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Carbon-coated Fe2OB/FeW_XS heterostructure is synthesized

by annealing Fe-based metal-organic frameworks and sublimed
sulfur as precursors. When evaluated as anode material for lithium
ions batteries (LIBs), it exhibits excellent lithium ions storage
performance and outstanding cycling stability at very high
current density. The extraordinary performances for lithium ions
storage can be attributed to its high electrical conductivity and
enhanced pseudocapacitive contribution from surface effects.
The current strategy is promising to synthesize the carbon-coated
heterostructure derived from metal-organic frameworks for
next-generation energy-storage application.
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Pursuing active, low-cost, and stable electrode materials with superior rate capability and long-life cycling
performances for lithium-ion batteries remains a big challenge. In this study, a carbon-coated shuttle-like
Fe,Os/Fe; S heterostructure is synthesized by simply annealing Fe-based metal-organic frameworks
(MIL-88(Fe)) as precursors and sublimed sulfur. Carbon-coated Fe,Os/Fe; ,S displays a unique structure
with ultrafine Fe,Os/Fe;_,S nanoparticles distributed in the hollow and porous carbon matrix, which
offers a large specific surface area and fast charge transfer ability, and alleviates the volume change upon
cycling. When evaluated as an anode material for lithium-ion batteries, it exhibits an ultra-high specific

capacity of 1200 mA h gt at 0.1 A g~ and superior high rate capability with a capacity of 345 mA h g~*
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Accepted 18th July 2020 at a very high current density of 5.0 A g~ owing to its high electrical conductivity and enhanced
pseudocapacitive contribution from surface effects. The current strategy is promising to synthesize the
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1. Introduction

During the past few years, lithium-ion batteries (LIBs) have
occupied a dominant position in portable electronic devices,
including mobile phones, electric transport, and minor medical
facilities. However, owing to the low theoretical capacity
(372 mA h g ") and limited rate capability of the current
commercial graphite anode, LIBs are unable to meet the ever-
increasing demands of power and energy density for high-
performance electric vehicles and large-scale energy storage
systems."® Thus, the major obstacle of LIBs presented to
scientists is to explore the novel and high-performance elec-
trode materials with excellent ability for fast discharging/
charging as well as long cycling life.”® To date, iron-based
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metal sulfides and oxides have attracted intensive attention as
anode materials due to their high capacities, extensive
resources, low cost, and environmental benignity. Unfortu-
nately, Fe,O; usually suffers from an undesirable large volume
expansion, resulting in a dramatic capacity fading during
cycling.®* In addition, the inherent poor electrical conductivity
of Fe,O; hinders its rate performance, particularly at high
current densities.”*® Therefore, it is urgent to explore novel
Fe,03-based electrode materials with high capacity, long cycling
stability, and excellent rate capability.

In order to overcome the volume change and improve the
rate capability of Fe,O;-based electrode materials, numerous
promising strategies have been developed.'** One efficient
method is to fabricate nanostructured materials combined with
a carbonaceous matrix with high electrical conductivity. In
general, nanoscale Fe,O; can effectively reduce Li" diffusion
distance and increase the contact area between active materials
and electrolyte, thus leading to a high capacity. Moreover,
carbon-coated Fe,O3; nanocomposites can not only inherit the
advantages of nanostructured Fe,O; (large contact area, abun-
dant active reaction sites, short diffusion path, and strain
accommodation) but also significantly improve the electrical
conductivity of Fe,O; and act as a buffer to alleviate the volume
changes and reduce the agglomeration of nanoparticles during
cycling, which allows the high rate capability and cycling
stability. Although some efforts have been made to prepare
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carbon-coated Fe,O3; nanocomposites with enhanced electro-
chemical performance, great challenges are still remaining,
including the avoidance of toxic precursors and rigorous
conditions.'® Therefore, it is very necessary to develop a facile
approach with low cost and high efficiency to fabricate carbon-
coated Fe,O; nanocomposites. Recently, metal-organic frame-
work (MOF)-derived carbon-coated nanostructure composites
have exhibited promising applications in LIBs."”** Benefiting
from the advantages of improved electrical conductivity and
mechanical flexibility of the carbon layer, the hybrid electrodes
exhibit high reversible capacity, long cycle life, and excellent
rate performance.”*® Recently, capacitive charge storage is
considered to be beneficial for high-rate charging/discharg-
ing.”” In particular, pseudocapacitance arises from the fast
faradaic charge-transfer reactions occurring at the electrode
surface and near-surface contacted with the electrolyte, which
can induce fast ion transfer rate and high power density.>*¢
Thus, enhancing the pseudocapacitive contribution of electrode
materials should be an effective strategy to realize high-rate
capability.

In this study, shuttle-like hollow and porous Fe,O3/Fe; ,S@C
hybrid structure was fabricated using MIL-88(Fe) as a precursor. In
this unique structure, ultra-small Fe,O;/Fe;_,S nanocrystals can
shorten the ion diffusion distance and facilitate the charge
transfer, while the carbon layer serves as a conductive matrix,
which alleviates the stress associated with the large volume
expansion upon cycling, suppresses the agglomeration of nano-
particles, and enhances the electrical conductivity of the
composite during the charge/discharge process. When evaluated
as an anode for LIBs, the Fe,O;/Fe;_,S@C electrode exhibits
a high specific capacity of 1200 mA h g”* at 0.1 A g~ ' with an
excellent rate capability of 345 mA h g~ at a high current density
of 5.0 A g *. Such remarkable electrochemical performance of the
Fe,03/Fe; ,S@C hybrid should be mainly ascribed to the unique
microstructure inherited from the precursor and the significant
pseudocapacitive contribution, accelerating the mass transport
and facilitating the charge transfer upon cycling.

2. Experimental

MIL-88(Fe) was prepared via a facile hydrothermal method
according to a previous study.” In a typical procedure, 1.35 g of
FeCl;-6H,0 (5 mmol) and 0.58 g of fumaric acid (5 mmol) were
dissolved into 50 ml of deionized water, respectively. Then, the
above two solutions were mixed and stirred for 30 min, and the
suspension was transferred into a round-bottomed flask and
kept at 100 °C for 4 h in an oil-bath. After the reaction mixture is
naturally cooled to room temperature, a reddish-brown product
was collected and washed with deionized water and ethanol
several times.

First, the as-synthesized MIL-88(Fe) was carbonized at 600 °C
for 2 h at a heating rate of 2 °C min~" under N, atmosphere. The
product was proved to be Fe;0,@C with trace metal Fe (denoted
as Fe;04/Fe@C).>** Second, for the oxidation experiment, the
Fe;0,4/Fe@C composite was heated to 300 °C in a quartz tube
under air atmosphere for 1 h at a heating rate of 2 °C min~' and
the final product Fe,O;@C was obtained.
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The obtained MIL-88(Fe) was mixed with sublimed sulfur
(1:1, w/w) by grinding and subsequently carbonized at 600 °C
at a heating rate of 2 °C min~" in a nitrogen atmosphere for 2 h
to obtain Fe,0;/Fe,_,S@C. The characterizations and electro-
chemical tests of Fe,O;@C and Fe,O;/Fe; ,S@C samples can
be referred to the ESL

3. Results and discussion

The FESEM image and XRD pattern of as-prepared MIL-88 (Fe)
are presented in Fig. S1 and S2 (ESIt). As expected, MIL-88(Fe)
exhibits a shuttle-like structure with a smooth surface and
size of ~3 pm in length, and its XRD pattern is consistent with
the previous report.>” The XRD patterns of Fe,0;@C and Fe, 05/
Fe; ,S@C (Fig. 1a and b) can be well indexed to the cubic
maghemite Fe,O; phase (JCPDS card no. 39-1346) and the
hexagonal pyrrhotite Fe, ,S phase (JCPDS card no. 22-1120),
respectively. In addition, a broad diffraction peak located at
around 24° is attributed to the amorphous carbon coated on the
surface of the nanoparticles.**** From the SEM images of
Fe,0;@C and Fe,0;/Fe; ,S@C (as shown in Fig. 2a and c), it
can be clearly seen that the products can maintain the original
shuttle-like shape of the precursor, and the magnified FESEM
images (Fig. 2b and d) show that the surfaces of Fe,0;@C and
Fe,03/Fe; ,S@C are composed of numerous nanoparticles. The
elemental mapping measured via energy dispersive spectros-
copy (EDS) confirms the co-existence of Fe, O, and C elements in
Fe,0;@C, as shown in Fig. S3 (ESIt). Apart from Fe, O, and C, S
element is also observed in the EDS mapping of Fe,O3/Fe; -
S@C, as shown in Fig. S4 (ESIf). In addition, the element
contents of Fe,O;@C and Fe,0;/Fe,_,S@C are listed in Table S1
(ESIT). The Fe contents are almost the same in both samples.
Notably, the carbon content in Fe,O3/Fe; ,S@C is slightly
higher than that in Fe,O;@C, and the probable reason is that
the sublimated sulfur consumes more oxide element, thus
resulting in the relative higher carbon content.

The transmission electron microscope (TEM) image of
Fe,0;@C in Fig. 3a shows that Fe,O; nanoparticles with sizes
ranging from 20 to 100 nm are uniformly distributed in the
amorphous carbon matrix. Besides, the magnified TEM image
(Fig. 3b) displays the thickness of the amorphous carbon layer
to be about 3-5 nm, which exhibits a highly ordered lattice
fringe with a spacing of 2.5 A, corresponding to the (311) plane
of Fe,03. Similarly, as shown in Fig. 3c and d, the size of Fe,O3/
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Fig. 1 XRD patterns of (a) Fe,Oz@C and (b) Fe,Os/Fe;_,S@C.
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Fig. 2 FESEM images at low and high-magnification of (@ and b)
Fe,Oz@C and (c and d) Fe,Os/Fe;_,S@C.
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Fig. 3 TEM images at different magnifications of (a and b) Fe,Os@C
and (c and d) Fe,Os/Fe,_,S@C.

Fe; S nanoparticles is about 10-50 nm, and the thickness of
the amorphous carbon layer is about 8 nm. Moreover, the
magnified TEM image of Fe,O3/Fe; ,S@C in Fig. 3d shows the
clear lattice fringes of Fe,O; with a spacing of 2.5 A and Fe, ,S
with a spacing of 1.9 A, corresponding to the (311) plane of
Fe,0; and the (220) plane of Fe;_,S.

The specific surface areas and corresponding pore size
distributions of Fe,O;@C and Fe,O;/Fe,_,S@C were further
studied by nitrogen adsorption-desorption isotherms based on
the Brunauer-Emmett-Teller (BET) method, and the results are
shown in Fig. 4a and b. Fe,O;@C exhibits a typical IV isotherm
along with an obvious H1 hysteresis, which shows the feature of
the mesoporous structure. However, the Fe,O3/Fe; ,S@C shows

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 N, adsorption/desorption isotherms of (a) Fe,Oz@C and (b)
Fe,Oz/Fe;_,S@C. Inset is the corresponding pore size distributions.

a typical I1I isotherm, implying the co-existence of microporous
and mesoporous structures in the samples.®** The corre-
sponding pore size distributions are shown in the inset of
Fig. 4a and b. It can be found that the pores in Fe,O;@C are
mainly distributed in the range of mesopores, whereas a hier-
archically porous structure with micro/mesopores exists in
Fe,03/Fe; ,S@C. Notably, the difference between Fe,05/Fe; -
S@C and Fe,0;@C on N, adsorption/desorption isotherms and
pore size distributions should be ascribed to the sulfidation
process, creating micropores in the resultant Fe,O3/Fe; ,S@C,
which contributes to its high specific surface area. Particularly,
the specific surface area of Fe,O3/Fe; ,S@C is 183.4 m* g™/,
which is larger than that of Fe,0;@C (133.5 m”> g~ '). Appar-
ently, the large specific surface area could supply a good contact
between electrode materials and electrolyte, and the hierarchi-
cally mesoporous and microporous structure will be beneficial
to accommodate the volume changes, resulting in the superior
stability and fast Li" diffusion. The existence of carbon mate-
rials in Fe,O;@C and Fe,O;/Fe; ,S@C composites are
confirmed by Raman spectroscopy, as shown in Fig. 5. Two
main peaks located at around 1340 cm ™' and 1580 cm ™' are
assigned to D (disordered carbon or defective graphitic struc-
ture) and G (graphitic carbon) bands, respectively. The peak
intensity ratio of the D band/G band (Ip/Ig) characterizes the
degree of disorder or defects in the carbon structure in the
samples.** The values of I/I; for Fe,O;@C and Fe,0;/Fe; ,S@C
composites are calculated to be 0.94 and 0.96, respectively,

—Fe,0,@C
—Fe,0,/Fe,_S@C

Intensity (a.u.)

I T T T T T T T T T T T T T T T T T 1
200 400 600 800 1000 1200 1400 1600 1800 2000
Raman shift (cm™)

Fig. 5 Raman spectra of Fe,Oz@C and Fe,O3z/Fe;_,S@C composites.
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indicating the co-existence of both amorphous and graphitic
carbon.**?*¢ The other weak peaks located at about 380, 400, 680,
and 750 cm™ ' represent Fe-O and Fe-S Raman modes. More-
over, the absence of two characteristic peaks (214 and 280 ecm ™"
corresponding to A;, and E,) of Fe,O; in the Raman spectra of
Fe,0;@C and Fe,0O3/Fe;_,S@C should be attributed to the
phonon confinement effect in which the Fe,Oj; signal is blocked
by the carbon in Fe,0;@C and Fe,03/Fe; ,S@C composites.*”**

The electrochemical impedance spectra (EIS) of Fe,O;@C
and Fe,0;/Fe;_,S@C electrodes were measured in the
frequency range from 0.1 Hz to 100 kHz after 100 charge/
discharge cycles, and the results are shown in Fig. 6a and b.
The equivalent circuit model shown in the inset of Fig. 6a was
used to fit and analyze the Nyquist plots. In general, the Nyquist
plots are composed of an indistinct depressed semicircle in
a high frequency related to the resistance from the solid elec-
trolyte interface layer (Rg), an obvious large semicircle in the
middle frequency region representing the charge-transfer
resistance (R.), and an inclined line in low frequency region
corresponding to the Warburg diffusion resistance (Z,). The
fitted R, values for Fe,O;@C and Fe,0;/Fe,_,S@C electrodes
are about 503 and 118 Q, respectively, indicating the enhanced
charge transfer of the Fe,03/Fe; ,S heterostructure. The
reduced R, will increase the electron transfer kinetics and
subsequently improve the rate capability of the Fe,O3/Fe; _,S@C
electrode. Moreover, the Fe,0;/Fe,_,S@C electrode exhibits
a more vertically inclined line than that of Fe,O;@C, showing
its significant capacitive contribution behavior, which results in
a fast charging-discharging rate.*>*'

Fig. 7a and b show the initial four CV curves of Fe,O;@C and
Fe,0;/Fe;_,S@C electrodes between 0.005 and 3.0 V at a scan
rate of 0.2 mV s ', respectively. The irreversible broad and
sharp cathodic peak at around 0.6 V for the Fe,O;@C electrode
as well as a minor peak at 1.1 V and a broad peak centered at
0.6 V for the Fe,O5/Fe, _,S@C electrode in the first cathodic scan
can be ascribed to the decomposition of the electrolyte with the
formation of the solid electrolyte interface film and the reduc-
tion of Fe,O3 and Fe, _,S to form metallic Fe and amorphous
Li,0.**** The related electrochemical reactions can be described
as follows:

Fe,O5 + 6Li* + 6e~ — 3Li,O + 2Fe (1)

Fe, S + 2Li* + 2¢~ — Li,S + Fe; . @)

®) /'

0 50 100 150 200 250 300

7' (ohms)

0 200 400 600 800 1000

Z' (ohms)

Fig. 6 EIS plots of (a) Fe,Oz@C and (b) Fe,O3/Fe; ,S@C electrodes
after 100 cycles, and inset of (a) is the equivalent circuit model.
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Fig. 7 Initial four CV curves of (a) Fe,Os@C and (b) Fe,O3z/Fe;_,S@C
electrodes.

From the second cycle, the cathodic peaks of both electrodes
particularly the Fe,O;/Fe;_,S@C electrode move to a higher
potential, which is related to the structural change of metal
oxides and sulfides caused by first lithiation/de-lithiation.** A
higher potential favors Li" insertion in electrode materials,
leading to better electrochemical performance.** For the first
anodic sweep, there are two peaks at 1.6 and 1.8 V for the
Fe,O;@C electrode, and 1.7 and 2.3 V for Fe,O3/Fe,_,S@C,
indicating the oxidation of metallic Fe to Fe,O; and Fe; ,S via
a multistep oxidation process.***” The corresponding electro-
chemical reaction can be summarized as follows:

2Fe + 3Li,O — 66~ — Fe,05 + 6Li* (3)
FCI,X + L12S — 2 — Fel,xS + 2LIJr (4)

The CV peaks almost overlapped with each other after the
second cycle, indicating their superior electrochemical stability.

Fig. 8a and b compare the cycle stabilities of Fe,0;@C and
Fe,0;/Fe,_,S@C electrodes at a current density of 0.1 A g~ * for
100 cycles. The cycling stability of the Fe,O;@C electrode is
attenuated slightly in the first 40 cycles, and the capacity keeps
at 786 mA h g~ " after 100 cycles, whereas the capacity of the
Fe,0;/Fe; _,S@C electrode decays in the first 10 cycles, and then
shows an obvious increase in the subsequent cycles, implying
its excellent cycling stability. The reversible capacity of the
Fe,0;/Fe;_,S@C electrode can be maintained at 12200 mAh g™*
with an approximately 99% capacity retention owing to the
synergistic effects of Fe,O; and Fe,_,S, which is much higher than
that of the Fe,O;@C electrode. The Fe,O;/Fe;_,S@C electrode
after 100 cycles was measured via FESEM (Fig. S5, ESIt), and no
obvious change can be detected after cycling, indicating the
excellent stability of the electrode materials. Furthermore, the rate
performances of Fe,O;@C and Fe,O;/Fe; ,S@C electrodes were
also evaluated at different current densities ranging from 0.1, 0.2,
0.5,1.0,2.0,and 5.0 Ag~*, and the results are shown in Fig. 8c and
d. The corresponding reversible specific capacities of Fe,O;@C
(Fe,04/Fe,_,S@C) are about 880.5 (1139.7), 761.1 (1047), 644.5
(875.6), 511.2 (735.3), 358.9 (546.1) and 140 (345) mAh g~*. When
the current density returns to 0.1 A g™, the reversible capacities
can be recovered to 900 (1189.2) mAh g, showing the excellent
rate capability.*® In addition, the lithium storage performance of
the Fe,05/Fe; _,S@C electrode at a current density of 10 A g~ was
also tested, and the results are shown in Fig. S6 (ESIf). Even

This journal is © The Royal Society of Chemistry 2020
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Fig. 8 Cycling stability at 0.1 A g~* for 100 cycles, rate performance
and corresponding galvanostatic charge—discharge curves at
numerous current densities (from 0.1 to 5.0 A g~ of (a, ¢ and e)
Fe,Oz@C and (b, d and f) Fe,Oz/Fe;_,S@C electrodes.

though at such a high current density, the capacity can still be
maintained at 98 mA h g~ *. The main reason should be ascribed
to the unique structure and the carbon matrix, which can facilitate
the transport of Li* and electrons, thus leading to excellent rate
capability. Fig. 8e and f display the corresponding charge/
discharge curves at each current density for Fe,O;@C and
Fe,03/Fe; ,S@C electrodes, respectively. It can be seen that the
Fe,03/Fe; ,S@C electrode shows less polarization at high current
densities than Fe,O;@C. More importantly, it is obvious that the
capacities of the Fe,O3/Fe; _,S@C electrode at each current density
are greatly higher than those of Fe,O;@C electrode, particularly at
a high current density of 5.0 A g~ *. In addition, we compared
the performance of the Fe,Oz/Fe; ,S@C in this study with
other Fe-based electrodes reported in previous literatures
(Table S2, ESIf). The results show that the Fe,O3/Fe; ,S@C
exhibits the highest specific capacity and excellent rate capability.
The outstanding electrochemical performance of the Fe,Os/
Fe, ,S@C electrode can be ascribed to (i) the excellent charge
transfer ability due to the introduction of Fe;_,S and the forma-
tion of the heterostructure between Fe,O; and Fe, _,S; (ii) the short
ion-diffusion pathways due to the ultra-small nanoparticles; (iii)
the excellent structural stability ensured by the carbon buffer and
porous structure.

It is well known that there are two typical types of energy
storage behaviors in LIBs: redox pseudocapacitive process
taking placing on the surface of the electrode materials, and the
diffusion-controlled process in the bulk of the electrode mate-
rials. In order to further study the fast reaction kinetics of
different electrode materials, according to the Trasatti analysis
reported by Dunn et al., CV tests at various sweep rates from 0.2
to 1.4 mV s~ * were carried out, which can quantify and calculate

This journal is © The Royal Society of Chemistry 2020
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the contribution percentage from the pseudocapacitive effect
and diffusion-controlled Li" insertion process.?**> As shown in
Fig. 9a and b, all peak current intensity (i) increase with the
increase in the scan rate (v), and their relationship follow the
equation: i = a®,*° where a and b both are adjustable values.
When the value of b is 0.5, the ionic diffusion is dominant,
whereas when b = 1, the reaction is mostly pseudocapacitive
behavior controlled. According to previous literature,*** the
b value can be calculated from the slope of the fitted line based
on log(7) versus log(v) plots, and the fitted results are shown in
Fig. 9c and d for Fe,O;@C and Fe,03/Fe;_,S@C electrodes,
respectively. The b values for the selected peak 1 and peak 2 of
the Fe,O;@C electrode are 0.69 and 0.78, respectively, which are
lower than those of the Fe,05/Fe; ,S@C electrode (peak 1, 0.79;
peak 2, 0.85), indicating the higher pseudocapacitive contribu-
tion of the Fe,03/Fe;_,S@C electrode than that of Fe,O;@C. In
addition, the total current intensity can be divided into two
parts according to the following eqn (5):°>%

i = kv + kov'? (5)
where i is the total current intensity. The values of ;v and k2
represent the potentials controlled by the pseudocapacitive
effect and ionic diffusion-controlled process, respectively.
Therefore, we calculated the pseudocapacitive contribution by
determining k; and k, values, and the results are displayed in
Fig. 9e and f. For the Fe,0;@C electrode, the pseudocapacitive
contributions are 31%, 31.7%, 34.7%, 37.3%, 40.5%, 46.5%,
and 51.5% at the scan rates of 0.2, 0.4, 0.6, 0.8, 1.0, 1.2 and
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Fig.9 CV curves at various scan rates in the range from 0.2 to 1.4 mV
s~% fitted lines based log(v) versus log(i) for selected peak 1 and peak 2,
capacitive contribution percentages at different scan rates for (a, c and
e) Fe,Oz@C and (b, d and f) Fe,Oz/Fe;_,S@C electrodes.
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1.4 mV s ', respectively, showing an enhancement with the
increase in the scan rate. The contributions are 45.1%, 53.3%,
59.9%, 64.6%, 65%, 67.1% and 68.1% for the Fe,0s/Fe, ,S@C
electrode, much higher than those of the Fe,O;@C electrode at
same scan rates. The improved capacitive contribution of the
Fe,03/Fe; _,S@C electrode can be attributed to the Fe,O; and
Fe,_,S heterostructure, which can offer more active reaction
sites and decrease electrode polarization, leading to fast Li"
insertion/extraction and enhanced Li* storage performance.*®>*
The tiny Fe,03/Fe; ,S nanocrystals could not only offer an
abundant interface and reactive sites but also enhance the
transfer rate of lithium ions, resulting in an improved rate
capability. Moreover, the coated carbon layer serves as
a conductive matrix, which relieves the stress associated with
the large volume change, suppresses the agglomeration of the
nanoparticles and also improves the electrical conductivity of
the composite during the charge/discharge process.

4. Conclusions

In conclusion, an effective approach, to design the Fe,O3/Fe;_,S
heterostructure coated by an amorphous carbon layer via
annealing MOFs and sublimed sulfur, was developed. When
evaluated as the anode material for LIBs, Fe,O3;/Fe;_,S@C
features more excellent Li* storage performance (1200 mAh g™*
at 0.1 A g~ ' after 100 cycles) and outstanding rate capability
(345 mA h ¢ ' at 5.0 A g~') as compared with Fe,O;@C. The
improvement in the Li* diffusion capability and charge-transfer
ability is mainly responsible for the extraordinary performance
of the Fe,03/Fe; ,S@C electrode. The sulfidation strategy
developed in this study should be a promising way to prepare
other carbon-coated metal oxide/sulfide heterostructures from
MOFs with high capacity and superior rate for LIBs.
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