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 Since the pioneering work by Poizot 
et al., transition metal oxides (TMOs), 
such as iron oxides, have attracted much 
attention as high-capacity anode mate-
rials for LIBs. [ 3,4 ]  However, the practical 
application of TMOs in LIBs has thus far 
been hindered by the large volume expan-
sion during lithiation, [ 5 ]  the formation of 
thick and unstable solid electrolyte inter-
face (SEI) fi lm, [ 6,7 ]  and low electrical con-
ductivity, [ 5,6 ]  which lead to rapid capacity 
decay during cycling and poor rate per-
formance. To address these issues, sev-
eral strategies have been developed. The 
fi rst approach, so-called nanostructuring, 
relies on the creation of short diffusion 
paths for lithium ion transport and free 
space to accommodate the large volume 
change. [ 8–14 ]  Although the problems 
associated with the large volume change 
can be alleviated in this way, the lim-

ited structural stability of the nanostructured TMOs remains 
problematic. Without protection, bare TMO nanostructures 
cannot maintain their original morphology due to the pulveri-
zation resulting from the repeated lithiation/delithiation. [ 9 ]  The 
second approach, known as nanocompositing, aims to improve 
the structural stability through employing a second component 
such as carbon as the protective coating layer or matrix. The 
second component serves three main purposes: 1) to wire the 
active TMOs, 2) to buffer the volume variation and prevent 
the aggregation of pulverized active material, and 3) to protect 
the TMOs against direct contact with the electrolyte which may 
result in the formation of an unstable SEI fi lm. [ 6,15–20 ]  How-
ever, because this design does not provide appropriate space 
to accommodate the large volume expansion, the carbon layer 
may fracture upon lithiation ( Figure    1  a), leading to electrical 
disconnection, re-exposure of the active materials to electrolyte, 
and active material aggregation.  

 Recently, the combination of nanostructuring and nano-
compositing strategies has attracted much attention. In this 
respect, Lou and co-workers rationally designed a coaxial 
SnO 2 @carbon hollow sphere architecture, where the SnO 2  acts 
as the active core and carbon acts as the conductive shell. [ 21 ]  
This core-shell concept has been extended to Fe 2 O 3 @polyani-
line hollow spheres by Jeong et al. [ 22 ]  Besides core-shell struc-
tured hollow spheres, yolk–shell structures [ 23 ]  and encapsu-
lation structures [ 24 ]  have also been reported. The active mate-
rials are not limited to TMOs, but also include Si, [ 25–27 ]  Sn [ 28,29 ]  
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  1.     Introduction 

 Stimulated by the widespread usage of portable electronics and 
the rapid growth of electric vehicles, energy storage is expected 
to play an increasingly important role in our daily life. [ 1 ]  Among 
the myriad energy storage technologies, lithium ion batteries 
(LIBs) are particularly attractive due to their relatively high 
energy density. [ 2 ]  Although LIBs outperform other competing 
technologies in terms of energy density, the energy that current 
LIBs can deliver is not suffi cient to fully meet the demands of 
emerging applications, such as electric vehicles. Since energy 
density is the product of capacity and operating voltage, it can 
be improved by employing either high-capacity electrodes or 
high-voltage cathode materials. Graphite, although ubiquitously 
used as the anode material in current designs, is limited by a 
theoretical capacity of 372 mA h g −1 . Therefore, there is exten-
sive interest in the pursuit of high-capacity anode materials. 
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and S. [ 30,31 ]  The key to the success of these novel architectures 
in improving electrochemical performance lies in their well-
defi ned void space, which allows the active materials to expand 
freely without breaking the outer protective shell. However, 
excess void space may signifi cantly compromise the volumetric 
energy density (Figure  1 c). [ 8 ]  This means the void space acts as a 
double-edged sword: on one hand, it accommodates the volume 
expansion, while on the other hand, it sacrifi ces the volumetric 
energy density. Thus, it is highly desirable to optimize the void 
space to achieve high cycling performance while maintaining a 
reasonable volumetric energy density. However, to the best of 
our knowledge, there has been very limited success in tuning 

the void space of high-capacity anode materials with delicate 
core–shell/yolk–shell/encapsulation structures. [ 25 ]  

 Herein, a novel iron oxide@carbon (FeO  x  @C) yolk–shell 
structure is designed and the void size of the yolk–shell struc-
ture is fi nely tuned to accommodate the volume expansion of 
the FeO  x   core. With an optimized void space, the FeO  x   core can 
expand/contract freely upon lithiation/de-lithiation without 
breaking the carbon shell (Figure  1 b). Thus, excellent cycling 
performance can be achieved with a minimal sacrifi ce of volu-
metric energy density.  

  2.     Results and Discussion 

 The FeO  x  @C yolk–shell structures were experimentally real-
ized as shown schematically in  Figure    2  a. First, well-dispersed 
α-Fe 2 O 3  nanocrystals were prepared by the hydrothermal 
method using L-arginine as the hydrolysis-controlling agent 
(Figure  2 b and Supporting Information, Figure S1). The 
α-Fe 2 O 3  nanocrystals were then coated with a conformal silica 
layer through controlled hydrolysis and condensation of TEOS 
in an alkaline alcohol/water solution, resulting in the formation 
of α-Fe 2 O 3 @SiO 2  core-shell nanoparticles (Figure  2 c). This was 
followed by poly-dopamine coating in Tris-buffer and carboniza-
tion in Ar, resulting in FeO  x  @SiO 2 @C nanoparticles (Figure  2 d). 
After removal of the sacrifi cial silica layer by 2  M  NaOH solu-
tion, FeO  x  @C yolk–shell structures were obtained (Figure  2 e). 
By tuning the amount of TEOS in the silica coating step (Step 
I), the thickness of the sacrifi cial silica layer could be adjusted, 
thus providing control over the void size of the FeO  x  @C yolk–
shell structures. The samples templated from α-Fe 2 O 3 @SiO 2  
with silica thicknesses of 9, 25, and 45 nm are designated as 
FeO  x  @C-1, FeO  x  @C-2, and FeO  x  @C-3, respectively.  

 The α-Fe 2 O 3  nanocrystals utilized in this study have an 
average diameter of ≈170 nm. Considering the volume 
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 Figure 1.    Schematic illustration of FeO  x  @C yolk–shell structures with 
a) small void size, b) optimized void size, and c) excess void size upon 
lithiation.

 Figure 2.    a) Schematic illustration of the synthesis of FeO  x  @C yolk–shell structures. Step I: silica coating; step II, poly-dopamine coating and carboniza-
tion; step III, silica removal. b) TEM images of bare α-Fe 2 O 3  nanoparticle, c) α-Fe 2 O 3 @SiO 2  core-shell particles with a silica layer of 25 nm, d) FeO  x  @
SiO 2 @C core-shell particles, and e) FeO x @C-2 yolk–shell particles.
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expansion ratio of iron oxide during lithiation (≈0.96), the desir-
able sacrifi cial coating layer should have a thickness of 22 nm 
to allow the FeO  x   core to expand freely. Bearing this in mind, 
the FeO  x  @C-2, which is templated from α-Fe 2 O 3 @SiO 2  with a 
silica thickness of 25 nm, should be the best candidate and will 
be discussed in more detail later. 

 The crystalline structure of the FeO  x  @C-2 was investigated 
by X-ray diffraction (XRD) ( Figure    3  a). The majority of the dif-
fraction peaks, especially for those with high intensity, can be 
assigned to Fe 3 O 4  (magnetite, JCPDS No. 19–0629), while some 
weak diffraction peaks from α-Fe 2 O 3  (hematite, JCPDS No. 
33–0664) can also be observed. No diffraction peaks from gra-
phitic carbon can be detected, indicating the amorphous nature 
of the carbon shell. It has been demonstrated that Fe species 
can catalyze the graphitization of carbon at temperatures as low 
as 700 °C. [ 32 ]  However, due to the “sealing effect” of the silica 
layer, the iron oxide core and carbon shell is well separated, and 
the graphitization does not occur during the carbonization step. 
The effect of calcination temperature on the crystalline phase of 
FeO  x   was also studied. With the increase of calcination temper-
ature from 500 °C to 800 °C, the diffraction peaks for α-Fe 2 O 3  
weakens gradually (Figure  3 a and Supporting Information, 
Figure S2). However, even at a high calcination temperature of 
800 °C, weak diffraction peaks for α-Fe 2 O 3  can still be observed. 
Considering this fact, we just focus on the sample prepared at 
an intermediate calcination temperature of 700 °C for further 
structural and electrochemical characterizations.  

 Thermo gravimetric analysis (TGA) analysis was carried out 
to determine the carbon content of FeO  x  @C-2 (Figure  3 b). The 
slight weight loss below 200 °C is due to the loss of residual 
moisture. The slight weight gain between 200 °C to 300 °C 
can be ascribed to the oxidation of Fe 3 O 4  to Fe 2 O 3 . The major 
weight loss between 300 °C and 430 °C can be attributed to the 
combustion of carbon in air. The total weight loss of FeO  x  @C-2 

is 14.0%. Assuming the core material is pure Fe 3 O 4 , the carbon 
content of FeO  x  @C-2 is estimated to be 16.9% by weight. 

 The morphology of FeO  x  @C-2 was characterized by scan-
ning electron microscopy (SEM) and transmission electron 
microscopy (TEM). Generally, the FeO  x  @C-2 inherits the 
polyhedron morphology of the α-Fe 2 O 3  core (Figure  3 c). Due 
to the thin thickness of the carbon shell, the electron beam 
can easily penetrate, revealing the inner voids and FeO  x   core 
(Figure  3 d). Almost no bare FeO  x   particles can be observed in 
SEM, and only trace amount of Fe can be detected from the 
X-ray photoelectron spectroscopy (XPS) spectrum (Supporting 
Information, Figure S3), demonstrating the high quality of the 
yolk–shell structure. The yolk–shell structure was further con-
fi rmed by TEM. As shown in Figure  2 e, each FeO  x   nanocrystal 
is encapsulated by a self-supporting carbon shell with a uni-
form thickness of 15−20 nm. The FeO  x   core is closely attached 
to one side of the carbon shell, leaving a 40−45 nm void space 
on the other side. The direct facet-to-facet contact of the FeO  x   
core with the electrically and lithium ion conductive carbon 
shell makes the core more accessible to both charge carriers. 
Due to the slight aggregation of α-Fe 2 O 3  nanocrystals, carbon 
shells encapsulating more than one FeO  x   nanocrystal can be 
occasionally observed (Figure  3 e). The complete encapsulation 
ensures even fused FeO  x   cores remain protected from further 
aggregation and direct electrolyte contact. From the high reso-
lution TEM (HRTEM) image (Figure  3 f), well-resolved lattice 
fringes with a spacing of 0.48 nm, which corresponds to the 
{111} interplane spacing of Fe 3 O 4 , can be clearly distinguished. 

 To investigate the role of void size on electrochemical per-
formance, FeO  x  @C yolk–shell structures with different void 
sizes were prepared by tuning the thickness of the sacrifi cial 
silica layer from 9 to 45 nm. Templated from α-Fe 2 O 3 @SiO 2  
with a silica layer of 9 (Supporting Information, Figure S4a) 
and 45 nm (Supporting Information, Figure S4d), FeO  x  @C-1 
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 Figure 3.    a) XRD pattern, b) TGA thermogram, c,d) SEM, e) TEM, and f) HRTEM images of FeO  x  @C-2.
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and FeO  x  @C-3 can be obtained, respectively. SEM and TEM 
characterization reveal that both FeO  x  @C-1 (Supporting Infor-
mation, Figure S4b,c) and FeO  x  @C-3 (Supporting Informa-
tion, Figure S4e,f) have a yolk–shell structure similar to that of 
FeO  x  @C-2, except for the smaller/larger void size. By carefully 
observing Figure  2 e, S4c and S4f, an interesting phenomenon 
can be noticed, that is, the larger the void space, the smaller 
the contact area between FeO  x   core and carbon shell. XRD char-
acterization reveals that both FeO  x  @C-1 and FeO  x  @C-3 have 
a similar diffraction pattern to that of FeO  x  @C-2 (Supporting 
Information, Figure S5). From the TGA results (Supporting 
Information, Figure S6a,b), the carbon contents of FeO  x  @C-1 
and FeO  x  @C-3 are estimated to be 16.8% and 16.9% by weight, 
respectively. 

 The electrochemical performance of all FeO  x  @C yolk–shell 
structures was then evaluated by a standard method based on 
an active material/Li half cell confi guration. Figure S7a (Sup-
porting Information) shows the cyclic voltammogram (CV) 
curves of FeO  x  @C-2. The peak at 0.48 V from the fi rst cathodic 
scanning can be ascribed to the conversion of iron oxide to Fe 0  
and the formation of solid electrolyte interphase (SEI) layer 
on the surface of electrode. Meanwhile, a broad peak centred 
at 2.0 V in the following anodic process is corresponding to 
the reverse oxidation of Fe 0  to iron oxide. These results are in 
agreement with the previous reports involving iron oxide-based 
anode materials. [ 15,33 ]  In the subsequent cathodic and anodic 

processes, all peaks overlap well, suggesting a good electro-
chemical reproducibility of FeO  x  @C-2 as an anode material. 

 Representative galvanostatic charge-discharge profi les of 
FeO  x  @C-2 at a current density of 0.2 C (1 C = 1000 mA g −1 ) 
are shown in Figure S7b (Supporting Information). The 
fi rst lithiation process delivers an initial discharge capacity 
of 1181 mA h g −1  (based on the total mass of FeO  x  @C-2), 
and the subsequent de-lithiation delivers a charge capacity of 
778 mA h g −1 , resulting in a Coulombic effi ciency of 65.9%. The 
irreversible capacity loss (34.1%) observed in the fi rst cycle is 
probably associated with the irreversible decomposition of elec-
trolyte and subsequent formation of a solid electrolyte interface 
(SEI) layer on the surface of the electrode material. A prelithi-
ation strategy can be used to improve the low Coulombic effi -
ciency in practical application. [ 34 ]  The Coulombic effi ciency 
increases dramatically to 95.3% in the second cycle and levels 
off at 98−100% in subsequent cycles (Supporting Information, 
Figure S8). The cycling performances of FeO  x  @C yolk–shell 
structures are shown in  Figure    4  a. It is evident that FeO  x  @C-2 
outperforms the other two samples in cycling stability. It 
exhibits almost completely stable cycling performance from the 
second cycle onwards. Even after 100 cycles, a high capacity of 
790 mA h g −1  can be maintained, which is 97.4% of the capacity 
at the second cycle. In sharp contrast, FeO  x  @C-1 shows a much 
inferior cycling performance. Although it delivers a high initial 
discharge capacity (1148 mA h g −1 ), the capacity decreases con-
tinuously in subsequent cycles; after 100 cycles, a low capacity 
of 243 mA h g −1  is obtained. The cycling stability for FeO  x  @C-3 
is somewhat better than that of FeO  x  @C-1, but still inferior to 
that of FeO  x  @C-2. It delivers an initial discharge capacity of 
1191 mA h g −1 , maintaining 524 mA h g −1  after 100 cycles. The 
cycling performance of FeO  x  @C core-shell structure without 
any void space was also studied (Supporting Information, 
Figure S9). The initial discharge capacity is 1133 mA h g −1 , and 
the capacity fades to 184 mA h g −1  after 100 cycles. Considering 
that all samples have almost the same carbon content, the dif-
ference in capacity contributed from the carbon shells should 
be negligible. Thus, the difference in cycling performance 
should come from the structure (void size) rather than the 
carbon shells.  

 The rate performance of FeO  x  @C-2 was further investigated 
by cycling at various current densities ranging from 0.2–4 C 
(Figure  4 b). FeO  x  @C-2 delivers a high capacity of 820 mA h g −1  
at 0.2 C. As the current density increases, the capacity decreases 
slightly. Even at a high current density of 4 C, the capacity is 
comparable to the theoretical capacity of graphite. Remarkably, 
a stable capacity of 840 mA h g −1  can be attained when the cur-
rent is reduced to 0.2 C. The electrochemical performance of 
FeO  x  @C-2 in terms of cycling stability and rate capability is 
comparable or even superior to those of state-of-the-art iron 
oxide based anodes in previous reports, [ 13,15,17,33,35 ]  suggesting 
the effectiveness of our strategy in addressing the volume 
expansion issue. 

 To understand the differences in electrochemical behavior 
of the three materials, the samples after 100 discharge-charge 
cycles (in their lithiated state) were investigated by SEM and 
TEM ( Figure    5  ). For FeO  x  @C-1 with a small void space, the 
carbon shells are found to be ruptured (indicated by black 
arrows in Figure  5 b) and almost no intact yolk–shell structures 
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 Figure 4.    a) Cycling performance of FeO  x  @C yolk–shell structures at 
0.2 C and b) rate performance of FeO  x  @C-2.
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can be observed after cycling (Figure  5 a,b), indicating that the 
void space is not suffi cient to fully accommodate the volume 
expansion. The rupture of the carbon shells re-exposes the 
active material to electrolyte and causes serious aggregation of 
the active material (indicated by the white arrow in Figure  5 b). 
Due to the extensive rupture of the carbon shells and aggrega-
tion of active materials, the rapid capacity decay of FeO  x  @C-1 
is not surprising. For FeO  x  @C-2, the void space is rationally 
designed to be slightly larger than the desirable value; thus, 
the FeO  x   core can expand/contract freely upon lithiation/
de-lithiation without breaking the carbon shell. Even after 
100 discharge-charge cycles, the yolk–shell structures can be 
well-maintained (Figure  5 c,d). Upon full lithiation, the FeO  x   
core occupies most of the void space (Figure  5 d), which maxi-
mizes the volumetric density. In addition, the intact carbon 
shell provides a fi xed surface for the growth of a stable SEI 
fi lm, preventing the continual rupturing and reformation of 
SEI. [ 25–27 ]  Due to the improved structural and SEI stability, 
FeO  x  @C-2 manifests excellent cycling stability. For FeO  x  @C-3, 
the void space is engineered to be much larger than the desir-
able value. Thus, the volume expansion of the FeO  x   core can 
be fully accommodated and the yolk–shell structure remains 
intact (Figure  5 e,f). However, even in its fully lithiated state, a 
large void can still be observed at one side of the carbon shell 
(Figure  5 f). As a result, the volumetric capacity of FeO  x  @C-3 
is much lower than that of FeO  x  @C-2 (Supporting Informa-
tion, Figure S10). The cycling performance of FeO  x  @C-3 is not 
as good as expected probably due to the poor contact between 
the FeO  x   core and the conductive carbon shell, which severely 

disrupts the effi cient transport of electrons and lithium ions 
from/to the core. [ 27 ]    

  3.     Conclusion 

 In summary, FeO  x  @C yolk–shell structures have been ration-
ally designed and successfully synthesized. The void space 
between the FeO  x   core and carbon shell has been engineered to 
fi t the volume expansion during lithiation. With an optimized 
void space, the sample FeO  x  @C-2 exhibits high reversible 
capacity (≈810 mA h g −1 ) and excellent cycling stability (97.4% 
capacity retention for 100 cycles). In addition to iron oxide, our 
concept of optimizing the void space for the accommodation 
of volume variation can also be applied to other high-capacity 
anode materials, such as other TMOs, Sn and Si, which suffer 
from large volume expansion during lithiation cycling.  

  4.     Experimental Section 
  Synthesis of FeO x @C : Uniform α-Fe 2 O 3  nanocrystals were synthesized 

by the hydrothermal method. In a typical procedure, FeCl 3  (2 mmol) 
and L-arginine (0.5 mmol) were dissolved in distilled water (100 mL) 
to form a clear light yellow solution. Subsequently, the solution was 
transferred into a Tefl on-lined stainless steel autoclave and kept at 
150 °C for 12 hours. After cooling down to room temperature, the 
precipitate was collected by centrifugation, washed with deionized 
water, and dried at 50 °C. The α-Fe 2 O 3 @SiO 2  core-shell nanoparticles 
were prepared by coating a silica layer onto α-Fe 2 O 3  nanoparticles 
through the hydrolysis and condensation of tetraethoxysilane (TEOS) 
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 Figure 5.    SEM and TEM images of a,b) FeO  x  @C-1, c,d) FeO  x  @C-2, and e,f) FeO  x  @C-3 after 100 cycles at 0.2 C (in their lithiated state).
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in a water-alcohol-ammonia solution. [ 36 ]  Briefl y, α-Fe 2 O 3  (66.7 mg) 
nanoparticles were re-dispersed in a mixture of 2-propanol (160 mL) 
and distilled water (40 mL) by ultrasonication followed by the addition of 
NH 3 ·H 2 O (2 mL, 25−28 wt%). Afterwards, a given amount of TEOS (50, 
150, and 400 µL) was added dropwise into the mixture under stirring. 
The mixture was then kept stirring for 4 hours at room temperature. 
The α-Fe 2 O 3 @SiO 2  core-shell nanoparticles were obtained after 
centrifugation, washing and drying. For carbon coating, the as-prepared 
α-Fe 2 O 3 @SiO 2  core-shell nanoparticles were dispersed in Tris-buffer 
(25 mL, 10 m M , pH = 8.5) by ultrasonication for 1 h. After that, dopamine 
hydrochloride (50 mg) was added and the mixture was kept stirring for 
24 hours. In this process, the dopamine polymerized and coated the 
surface of the α-Fe 2 O 3 @SiO 2  nanoparticles. [ 37 ]  The obtained α-Fe 2 O 3 @
SiO 2 @poly-dopamine nanoparticles were then annealed at 700 °C for 
5 h under Ar to convert the poly-dopamine into carbon. After washing 
with 2  M  NaOH for 12 h to remove the silica layer, FeO  x  @C yolk–shell 
nanoparticles were obtained. 

  Materials Characterization : The morphology and structure of the 
samples were investigated by a fi eld emission SEM (JEOL 7001F) 
operated at 15 kV and TEM, (Tecnai F20) at 200 kV. TGA was carried 
out on a METTLER TOLEDO TGA/DSC1 STAR e  System under air fl ow 
(25−800 °C, 5 °C min -1 ). XRD patterns were collected on a Rigaku 
Minifl ex X-ray Diffractometer with Co Kα radiation ( λ  = 0.179 nm). X-ray 
photoelectron spectra (XPS) were collected on a Kratos Axis ULTRA X-ray 
photoelectron spectrometer using a monochromatic Al KR (1486.6 eV) 
X-ray source and a 165 mm hemispherical electron energy analyzer. 

  Electrochemical Measurements : The electrochemical measurements 
were carried out on an MTI 8 Channel Battery Analyzer at room 
temperature. Lithium metal chips were used as both the counter 
electrode and reference electrode. The working electrode was prepared 
using active material, conductive acetylene black, and polyvinylidene 
fl uoride (PVDF) binder in a weight ratio of 80:10:10. The electrolyte was 
composed of 1  M  LiPF 6  in a mixture of ethylene carbonate, dimethyl 
carbonate, and diethyl carbonate (1:1:1 in volume). The electrode was 
punched into small disks with a diameter of 13 mm. Swagelok-type 
cells were fabricated in an Ar-fi lled glovebox with moisture and oxygen 
concentrations below 0.1 ppm. CV measurements were performed on a 
Solartron 1480 MultiStat instrument a scan rate of 0.1 mV s −1  between 
0.001 V and 3.0 V.  

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