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considered ideal solutions for achieving 
energy conversion and storage in a sustain-
able way.[2] Nowadays, the key challenges 
of using these technologies and devices lie 
in the developments of more efficient and 
stable electrode materials. For the electro-
chemical water splitting, due to the high 
overpotential and intrinsically sluggish 
reaction kinetics of the oxygen evolution 
reaction (OER), low-cost, high efficiency  
and stable earth-abundant electrocatalysts 
are required to enhance the energy con-
version efficiency.[3] Similarly, the com-
mercial graphite anode materials for LIBs  
have limited inherent theoretical capacity 
(≈372 mAh g−1), which cannot meet the 
requirements of high energy density bat-
teries for rapidly growing smartphone, 
electrical vehicles, and aerospace applica-
tions. How to further improve the energy 
density of LIBs faces great challenges. 
Therefore, it is urgent to invent competi-
tive multifunctional electrode nanoma-
terials with suitable components and 

architectures for highly efficient OER electrocatalysts and high-
performance LIBs.

Recently, iron-based oxides have been widely studied in the 
fields of energy storage and conversions owing to their high 
electrochemical activity, rich redox properties, natural abun-
dance, and simple preparation.[4] However, the electrocata-
lytic activity of Fe-based oxides is highly dependent on their 
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1. Introduction

Serious environmental pollution and energy crisis are 
prompting people to focus on renewable and clean ener-
gies, new technologies and devices associated with energy 
storage and conversion systems.[1] Particularly, water splitting 
for hydrogen production and lithium-ion batteries (LIBs) are 
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electronic structure and surface energy. The low conductivity 
and specific surface area of Fe-based oxides make them difficult 
to be used as OER catalysts directly. As the anode electrode of 
LIBs, Fe-based oxides often suffer from large volume changes 
during the charge/discharge process, resulting in rapid attenu-
ation of specific capacity and poor cycling life.[5] One generally 
accepted approach to alleviate these problems is to incorporate 
Fe-based oxides with other highly active materials. For example, 
the hierarchical Fe2O3@Ni3Se4 nanotubes prepared by Zheng 
et  al. exhibited much better OER and lithium storage perfor-
mance than the individual Fe2O3 and Ni3Se4.[6] The enhanced 
OER electrocatalytic activity was attributed to the short diffu-
sion pathways, sufficient active sites and synergistic effects 
between the Ni3Se4 and Fe2O3, whereas the improved lithium 
storage performance was ascribed to the high specific capacity 
of Fe2O3 and fast electron transportation of Ni3Se4. Suryanto 
et  al. found that the Janus Ni–Fe2O3 nanoparticle catalyst dis-
played enhanced OER catalytic activity induced by the elec-
tronic coupling effect between Ni and γ-Fe2O3 at the interface.[7] 
The flower-like FeS/Fe2O3 composite synthesized by Wang 
et al. also manifested higher specific capacity and better cycling 
stability compared with pure FeS and Fe2O3.[8] Additionally, 
cobalt sulfides are promising electrode materials in the fields 
of electrocatalysis, Li(Na)-ions batteries, sensing, and solar 
cells, because of their high conductivity and unique physical 
and chemical properties.[9] Therefore, it is reasonably expected 
that the electrode materials consisted of iron oxide and cobalt 
sulfide perform well as OER catalyst and LIBs anode.

In addition to preparing composite materials, another 
common way is to construct delicate nanostructures with short 
ion diffusion paths and enlarged surface areas. Particularly, the 
yolk–shell structure exhibits remarkable potential applications 
in OER and LIBs, drawing special interests.[10] Specifically, the 
favorable porous texture can benefit the electrocatalysis perfor-
mance because of sufficient electrode–electrolyte contact area, 
better electrolyte penetration, and an extremely reduced path for 
gas diffusions. For instance, Xu et al. reported that the α-Fe2O3 
yolk–shell microspheres displayed good OER catalytic activity 
with a low overpotential of 275  mV.[11] Ganesan et  al. found 
that the CoP2/Fe-CoP2 yolk–shell nanoboxes manifested better 
OER activity as compared to Fe–CoP and CoP with similar mor-
phology.[12] At the same time, the well-defined interior voids in 
the yolk–shell structure can effectively accommodate the struc-
tural strain and ensure facile Li+ ion diffusion. Based on the 
above studies, it seems logical to envision that the construction 
of an elaborate yolk–shell architecture can further improve the 

electrochemical performance of the multifunctional electrode 
nanomaterials composed of iron oxide and cobalt sulfide.

Up to now, many strategies have been developed to fabricate 
a yolk–shelled framework.[13] However, most of the reported 
template-assisted methods are time-consuming and/or mate-
rial-wasteful. Metal–organic frameworks (MOFs) have great 
potentials in the preparation of materials for energy storage 
and conversion because of their controllable advantages on the 
homogeneous morphologies, small sizes, porous structures, 
and large specific surface areas.[14] Herein, a well-defined yolk–
shell structure of Fe2O3@h-Co9S8@C is rationally designed and 
produced via engineering a Fe2O3 nanotube@ZIF-67 core–shell 
structure followed by chemical etching/anion exchange and car-
bonization at high temperature in sequence. The as-synthesized 
Fe2O3@h-Co9S8@C possesses abundant accessible active sites, 
favorable ionic transfer rate, and exceptional reaction kinetics, 
which are beneficial for both OER and LIBs. Impressively, it 
exhibited small overpotentials of 205 and 281  mV for OER at 
catalytic current densities of 10 and 100 mA cm−2 in 1 m KOH 
electrolyte, respectively. When employed as anode materials 
for LIBs, it maintains a reversible capacity of 570.8 mAh g−1 at 
1.0 A g−1 after 100 cycles, and delivers a capacity of 445.2 mAh g−1 
even at the current density of 4.0 A g−1.

2. Results and Discussion

2.1. Material Preparation and Characterization

The synthesis of Fe2O3@h-Co9S8@C yolk–shell structure 
mainly contained three steps, as schematically illustrated in 
Figure 1. First, uniform hollow Fe2O3 nanotubes were prepared 
via a coordination-assisted dissolution process according to 
previous work. Subsequently, the as-obtained Fe2O3 nanotubes 
were employed as seeds for the crystallization of the ZIF-67 
layer, rendering a well-defined Fe2O3@ZIF-67 core–shell nano-
particle. Following that, the as-formed Fe2O3@ZIF-67 nano-
particles were homogeneously dispersed in an isopropanol 
solution of thioacetamide (TAA) with stirring for 12 h at room 
temperature. During this process, abundant sulfide ions were 
produced owing to the decomposition of TAA. These sulfide 
ions reacted with the Co2+ cations dissolving from the surface 
of the ZIF-67 particles, leading to the formation of an amor-
phous Co–S shell (a-CoS) around the scaffold of each ZIF-67 
particle. By precisely controlling the amount of TAA, the ZIF-67 
template can be completely converted into a-CoS nanocage. 

Figure 1.  Schematic illustration of the synthesis of Fe2O3@h-Co9S8@C structure.
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Finally, the amorphous a-CoS was converted to Co9S8 nanocage 
by a temperature-controlled thermal annealing treatment. 
Meanwhile, the organic skeleton originating from ZIF-67 is 
converted to a carbon layer that coated on the surface of Co9S8 
nanocages simultaneously (Figure S1, Supporting Informa-
tion). As a result, the nearly uniform and monodispersed 
Fe2O3@h-Co9S8@C nanoparticles with a well-defined yolk–
shell structure were obtained.

The morphology details and crystal structure of the samples 
were investigated by scanning electron microscope (SEM) and 
transmission electron microscope (TEM) observations. The 
SEM image in Figure 2a shows that the as-prepared Fe2O3 
nanotubes have a diameter of about 100  nm and a length of 
250–400  nm. The corresponding TEM image confirms that 
the Fe2O3 nanotubes present a hollow texture (Figure 2b). The 
SEM image in Figure 2c indicates that the ZIF-67 nanoparticles 
have a uniform polyhedral morphology with an average size of 
225  nm. Different from that of hollow Fe2O3 nanotubes, the 
TEM image in Figure 2d implies that the ZIF-67 nanoparticles 
are solid with a smooth surface. To prepare the Fe2O3@ZIF-67  
core–shell structure, the as-prepared Fe2O3 nanotubes were 
added into the methanol solution containing Co(NO3)2,  
2-methylimidazole, and polyvinyl pyrrolidone (PVP). Due to 
the strong coordination interactions between pyrrolidone rings 
(CO) and Co2+, the Co 2+ is easily adsorbed on the surface of  
PVP-caped Fe2O3 nanotubes.[15] Subsequently, the Co2+ coordinated 
with 2-methylimidazole ligands to generate ZIF-67 nanoparticles.  
These ZIF-67 nanoparticles were coated on the surface of Fe2O3 
nanotubes, rendering a well-defined Fe2O3@ZIF-67 core–shell 
heterostructure. As presented in the SEM image of Figure  2e, 
ZIF-67 was formed and assembled into a shell uniformly cov-
ering the surface of the Fe2O3 nanotubes. The TEM images in 

Figure  2f confirm that the product of Fe2O3@ZIF-67 presents 
a core–shell morphology with a core of Fe2O3 nanotube and a 
shell of ZIF-67. Moreover, to obtain a high-quality Fe2O3@ZIF-67 
core–shell structure, the amount of Fe2O3 needs to be controlled 
precisely (Figure S2, Supporting Information).

It was found that the amount of TAA played an important 
role in the composite and morphology of the ZIF-67 templates, 
which subsequently affected the morphology, composition, and 
electrochemical performance of the Fe2O3@Co9S8@C products. 
By carefully controlling the amounts of TAA during the sulfi-
dation reaction, different Fe2O3@Co9S8@C nanocomposites 
were obtained. When the amount of TAA was 1 mmol, the field 
emission scanning electron microscopy (FESEM) and TEM 
images illustrate that the overall polyhedral-like appearance of 
the as-obtained product is well inherited (Figure 2g). However, 
the diffraction peaks of ZIF-67 have still presented in the X-ray 
diffraction (XRD) patterns (Figure S3, Supporting Informa-
tion), indicating that ZIF-67 is not thoroughly transformed into 
Co–S compounds during the chemical corrosion processes. 
The TEM image in Figure 2h suggests that the sample still pre-
sents a solid construction, and closer inspection reveals that the 
surface of ZIF-67 becomes rather rough, evidencing the occur-
rence of sulfidation reaction.[16]

These results imply that the sample consists Fe2O3 nanotubes, 
ZIF-67, and a trace amount of carbon-coated Co9S8 (named as 
Fe2O3@ZIF67@Co9S8@C). Notably, no distinct XRD diffraction 
peaks of Co9S8 could be found in the product, which might be 
due to its low crystallinity and content. Increasing the amount 
of TAA to 2  mmol, the original external metal–organic frame-
work of ZIF-67 was completely etched, which were converted into 
hollow carbon-coated Co9S8 nanocages after annealing treatment. 
The SEM in Figure 2i shows that the hollow Co9S8 nanocage well 

Figure 2.  SEM (a,c,e,g,i,k) and TEM (b,d,f,h,j,l) images of the as-synthesized Fe2O3 nanotube (a, b), ZIF-67 (c,d), Fe2O3@ZIF-67 (e,f), Fe2O3@ZIF-67@
Co9S8@C (g,h), Fe2O3@h-Co9S8@C (i,j), and Fe2O3@c-Co9S8@C (k,l).
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inherits the polyhedral morphology and dimensions of ZIF-67 
templates but with a rough surface. Additionally, the TEM anal-
ysis in Figure  2j further identifies the presence of Fe2O3 cores 
inside hollow carbon-coated Co9S8 shells by forming a yolk–
shell structure of Fe2O3 nanotube@hollow Co9S8 nanocage@C 
(Fe2O3@h-Co9S8@C). Further increasing the amount of TAA 
to 3  mmol, the SEM and TEM images in Figure  2k,l indicate 
that some of the external Co9S8 shells break into pieces and 
the internal Fe2O3 nanotubes are free in space, forming a mul-
tiple core–shell structure of Fe2O3 nanotube@cracked-Co9S8 
nanocage@C (Fe2O3@c-Co9S8@C). The structural breakdown of 
Co9S8 nanocages can be ascribed to the excessive chemical corro-
sion of TAA, in accordance with previous reports.[17]

The morphology details and lattice fringes of the Fe2O3@h-
Co9S8@C were further investigated by SEM and TEM analysis. 
As shown in Figure 3a, the Fe2O3@h-Co9S8@C still maintains 
a dodecahedral shape, but its shell is slightly wrinkled. The 
TEM images of Figure  3b,c indicate that the Fe2O3 nanotubes 
are encapsulated by carbon-coated Co9S8 nanocages. The typical 
thickness of carbon layer is about 15.7 nm (Figure 3d). The high-
resolution TEM images are displayed in Figure 3e–h, the lattice 
fringes with distances of 2.52 and 1.92 Å correspond to the (110) 
planes of Fe2O3 and the (511) planes of Co9S8, respectively. The 
etched defect-rich surface of Co9S8 is beneficial to the dissociative 
adsorption of water molecules, further boosts the ability of oxygen 
evolution (Figure S4, Supporting Information). The selected area 
electron diffraction (SAED) pattern exhibits a series of clear poly-
crystalline diffraction rings (Figure  3i), corresponding to (012), 

(110), (116) lattice planes of Fe2O3 and (511), (731) lattice plane of 
Co9S8, respectively. The elemental mapping images were taken 
from the region of the high-angle annular dark-field images. As 
shown in Figure 3j, Co, S, and C elements uniformly distribute 
throughout the particle, while Fe and O atoms are inclined to be 
localized in the isolated central regions rather than distributed 
in the whole area, revealing that Fe2O3 nanotubes are completely 
embedded in carbon-coated Co9S8 nanocages. The Raman spec-
troscopy test was also carried out to get more information of 
the carbon layer in the sample. The peaks in Figure S5 of the 
Supporting Information at 1300 and 1580 cm−1 correspond to 
the defect-induced structures of carbon (D band) and graphitic 
carbon (G band), respectively, confirming the existence of low 
crystallinity carbon. The composition of Fe2O3 and Co9S8 in the 
Fe2O3@h-Co9S8@C was studied by inductively coupled plasma 
optical emission spectrum (ICP-OES). The results reveal that the 
weight contents of Fe and Co are 30.0 and 17.7 wt%, respectively 
(Table S1, Supporting Information).

The XRD patterns of the as-prepared Fe2O3, ZIF-67, Fe2O3@
ZIF-67, and Fe2O3@h-Co9S8@C samples are displayed in 
Figure 4a. The diffraction peaks at 2 theta angles of 24.1°, 33.1°, 
35.6°, 40.8°, 49.5°, 54.1°, 62.4°, and 64.0° can be classified as 
(012), (104), (110), (113), (024), (116), (214), and (300) planes of 
Fe2O3 (JCPDS No. 33-0664), respectively. The XRD profile 
of the Fe2O3 nanotube exhibits sharp diffraction peaks, indi-
cating its fine crystallinity. The diffraction peaks of ZIF-67 are 
consistent with previous reports, suggesting its high purity.[18] 
For the Fe2O3@ZIF-67 sample, the diffraction peaks of Fe2O3 

Figure 3.  a) SEM, b,c) TEM, d–h) high-resolution TEM images, i) SAED, j) element mapping images of Fe2O3@h-Co9S8@C sample, respectively.
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and ZIF-67 can also be observed, indicating the successful syn-
thesis of Fe2O3@ZIF-67 nanocomposites. For the XRD pattern 
of Fe2O3@h-Co9S8@C, the diffraction peaks of Fe2O3 still exist, 
however, the characteristic peaks of ZIF-67 disappear, and some 
new diffraction peaks belonging to Co9S8 emerge. Particularly, 
the diffraction peaks at 2 theta angles of 29.9°, 51.9°, and 63.9° 
can be attributed to the (311), (511), and (440) crystal surfaces 
of Co9S8 (JCPDS No. 19–0364), respectively. The results reveal 
that the Fe2O3@ZIF-67 sample can be successfully converted 
to Fe2O3@Co9S8@C through the controlled sulfurization and 
annealing treatment.

X-ray photoelectron spectroscopy (XPS) measurement was 
carried out to investigate the chemical environment and ele-
ment valence of Fe2O3@h-Co9S8@C. The XPS survey spectra 
in Figure 4b suggest the existence of C, Fe, O, Co, S, and N in 
the sample. As exhibited in Figure 4c, the peaks at 711.2, 713.6, 
724.1, and 725.7 eV can be ascribed to the Fe2+ 2p3/2, Fe3+ 2p3/2, 
Fe2+ 2p1/2, and Fe3+ 2p1/2, respectively, implying the existence of 
both ferrous and ferric states.[19] The peaks at the binding energy 
of 717.4 eV correspond to the satellite peaks. The high-resolution 
XPS of Co spectrum is presented in Figure 4d, in which peaks can 
be divided into two spin–orbit doublets and two shakeup satellite 
peaks. The first doublet is at 780.7 eV (Co2+ 2p3/2) and 796.4 eV 
(Co2+ 2p1/2), along with the second doublet at 777.7 eV (Co3+ 2p3/2) 
and 792.8 eV (Co3+ 2p1/2).[20] The oxygen binding energy of 529.3, 
530.8, and 533.1  eV in Figure  4e is attributed to lattice oxygen 
in metal oxide, CO bond and adsorbed water, respectively.[21] 
The S 2p XPS spectrum (Figure 4f) is also analyzed to figure out 
the valence state of sulfur. The peaks at 161.7 and 162.7 eV cor-
respond to the S 2p3/2 and S 2p1/2 orbitals of Co9S8, respectively. 

Besides, the peak at 168.7 eV can be attributed to the SOx groups 
formed by the inevitable oxidation of S in the air.[22]

2.2. Electrocatalytic Performance toward OER

In order to explore the feasibility of the prepared materials in 
OER application, corresponding tests were established with a 
standard three-electrode system. The obtained linear sweep vol-
tammetry (LSV) plots of each catalyst are depicted in Figure 5a. 
It can be seen that the Fe2O3 nanotubes manifest poor alkaline 
OER activity owing to its intrinsic low catalytic activity and lim-
ited catalytic sites, with a high overpotential (η10) of 353  mV 
at 10  mA cm–2. By contrast, the Fe2O3-based hybrid catalysts 
exhibit better OER performance. Particularly, the Fe2O3@h-
Co9S8@C displays an impressive OER activity with a low η10 
of 205  mV, exceeding those of Fe2O3@ZIF-67@Co9S8@C 
(234  mV), Fe2O3@c-Co9S8@C (286  mV), Co9S8@C (256  mV), 
ZIF-67 (338 mV), and Fe2O3@ZIF-67 (332 mV). These results 
reveal that the construction of yolk–shell structure can effec-
tively improve the electrocatalytic performance of the mate-
rials. For comparison, the LSV curve without iR compensation 
is also provided in Figure S6 of the Supporting Information. 
Compared with the recent similar catalysts and other advanced 
catalysts (Table S1, Supporting Information), the OER activity 
of Fe2O3@h-Co9S8@C is comparable to even better than most 
iron-based oxides and cobalt-based sulfides. The enhanced OER 
activity of Fe2O3@h-Co9S8@C can be attributed to the enlarged 
catalytic active sites, improved conductivity and the coupling 
effect between different composites.

Figure 4.  a) XRD patterns of the Fe2O3, ZIF-67, Fe2O3@ZIF-67, and Fe2O3@h-Co9S8@C samples. b) Survey spectra, c) Fe 2p, d) Co 2p, e) O 1s, and 
f) S 2p XPS spectra of the as-obtained Fe2O3@h-Co9S8@C.
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Another vital metric to assess the electrochemical prop-
erty is the Tafel plot, which can be acquired by fitting the 
polar curve with the Tafel equation:[23] η  = b log j  + c, where 
η is the overpotential, b is the slope, j is the current density, 
and c is the constant. Generally, the lower the Tafel slope is, 
the higher the catalytic activity of the catalyst has.[24] The Tafel 
slope of polarization curves for the as-prepared catalysts are 
shown in Figure  5b. The Fe2O3@h-Co9S8@C catalyst mani-
fest a Tafel slope of 55  mV dec−1, much smaller than those 
of Fe2O3 (99  mV dec−1), ZIF-67 (87.35  mV dec−1), Co9S8@C 
(79.9  mV dec−1), Fe2O3@ZIF-67 (82.43  mV dec−1), Fe2O3@
ZIF-67@Co9S8@C (75.68  mV dec−1), Fe2O3@c-Co9S8@C 
(81.47  mV dec−1), and RuO2 (74.4  mV dec−1), respectively. The 
Tafel slope and overpotential of materials are summarized in 
Figure  5c for further comparison. The smallest overpotential 
and Tafel slope illustrate that the Fe2O3@h-Co9S8@C had the 
fastest OER kinetics and catalytic performance.

To get insights into the origin of the high electrocatalytic 
activity of Fe2O3@h-Co9S8@C, electrochemically active sur-
face area (ECSA) was calculated through the formula:[25] 
ECSA = Cdl/CS, where CS is the specific capacitance, com-
monly is 0.040 mF cm−2 in the electrolyte of 1 m NaOH solu-
tion, Cdl is double layer capacitance acquired from cyclic voltam-
metry (CV) curves. CV cycle plots at different sweeping speeds 
were tested in the potentials of non-Faradaic current response 
range for each catalyst. According to CV cycle curves (Figures 
S7 and S8, Supporting Information), the current density dif-
ference value (∆J) at the potential of 1.18 V was plotted against 
the series sweeping values, and the slope of the fitted curve is 

twice of the Cdl. As shown in Figure 5d, the Cdl for Fe2O3@h-
Co9S8@C is 15.47 mF cm−2, much larger than those of RuO2 
(14.77 mF cm−2), Fe2O3 (1.33 mF cm−2), ZIF-67 (4.6 mF cm−2), 
Co9S8@C (7.1 mF cm−2), Fe2O3@ZIF-67 (10.53 mF cm−2), 
Fe2O3@ZIF-67@Co9S8@C (13.86 mF cm−2), and Fe2O3@c-
Co9S8@C (8.11 mF cm−2). The larger Cdl value implies that the 
Fe2O3@h-Co9S8@C catalyst has considerable exposed active 
sites. To evaluate the intrinsic OER activity of different cata-
lysts, the OER polarization curves are normalized with the cal-
culated ECSA value. As shown in Figure S9 of the Supporting 
Information, the plot maintained the original growing trend 
and the overpotential of Fe2O3@h-Co9S8@C is still smaller than 
the other electrodes, confirming that the intrinsic activity of 
Fe2O3@h-Co9S8@C is indeed better than the controlled samples. 
The hollow core and shell supplies numerous easily accessible 
active sites for catalytic reaction, and the partially exposed Fe2O3 
increases channels for gas spillage during the OER process.

Turnover frequency (TOF) is the conversion number of a 
single active site per unit time, which can be used as an impor-
tant indication to reveal the catalytic reaction rate and intrinsic 
activity of the catalyst. It can be seen from Figure  5e that the 
TOF value of Fe2O3@h-Co9S8@C is 1.0310 s−1 at the poten-
tial of 300  mV, much higher than Fe2O3@ZIF-67 (0.0513 s−1), 
ZIF-67 (0.0497 s−1), Co9S8@C (0.0909 s−1), Fe2O3@c-Co9S8@C 
(0.04928 s−1), Fe2O3@ZIF-67@Co9S8@C (0.17155 s−1), and 
RuO2 (0.2828 s−1), respectively. The Fe2O3@h-Co9S8@C has the 
largest TOF, suggesting it has the best OER catalytic activity. 
In addition to catalytic activity, the stability of the catalyst is a 
crucial parameter to evaluate the OER property of the material. 

Figure 5.  Electrochemical measurements for the OER in 1 m KOH solution with a scan rate of 5 mV s−1. a) LSV curves, b) Tafel plots, c) the summary 
of η10, η100, and Tafel slopes, d) fitted Cdl and e) TOF values of the as-synthesized RuO2, Fe2O3, ZIF-67, Co9S8@C, Fe2O3@ZIF-67, Fe2O3@ZIF-67@
Co9S8@C, Fe2O3@h-Co9S8@C, and Fe2O3@c-Co9S8@C samples. f) Chronoamperometric plot of Fe2O3@h-Co9S8@C at the potential of 220  mV 
(vs RHE).
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As depicted in Figure 5f, the stability of the Fe2O3@h-Co9S8@C 
catalyst was tested by the chronoamperometry method. The 
current density increases by about 10  mA cm−2 in the test 
after 20 h and basically maintains at about 17 mA cm−2 under 
constant 0.22  V potential for 100 h. This result indicates that 
the Fe2O3@h-Co9S8@C catalyst possesses excellent OER dura-
bility in alkaline solution.

In order to investigate the morphology, structure, and com-
position changes of Fe2O3@h-Co9S8@C after OER test, XPS, 
SEM, and XRD measurements were carried out. The chemical 
environment and element valence of Fe2O3@h-Co9S8@C after 
the OER test are first explored by XPS. As exhibited in Figure 
S10a of the Supporting Information, the original Fe2+ 2p3/2 
and Fe3+ 2p3/2 peaks at 711.2 and 713.6 eV shifted to 711.8 and 
714.2 eV, respectively, which corresponds to the phase change of 
Fe2O3 to FeOOH.[26] The high-resolution XPS of Co spectrum 
in Figure S10b of the Supporting Information reveals that the 
Co3+ is disappeared after OER cycling, suggesting the Co9S8 
on the surface has been converted to CoO.[27] Meanwhile, the 
peaks of S 2p1/2 and S 2p1/2 disappear in Figure S10c of the 
Supporting Information, which is consistent with the conclu-
sion that the Co9S8 on the surface has been converted to CoO. 
The XPS of O spectrum is also investigated in Figure S10d of 
the Supporting Information, the peak of defect oxides in O 1s 
spectra located at 531.8 eV disappears after the OER test, which 
may be due to the collapse of oxygen vacancy during the oxygen 
evolution progress. The emerging oxygen peak of 535.2  eV 
(O–F) is attributed to Nafion used in the test progress[28] Based 
on these results, it can be referred that the Co9S8 on the surface 
layer of nickel foam has been transformed into an active CoO 

phase. The SEM image of Fe2O3@h-Co9S8@C sample after 12 h 
OER cycling was shown in Figure S11 of the Supporting Infor-
mation. It can be seen that the surface of Fe2O3@h-Co9S8@C 
was deformed due to the inevitable phase change and volume 
change of Co9S8. However, the overall morphology can still be 
well retained. XRD measurement was also carried out to inves-
tigate whether the crystal structure of the post-OER catalyst has 
changed. As shown in Figure S12 of the Supporting Informa-
tion, the strong peaks located at 44.7°, 52.1°, and 76.7° are attrib-
uted to the diffraction peaks of nickel foam substrate. Whereas, 
the peaks of Fe2O3 keep unchanged basically. The XRD peak 
intensity of Co9S8 is obviously decreased, implying that the con-
tent of Co9S8 in the nanocomposite is reduced after the long-
term OER process.[29]

2.3. Electrochemical Performance toward Lithium-Ion Batteries

Figure 6a displays the initial five cycles of cyclic voltammetry 
curve for the Fe2O3@h-Co9S8@C electrode at a scan rate of 
0.1 mV s−1 in the potential window of 0.01 to 3.00 V. The obvious 
reduction peaks around 0.68  V in the first cycle (Figure  6a; 
Figure S13a, Supporting Information) ascribes to the reduction 
of Fe3+/Fe2+ and Fe2+/Fe0 along with the formation of metallic 
Fe and Li2O.[30] The reduction peaks around 1.71 and 1.30 V are 
same as the reduction peaks of Co9S8@C (shown in Figure 
S13b, Supporting Information), corresponding to the reduc-
tion of Co9S8/LixCo9S8 and LixCo9S8/Co0, respectively.[9d] Cor-
respondingly, there are two couples of oxidation peaks range 
from 1.5  to 2.5 V, which attributes to the oxidation of Fe0/Fe3+ 

Figure 6.  a) CV curves of the Fe2O3@h-Co9S8@C electrode at a scan rate of 0.1 mV s−1 for the 1st–5th cycles. b) The first cycle charge/discharge curves 
of different materials in the voltage range of 0.01–3.00 V at a current density of 100 mA g−1. c) Charge/discharge curves of Fe2O3@h-Co9S8@C electrode 
at various current densities. d) Cycling performance of material electrodes at 1.0 A g−1 and Coulombic efficiency of Fe2O3@h-Co9S8@C.
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and Co0/Co9S8.[9a,31] After the first cycle, the peak shifts posi-
tively and the peak intensity decreases, which can be ascribed 
to the changes in particle size caused by the insertion of Li+ 
and the irreversible formation of the solid electrolyte inter-
phase (SEI) layer caused by the decomposition of the electro-
lyte, respectively.[32] The initial lithiation progress of Fe2O3, 
Co9S8, and carbon matrix during the first discharge cycle will 
take place irreversible structural reorganization to some extent, 
in accordance with previous studies. For example, by using the 
in situ transmission electron microscopy, Su et  al. found the 
Fe2O3 nanoparticles exhibit volume expansion from the size of 
56.0  to 68.2  nm during the lithiation progress, accompanied 
with morphological changes and formation of nanocrystalline 
Li2O.[33] The lithiation mechanism of Co9S8 was also investi-
gated by using the in situ TEM in Han’s work.[34] The similar 
volume and morphological changes of Co9S8 are attributed to 
the conversion reaction between Co9S8 and Li, along with the 
metallic Co clusters dispersed in the Li2S matrix. According to 
the CV curve and the previous research, the involved electro-
chemical reaction can be proposed by subsequent equation[9a,30]

+ + → ++ −Fe O 6Li 6e 2Fe Li O2 3 2 � (1)

+ + → ++ −Co S 16Li 16e 9Co 8Li S9 8 2 � (2)

The fluctuation in the CV curve of pure Fe2O3 reflects its 
poor battery stability, and the decrease of Co9S8@C CV peaks 
refer to its attenuate capacity which ascribes to the formation 
of Li2S and irreversible volume expansion. By contrast, the 
CV plot shape of Fe2O3@h-Co9S8@C remains an overlapping 
trend, which means that as-prepared material has fine reversi-
bility during the charge/discharge process. It illustrates that the 
void of yolk–shell Fe2O3@h-Co9S8@C can accommodate the 
volume change of Co9S8 and the battery performance has been 
greatly improved. The reduction peak of Fe2O3@h-Co9S8@C is 
sharper and stronger than pristine Co9S8@C and Fe2O3, dem-
onstrating that it has better lithium-ions storage performance 
than the pristine Co9S8@C and Fe2O3.

The representative charge/discharge profiles are given in 
Figure 6b and Figure S13a,b (Supporting Information). The dis-
charge voltage plateau of Fe2O3 around 0.85  and 0.4  V corre-
sponds to the reduction reaction of Fe3+/Fe2+ and Fe2+/Fe0. And 
the voltage plateaus of Co9S8 also coincide with the cathodic/
anodic peaks in the CV curve. All Fe2O3@Co9S8@C series 
materials present two plateaus obviously, the plateau located at 
the 1.32 V can be ascribed to the Co9S8 transform to Co with the 
formation of Li2S, the peak location of 0.8  V is caused by the 
changes of iron valence.

The charge/discharge curves of Fe2O3@h-Co9S8@C elec-
trode at different current rates are measured to study its high-
rate capability (Figure  6c). The Fe2O3@h-Co9S8@C exhibits 
stable and reversible capacities of 1024.4, 864.3, 723.8, 600.9, 
and 511.3 mAh g−1 when the current density increased from 
0.08, 0.16, 0.40, and 0.80 to 1.60 A g−1. Even at the high cur-
rent density of 4.0 A g−1, the sample still retains high discharge 
capacity of 445.2 mAh g−1. It can be seen from Figure 6a,b and 
Figure S13a,b (Supporting Information) that dual active com-
ponents of Fe2O3 and Co9S8 possess different voltage plateaus. 

The reduction (oxidation) peaks of Fe2O3 locate at 0.4 and 0.85 V 
(1.5 V), whereas the reduction (oxidation) peaks of Co9S8 locate 
at 1.32 V (0.5 V, 1.4 V). During the lithium-ion batteries cycles, 
with the synergy effects of Fe2O3 and Co9S8, the inactive compo-
nent can serve as a buffer material to alleviate the mechanical 
strain caused by the lithium intercalation/extraction reaction 
with another component so that an excellent cyclic structure 
stability can be acquired as a result.

The cycling performance of different materials is depicted in 
Figure 6d. The capacity of Fe2O3@h-Co9S8@C after 100 cycles 
retains 570.8 mAh g−1 at the current density of 1.0 A g−1. The 
Coulombic efficiency can always maintain above 99.5% after 
initial many cycles activation. The pure Fe2O3 and Co9S8@C 
materials have superior initial capacity, however, the capacity 
fades away in the first 10 cycles intensely, which can be ascribed 
to SEI formation and polarization of the electrode. It is proven 
that the induced electronic effect of yolk–shell structure is able 
to reinforce the connection between two composites.[35] The 
introduction of high conductive Co9S8 facilitates the conduc-
tivity of material effectively and the void space of Fe2O3@h-
Co9S8@C can buffer the volume changes of Co9S8 during the 
cycling process. Consequently, high reversible capacity and 
good cycle stability are obtained with these merits. Moreover, 
the cycling behaviors of other samples at different rates are 
explored (Figure S14a, Supporting Information). The series of 
Fe2O3@Co9S8@C materials exhibit the higher capacities at dif-
ferent current densities range from 0.08 to 4.0 A g−1, which dis-
plays cheerful rate capability.

To investigate charge transfer kinetics of these materials, the 
electrochemical impedance spectroscopy (EIS) of materials is 
performed in Figure S14b–f of the Supporting Information. All 
samples exhibit a characteristic Nyquist plot consist of a semi-
circle at the high-frequency region and an inclined line at the 
low-frequency. The increasing radius of the semicircle is associ-
ated with the enlarged charge transfer resistance (Rct), which 
is consistent with the poor rate performance and fade away 
of capacity. The Nyquist plots of Fe2O3@h-Co9S8@C mani-
fest unnoticeable change and smallest semicircle radius com-
paring with other materials, which means that it possesses the 
favorable stability and interface transmission rate. Its hollow 
shell structure can facilitate the infiltration of electrolytes and 
increase the reaction contact area, thus shorten Li-ion diffusion 
path and rapid mass/electron transport kinetics are acquired.

According to the previous results and analysis, the excel-
lent electrochemical performance of Fe2O3@h-Co9S8@C can 
be attributed to the following merits. First, porous carbon shell 
and well dispersed Co9S8 not only enhance the electrical con-
ductivity of the material, but also provide numerous accessible 
active sites for electrocatalytic reactions. Second, the electrolyte 
is apt to penetrate the porous carbon shell, thereby shortening 
the ion diffusion path and accelerating the reaction kinetics. 
Third, with the help of synergy effects between Fe2O3 and 
Co9S8, the inactive component can serve as a buffer material 
to alleviate the mechanical strain and preserve the yolk–shell 
structure during the OER and LIBs cycling. Four, the mechan-
ical and spatial properties of the yolk–shell structure are con-
ducive to good reaction stability reversibility. Hence, Fe2O3@h-
Co9S8@C exhibits excellent OER performance and great poten-
tial in the application of LIBs.
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3. Conclusions

In summary, uniform Fe2O3@h-Co9S8@C yolk–shelled struc-
ture was rationally prepared through a MOFs-directed strategy. 
Benefiting from the hollow structure of Fe2O3 nanotubes and 
Co9S8 nanocages, the conductive carbon coating as well as 
the synergy effects between different components, the titled 
Fe2O3@Co9S8@C possesses abundant accessible active sites, 
favorable ionic transfer rate, and exceptional reaction kinetics. 
In the application of oxygen evolution reaction, Fe2O3@h-
Co9S8@C exhibits a low overpotential of 205 mV at 10 mA cm−2 
and Tafel slope of 55 mV dec−1 as well as excellent OER dura-
bility. When employed as anode materials for LIBs, it main-
tains a reversible capacity of 570.8 mAh g−1 at 1.0 A g−1 after 
100 cycles and delivers a capacity of 445.2 mAh g−1 even at high 
current density of 4.0 A g−1. The strategies of self-sacrificing 
template to generate the yolk–shell structure can be extended to 
other transition-metal-base materials, offering a facile method 
and reference to ameliorate the electrochemical performance 
for a wider scope of applications.

4. Experimental Section
Synthesis of Fe2O3 Nanotube: The Fe2O3 hollow nanotubes were 

prepared by a facile hydrothermal reaction according to the work of 
Jia et  al.[36] Typically, 260  mg of FeCl3 and 6.62  mg of NH4H2PO4 were 
dissolved in 80 mL deionized water. After vigorously stirring, the mixed 
solution was transferred into a 100  mL Teflon-lined stainless-steel 
autoclave and heated at 220 °C for 48 h. The suspension was centrifuged 
and washed several times with ultrapure water and ethanol. Finally, 
the scarlet Fe2O3 nanotubes were obtained by drying the precipitate at 
60 °C overnight.

Synthesis of Fe2O3@ZIF-67: The Fe2O3@ZIF-67 core–shell particles 
were synthesized via a seed-mediated growth method. In a typical 
synthesis, 100  mg of Fe2O3 nanotubes was added into 50  mL of 
methanol solution with ultrasonic treatment for 30 min (solution A). 
Then, 1.20 g of PVP was added into the above solution with vigorously 
stirring. Meanwhile, 0.4 g of Co(NO3)2·6H2O was dissolved in 50 mL 
of methanol (solution B), and 6.92  g of 2-methylimidazole was 
dissolved in 100  mL of methanol (solution C). The solution B and 
solution C were added into solution A simultaneously and stirred 
at room temperature for 2 h. The precipitate was collected through 
centrifugation followed by washed with methanol solution and dried 
in 60 °C overnight.

Synthesis of Fe2O3@h-Co9S8@C: The fabrication of Fe2O3@h-
Co9S8@C yolk–shell structure involved the initial formation of Fe2O3@
ZIF-67@a-CoS core–shell structure by sulfidation of ZIF-67 and 
subsequent annealing treatment under the protection of N2. Briefly, 
120  mg of the as-prepared Fe2O3@ZIF-67 was added into 200  mL of 
isopropanol solution and ultrasound for 10 min. Then, 2  mmol of 
TAA was added into the above solution. After stirring for 12 h at room 
temperature, an intermediate with a core–shell structure of Fe2O3@ZIF-
67@a-CoS was obtained. After washing with isopropanol solution several 
times, the intermediate was dried at 60 °C  in vacuum oven overnight. 
The Fe2O3@Co9S8@C nanocomposites were obtained by calcinating the 
intermediate at 300 °C for 2 h with the ramping rate of 2 °C min−1 in the 
N2 atmosphere. The amount of TAA exerted an important influence 
on the composite and morphology of the ZIF-67 templates, which 
subsequently affected the electrochemical performance of Fe2O3@
Co9S8@C nanocomposites. To obtain optimal electrode materials with 
high electrochemical performance, 1 and 3 mmol of TAA were used for 
comparison, and the corresponding products were named as Fe2O3@
ZIF-67@Co9S8@C and Fe2O3@c-Co9S8@C, respectively. Carbon-coated 

Co9S8 nanocages were also prepared by the same synthesis route 
without the addition of Fe2O3.

Material Characterizations: The phase of the as-prepared samples 
was analyzed by X-ray diffraction (XRD, Rigaku D/MAX RINT-2000) 
with Cu Kα radiation (λ  = 1.5406 Å) in the 2θ angel from 10° to 80°. 
The morphology, microstructure, crystal structure, and element 
distribution were investigated by an FESEM (HITACHI S-4800), TEM 
(Element mapping, JEOL, JEM2100F) with an accelerating voltage of 
200 kV. XPS was recorded on a Thermo ESCALAB 250XI to explore the 
valence states of elements on the surface of materials. Raman spectra 
was tested on a Horiba Scientific to study the property of carbon 
shell. ICP-OES was carried out to investigate the composition on a 
PerkinElmer 8300.

Electrochemical Measurements: Oxygen evolution reaction 
performance was tested employing a standard three-electrode system 
with a CHI660e electrochemical workstation. The catalytic ink was 
prepared by mixed 3 mg of materials, 55 µL of ethanol, 165 µL of water, 
and 20 µL of naphthol followed by ultrasonic treatment. Then, 80 µL of 
the obtained ink was dropped on the nickel foam (NF) evenly and dried 
in the vacuum oven to prepare the working electrode. A carbon rod and 
standard Hg/HgO electrode were employed as counter electrode and 
reference electrode, respectively. All OER related measurements were 
performed in an alkaline electrolyte (1 m KOH) and corrected with 90% 
iR compensation to make up for the loss caused by solvent resistance. 
In the test of LSV and CV, the obtained potentials were converted to 
the potentials versus reversible hydrogen electrode (RHE) following 
subsequent equation: ERHE = E(Hg/HgO) + 0.0592 × pH + 0.098. The Cdl 
measurements were performed in the potentials range where was a 
non-Faradaic current response for each catalyst. The TOF of different 
materials were calculated with following formula: TOF = J × A/(4 × F × n),  
in which J is the corresponding current density at different specific 
overpotential (A cm−2), A is the foam nickel supported catalyst area, 
which is 1 cm2 in the study, F is the Faraday constant (96 485 mol C−1), 
and n is the total number of moles of the active metal sites of the 
catalyst by assuming that all the Fe and Co atoms are catalytically active 
in OER.

The electrochemical properties were tested with CR-2032 coin-type 
half cells assembled in the Argon-filled glove box. The working electrode 
was prepared by mixing 80 wt% active materials, 10 wt% acetyleneblack, 
and 10 wt% polyvinylidene fluorides with the solvent of N-methyl 
pyrrolidone. The as-prepared slurry was added dropwise quantitatively 
on copper foil and dried in the vacuum oven at 100 °C  overnight. The 
battery was assembled employing lithium foil as reference electrode and 
1 m LiPF6 dissolved in 1:1 volume ratio of ethylene carbonate and diethyl 
carbonate as electrolyte. Galvanostatic charge and discharge tests and 
lithium storage behavior were tested in the potential window between 
0.01 and 3.00 V with the LAND CT2001A battery tester system. CV was 
carried out at a scan rate of 0.1 mV s−1 in an electrochemical workstation 
(CHI660C). The EIS was obtained with an amplitude of 5 mV in the 
frequency range of 0.01 Hz–100 kHz.
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