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Very thin microporous organic networks were formed on the surface of
Fes04 nanospheres by Sonogashira coupling of tetra(4-ethynylphenyl)-
methane and 1,4-diiodobenzene. The thickness was controlled by
screening the number of building blocks. Through carbonization,
Fe;0,@C composites were prepared. The Fez0,@C composites with
4-6 nm carbon thickness showed promising reversible discharge
capacities of up to 807 mA h g* and enhanced electrochemical
stability.

Recently, microporous organic network (MON) materials have been
actively studied." The covalent networking of rigid building blocks
induces the microporosity in MONs. Based on the porosity and
robustness of the MON materials, their application fields, including
selective adsorption® and catalysis,” are expanding. For a recent
example, the heattreatment of MON under an inert atmosphere
resulted in the formation of porous carbon materials which have
been further applied as charge storage materials for super-capacitor
applications.*

Presently, lithium ion batteries (LIBs) are quite attractive
energy storage devices.> To improve storage capacity and operation
stability, new electrode materials have to be designed and prepared
continuously.® In addition to the group IVA element-based materials
such as Si or Sn nanomaterials, various metal oxides have been
studied recently as anode materials.>® It has been documented that
the metal oxides show promising storage capacities through a
conversion mechanism to form zerovalent metal and lithium
oxide.>® However, their low conductivity and capacity fading
during operation are significant drawbacks. To enhance anode
performances, metal oxide-carbon composites” have been suggested
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and prepared through the incorporation of metal oxides into
carbon materials including graphene.” However, the homogeneous
carbon coating on the metal oxides’ may be a more straightforward
method to enhance the conductivity and electrochemical stability. In
this case, the porosity and tailored thickness control of the coating
are important parameters.

The application of MON chemistry to energy storage devices
has been relatively less explored.”® Our research group has studied
the synthesis of functional MONs® based on the Sonogashira
coupling reaction'® and various inorganic electrode materials.™
We reasoned that the microporous organic networking can be
applied for the purpose of coating metal oxide anode materials
through successive carbonization. Recently, our group has reported
that silica spheres can be coated with MONs." In this work, we
report MON coated iron oxides, successive carbonization of iron
oxide-carbon materials, and their electrochemical performances as
anode materials in LIBs.

Fig. 1 shows the application of MON chemistry for the
synthesis of porous carbon-coated iron oxide anode materials.
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Fig. 1 Synthetic scheme for Fes0,@MON, Fes0,@C, hollow MON and
hollow carbon materials.
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First, nanoparticulate Fe;O, spheres were prepared by a synthetic
method in the literature.”®> Through Sonogashira coupling
reaction using 1 equiv. of tetra(4-ethynylphenyl)methane and
2 equiv. of 1,4-diiodobenzene,'® the Fe;O, nanospheres were
directly coated with MON (refer to the ESIt for the detailed
procedure). The black color of the original Fe;O, nanospheres
changed to dark yellow. The resultant Fe;0,@MON materials were
systematically heated in the range of 600-800 °C under argon.
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Fig. 2 SEM and TEM images of bare FesO4 (a, d), Fe30,@MON-10 (b, e)
Fes04@MON-25 (c, f), Fes0,@C-600 (h, k), Fez0,@C-700 (i, 1), and

Fes0,4@C-800 (j, m); (g) PXRD patterns of bare FezO4, Fez0,@MON-10,
and Fe;0,4@C-600, 700, 800.
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After heat-treatment, the materials became black through
carbonization of MON on the Fe;0, surface.

According to scanning (SEM) and transmission electron
microscopy (TEM) studies, 140 nm-sized bare Fe;O, nanospheres
consist of 25 nm-sized small nanoparticles (Fig. 2a and d). The
surface investigation of bare Fe;O, nanospheres by TEM showed no
sign of organic materials. In comparison, Fe;O,@MON (denoted as
Fe;0,@MON-10) prepared using 10 mg of tetra(4-ethynylphenyl)}
methane showed a homogeneous and very thin MON coating on the
surface of the Fe;0, nanospheres (Fig. 2b and e). The thickness of
the MON coating was measured to be 8-10 nm. When the amount of
tetra(4-ethynylphenyl)methane increased to 25 mg, a MON thickness
of ~20 nm in Fe;0,@MON (denoted as Fe;0,@MON-25) was
observed (Fig. 2c and f).

According to powder X-ray diffraction (PXRD) studies, the
original cubic phase of Fe;O, was maintained after MON coating
and even after calcination at 600 °C and 700 °C (Fig. 2g). The
Fe;0,@C materials obtained by heating Fe;0,@MON-10 at 600 °C,
700 °C and 800 °C are denoted as Fe;0,@C-600, Fe;0,@C-700, and
Fe;0,@C-800, respectively. As shown in Fig. 2h and k, and in Fig. 2i
and 1, very thin carbon coatings in Fe;0,@C-600 and Fe;0,@C-700
were, respectively, observed. Their thicknesses were reduced from
8-10 nm (MON coating) to 4-6 nm through carbonization.'* In the
case of Fe;0,@C-800, the original inner iron oxides changed to
angular shaped zerovalent Fe materials through reduction by
carbon (Fig. 2j and m).

To characterize the MON and carbon coating in Fe;0,@MON-10
and Fe;0,@C-700, the inner Fe;O, was etched by reaction with HCL
According to the TEM images, a homogeneous coating of MON and
carbon materials could be confirmed (Fig. 3a and b). The shape
of the inner empty space of hollow materials matched well with
those of the original Fe;O, nanospheres. According to N, sorption
isotherm analysis, hollow MON and hollow carbon materials showed
high surface areas of 406 m> g~* and 1093 m> g ', respectively.
Interestingly, both materials showed not only microporosity of
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Fig. 3 TEM images of hollow MON (a) and hollow carbon materials
(b) obtained from Fes:04,@MON-10 and Fez04@C-700, respectively,
through chemical etching of FezO4. (c) Their N, adsorption—desorption
isotherm curves at 77 K and pore size distribution diagrams (inset of Fig. 3c,
the DFT method was used for measurement of pore size distribution).
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Fig. 4 Cycling performance of bare-FezO,4, Fes:0,@MON-10, Fe;0,@C-600—
800, and coulombic efficiencies of Fez0,@C-700.

networks but also mesoporosity which originated from the
etched iron oxide (Fig. 3c and inset)."”® The solid phase *C
nuclear magnetic resonance (NMR) spectroscopy confirmed the
expected chemical components of two building blocks in MON
(Fig. S1 in the ESIf). PXRD showed a typical amorphous
character of hollow MON and hollow carbon (Fig. S2 in the
ESIT). Thermogravimetric analysis showed that the MON starts
to decompose at 210 °C under N, (Fig. S3 in the ESIT).

Considering the homogeneous carbon coating in Fe;0,@C
materials, their electrochemical performance as anode materials in
LIB was studied (refer to the ESIt for the detailed procedure). Fig. 4
summarizes the results with a current density of 50 mA g~ .

The bare Fe;0, nanospheres showed a discharge capacity of
869 mA h g~ in the 2nd cycle which was sharply decreased to
153 mA h g ! in the 50th cycle (only 18% retention of the 2nd
capacity). The Fe;0,@MON-10 showed a very poor discharge
capacity of 185 mA h g ' in the 2nd cycle due to the insulating
effect of the MON coating. Fe;0,@C-600 showed a 49% capacity
retention in the 50th run, compared with a capacity of 667 mAh g "
in the 2nd cycle. Fe;0,@C-700 showed the best performance with
806 mAh g ' and 775 mA h g ' (96% capacity retention) discharge
capacities in the 2nd and 50th cycle, respectively.'® Fe;0,@C-800
showed a discharge capacity of 399 mA h g~ in the 2nd cycle due to
the phase change of iron oxide. When the thickness of the carbon
coating increased from 4-6 nm to 15 nm, the discharge capacity
of Fe;0,@C (calcination of Fe;0,@MON-25 at 700 °C) decreased
to 628 mA h g ' in the 2nd cycle, due to the increased carbon
contents (Fig. S4 in the ESIT).**

The theoretical anode capacities of Fe;0, and graphite are
known to be 924 mA h g™" (ref. 7) and 372 mA h g~ ' (ref. 6)
respectively. Thus, considering the 11 wt% carbon contents,”
the reversible capacity (806 mA h g™ ') of Fe;0,@C-700
corresponds to 93% of the theoretical maximum value. The
recovered Fe;O,@C-700 after 50 cycles maintained the compo-
site structure (Fig. S5 in the ESIt). The coulombic efficiency of
Fe;0,@C-700 was 70% in the 1st cycle, rapidly reaching 97% in
the 2nd cycle, and was maintained above 97% in successive
cycles (Fig. 4). The discharge voltage profile of Fe;0,@C-700
showed a plateau at 0.8 V (vs. Li/Li’) in the 1st cycle and
shoulder peaks at 1.0 V in the 2nd-50th cycles, which concurs
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with the known behavior of the Fe;0, anode materials (Fig. S6 in
the ESIT).” The cyclic voltammogram confirmed that the observed
electrochemical events are based on the conversion mechanism of
iron oxides (Fig. S7 in the ESIf).”'® Fe;0,@C-700 showed a
promising rate capability (Fig. S6 in the ESIT). When the current
density increased to 100, 200, and 500 mA h g~ ', the discharge
capacities of 760, 709, and 615 mA h g ', respectively, were
observed. Even with a current density of 1.0 A g ', the cells
maintained a capacity of 536 mA h g, which is much higher
than that of commercialized graphite (372 mA h g ').° The
performances of Fe;0,@C-700 are superior or comparable to those
(480-570 mA h ¢~ " capacities at a current density of 500 mA g~ ') of
the Fe;O,—carbon materials (21-44 w% carbon) prepared by using
glucose or polymers as carbon sources.”?¥

In conclusion, this work showed that MON chemistry can be
successfully applied for the enhancement of electrochemical
performances of electrode materials in LIBs through successive
calcination. We believe that based on the synthetic strategy in
this work, more diverse inorganic anode materials with very
thin carbon coating can be prepared by screening various metal
oxides.
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For the EDS mapping of Fe;0,@C-700, see Fig. S8 in the ESI{.

For the porosity analysis of Fe;0,@C-700, see Fig. S9 in the ESIf.
For the extended cycling performance, see Fig. S10 in the ESIf.
Elemental analysis revealed 11 wt% and 16 wt% carbon contents in
Fe;0,@C-700 obtained using Fe;0,@MON-10 and -25, respectively.
The corresponding electrochemical reaction is as follows: Fe;0, +
8Li + 8¢~ <« 3Fe + 4Li,0.
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