they cannot be used 

to assemble ferromagnetic nanoparticles into 1D nanostruc-

tures. Nonetheless, in the presence of an externally applied 

magnetic fi eld, the magnetic nanoparticles can be assembled 

along the magnetic fi eld direction. [ 30 ]   

 The phase composition and structure of the as-prepared 

Fe 3 O 4 /C microrods are examined by X-ray powder diffrac-

tion (XRD) (Figure S1, see the Supporting Information). All 

the refl ection peaks can be indexed to face-centered-cubic 
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magnetite Fe 3 O 4  (JCPDS card No. 19-0629) with lattice 

constant of  a  = 8.396 Å. No additional peaks are detected, 

indicating the high purity of the sample. It is known that 

glucose-derived carbon under solverthermal conditions is 

amorphous. The carbon content in the Fe 3 O 4 /C microrods is 

estimated by thermogravimetric analysis (TGA; Figure S2, 

see SI). The weight loss below 150 °C can probably be attrib-

uted to the evaporation of adsorbed moisture or gaseous mol-

ecules. And the major weight loss takes place at ~350 °C and 

completes at ~800 °C, giving rise to an observed weight loss 

of ~4.0%, which can be attributed to carbon decomposition. 

Considering that Fe 3 O 4  will be converted into Fe 2 O 3  when 

heated in air, it will cause a weight gain of about 3.45%. [ 31 ]  

Through the analysis, the actual carbon content in Fe 3 O 4 /C 

microrods can be estimated to be ~8%. 

 The morphology and structure of the as-prepared prod-

ucts are studied by scanning electron microscopy (SEM) and 

transmission electron microscopy (TEM).  Figure    2  a shows 

a SEM image of the product obtained without addition of 

glucose in the presence of an external magnetic fi eld. It can 

be seen that only Fe 3 O 4  nanospheres about 100 to 150 nm 

in diameter are obtained. When 0.4 g of glucose is added in 

the reaction system while keeping other 

conditions unchanged, Fe 3 O 4 /C composite 

microrods about 1–1.5 µm in diameter and 

several tens of µm in length are formed 

(Figure  2 b and c). Thus, this observation 

clearly indicates that glucose plays a crit-

ical role for forming Fe 3 O 4 /C microrods 

in the presence of an external magnetic 

fi eld. The structure of Fe 3 O 4 /C microrods 

is further elucidated by TEM (Figure  2 d). 

The inset in Figure  2 d displays a HRTEM 

image, from which the lattice spacing of 

0.25 nm matches well with (311) planes 

of magnetite Fe 3 O 4 . In addition, it can be 

observed that the Fe 3 O 4  nanoparticles in 

the Fe 3 O 4 /C microrods are coated with a 

layer of amorphous carbon about 2.5 nm 

in thickness. In the absence of external 

magnetic fi eld, only Fe 3 O 4 /C nanospheres 

about 450 nm in diameter are formed 

(Figure S3, see the Supporting Informa-

tion), which further confi rms the mag-

netic fi eld induced formation of Fe 3 O 4 /C 

microrods. [ 30,32 ]  From TGA analysis 

(Figure S2, see SI), the carbon content in 

these Fe 3 O 4 /C nanospheres is about the 

same as in the Fe 3 O 4 /C microrods.  

 A series of control experiments is also 

carried out to investigate the effect of 

relative amounts of EDA and EG in the 

mixed solvent on the product morphology. 

Interestingly, it is found that even a slight 

change in the EDA concentration will 

lead to products with distinct morpholo-

gies (Figure S4, see SI). More specifi cally, 

it can be seen that only Fe 3 O 4  amorphous 

agglomerate particles are formed in the 

absence of EDA (Figure S4a). With 2 mL of EDA in the 

reaction solution, the product is composed of short microrods 

with varying diameters (Figure S4b). If the volume of EDA is 

increased to 5 mL, the resultant product contains some long 

microrods (Figure S4c). However, when the volume of EDA 

is further increased to 9 mL, only some rods and spherical 

particles are observed in the product (Figure S4d). Thus, in 

the present simple solvothermal system, the concentration 

of EDA also plays an important role in the nucleation and 

growth of the products. [ 8 ]  On the basis of above observations, 

in addition to glucose, it might be apparent that the forma-

tion of 1D Fe 3 O 4 /C microrods depends primarily on the 

volume ratio of EDA and EG in the reaction system in the 

presence of an external magnetic fi eld. 

 The chemical states of elements in the Fe 3 O 4 /C microrods 

are further studied by the X-ray photoelectron spectroscopy 

(XPS) technique. A typical full XPS spectrum ( Figure    3  a) of 

the Fe 3 O 4 /C microrods shows photoelectron lines at binding 

energy of about 285, 400, 530, and 712 eV that are attrib-

uted to C1s, N1s, O1s, and Fe2p, respectively. In the spec-

trum of Fe2p (Figure  3 b), the Fe2p3/2 and Fe2p1/2 peaks are 

located at 710.9 and 724.7 eV respectively. The characteristic 
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 Figure 1.    Schematic illustration of the magnetic fi eld induced formation of one-dimensional 
Fe 3 O 4 /C composite microrods by one-pot solvothermal reaction.

 Figure 2.    SEM images of the as-prepared Fe 3 O 4  nanospheres (a) and Fe 3 O 4 /C composite 
microrods (b and c). (d) TEM and HRTEM (inset) images of Fe 3 O 4 /C microrods.
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satellite peak at ∼719.0 eV of α-Fe 2 O 3  or γ-Fe 2 O 3  is not 

observed, [ 20,33,34 ]  indicating formation of the Fe 3 O 4  phase 

in the Fe 3 O 4 /C microrods. Figure  3 c shows the spectrum of 

O1s, and the peak at 530.3 eV may be attributed to anionic 

oxygen in Fe 3 O 4 . 
[ 35 ]  The high-resolution spectrum of C1s is 

shown in Figure  3 d, which can be resolved into three peaks 

by the peak fi tting program. The core level spectrum in the 

C1s region displays an asymmetric broad peak, which indi-

cates that more than one chemical states of C are present. [ 36 ]  

By fi tting the experimental line profi le, three peaks are 

identifi ed and assigned to the aliphatic C-C and C-H bonds 

(284.7eV), O-C-O complex (286.1eV), and carbonate species 

(288.5 eV). [ 35,37 ]   

 We have evaluated lithium storage properties of the as-

prepared Fe 3 O 4 /C composite microrods.  Figure    4  a shows 

the representative cyclic voltammograms (CVs) of the 

sample between 0.05 and 3 V at a scan rate of 0.5 mV s −1 . 

Consistent with previous reports, [ 3–10 ]  one pair of distinct 

redox current peaks can be clearly identifi ed from the CV 

curves. The reduction peak at ~0.4 V in the cathodic sweep 

corresponds to the electrochemical reduction of Fe 3 O 4  and 

formation of Li 2 O. Apparently, the peak intensity drops 

signifi cantly in the second cycle, indicating the occurrence 

of some irreversible electrochemical processes in the fi rst 

cycle. On the other hand, the oxidation peak at ~2.0 V in 

the anodic sweep, attributed to the formation of Fe 3+  from 

Fe 0 , exhibits little change in the fi rst three cycles, indicating 

good reversibility of the electrochemical reaction. In agree-

ment with the CV curves, the charge-discharge voltage pro-

fi les of Fe 3 O 4 /C microrods at a current density of 200 mA g −1  

show a voltage plateau of about 0.75 V (Figure S5, see the 

Supporting Information). Figure  4 b shows the comparative 

cycling performance of Fe 3 O 4 /C micro-

rods, Fe 3 O 4 /C and Fe 3 O 4  nanospheres. 

Apparently, Fe 3 O 4 /C microrods demon-

strate much better cyclic capacity retention 

than Fe 3 O 4 /C and Fe 3 O 4  nanospheres, with 

a high reversible capacity of about 650 

mA h g −1  retained after 100 cycles com-

pared to about 250 and 165 mA h g −1  for 

Fe 3 O 4 /C and Fe 3 O 4  nanospheres respec-

tively. To evaluate the rate capability, the 

Fe 3 O 4 /C microrods electrode is cycled at 

various charge-discharge current densities 

ranging from 200 to 1000 mA g −1  over a 

voltage window of 0.05–3.0 V (Figure S6, 

see Supporting Information). The Fe 3 O 4 /C 

microrods experience only small decrease 

in capacity as the current density increases. 

As an example, at a high current den-

sity of 1000 mA g −1 , the Fe 3 O 4 /C micro-

rods can still deliver a stable discharge 

capacity of about 400 mA h g −1 . Remark-

ably, when the current density is reduced 

back to 200 mA g −1  after more than 50 

cycles, a stable high discharge capacity of 

about 600 mA h g −1  can be recovered. The 

remarkable lithium storage properties of 

Fe 3 O 4 /C microrods are likely related to 

the unique 1D nanostructure and hybrid composition. Spe-

cifi cally, the low-dimensional 1D structure is able to better 

withstand the large volume variation during the charge/dis-

charge process, thus leading to enhanced cycling stability. 

Meanwhile, the carbon component in the hybrid material 

will improve the structural stability upon cycling and perhaps 

electric conductivity as well. [ 3 ]  The above encouraging results 

show that these Fe 3 O 4 /C composite microrods synthesized in 

this work could be potentially used as a high-capacity anode 

material in lithium-ion batteries.  

 In summary, we have developed a novel magnetic fi eld-

induced solvothermal method to synthesize Fe 3 O 4 /C com-

posite microrods. In the synthesis, glucose not only serves as 

the carbon source, but also plays a critical role in gluing Fe 3 O 4  

nanoparticles to form Fe 3 O 4 /C microrods in the presence of 

an external magnetic fi eld. It is also found that the amount 

of EDA in the reaction system has a signifi cant effect on the 

structure of products formed. The as-prepared Fe 3 O 4 /C com-

posite microrods exhibit signifi cantly enhanced electrochem-

ical lithium storage properties with a high reversible capacity 

of ∼650 mA h g −1  retained after 100 cycles. The present results 

again suggest that structural design of electrodes will have 

important implications on the synthesis of high-performance 

electrode materials for lithium-ion batteries.   

 Experimental Section 

  Synthesis of Fe 3 O 4 /C Microrods and Fe 3 O 4  Nanospheres:  In a 
typical synthesis, 0.4 g of FeCl 3 · 6H 2 O and 0.3 g of CH 3 COONa were 
added into a mixed solvent of 15 mL of ethylene glycol (EG) and 
3 mL of ethylenediamine (EDA). After that, 0.4 g of glucose was 
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 Figure 3.    XPS spectra of Fe 3 O 4 /C composite microrods: (a) full spectrum, (b) Fe2p spectrum, 
(c) O1s spectrum, (d) C1s spectrum.
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added into the solution. The resulting mixture was then transferred 
into a 20 mL Tefl on-lined stainless steel autoclave, followed by 
heating at 180 °C for 6 h in the presence of an external magnetic 
fi eld (0.2 T). After cooling down to room temperature, the precipi-
tate was collected and washed with de-ionized water and ethanol 
for several times by centrifugation, then dried in an oven at 60 °C 
for 6 h. Subsequently, the as-prepared sample was loaded into 
a tube furnace and heated in N 2  at 400 °C for 4 h with a heating 
rate of 1 °C min −1 . Pure Fe 3 O 4  nanospheres were obtained with the 
same experimental conditions except the absence of glucose. 

  Materials Characterization:  Powder X-ray diffraction (XRD) 
measurements of the samples were performed with a Philips 
PW3040/60 X-ray diffractometer using Cu-Kα radiation at a scan-
ning rate of 0.06° s −1 . Scanning electron microscopy (SEM) was 
performed with a Hitachi S-4800 scanning electron microanalyzer 
with an accelerating voltage of 15 kV. Transmission electron micro-
scopy (TEM) and high-resolution transmission electron microscopy 
(HRTEM) were conducted at 200 kV with a JEM-2100F fi eld emission 
TEM. Further characterization of composition of the products was 
carried out with X-ray photoelectron spectroscopy (XPS), using an 
ESCALab MKII X-ray photoelectron spectrometer with Mg Kα X-ray 
as the excitation source. Thermogravimetric analysis (TGA) of the 
products was performed on a Netzsch STA 449 C thermal analyzer. 

  Electrochemical Measurements:  The electrochemical tests were 
carried out using two-electrode Swagelok cells. The working elec-
trode consists of 70 wt% of active material, 20 wt% of conductive 
carbon black (Super-P-Li), and 10 wt% of polymer binder (polyvi-
nylidene fl uoride, PVDF). The electrolyte is 1M LiPF 6  in a mixture of 

ethylene carbonate and diethyl carbonate (1:1 by weight). Lithium 
disc was used as both the counter and reference electrode. Cell 
assembly was carried out in an Ar-fi lled glovebox with moisture 
and oxygen concentrations below 1.0 ppm. The charge-discharge 
tests were performed on a NEWARE battery tester.

 Supporting Information 

Supporting Information is available from the Wiley Online Library 
or from the author.  
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