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Abstract The yolk-shell-structured Fe;O, nanocompos-
ite particles (Fe;0,@Void@C-N NPs) with Fe;O, as the
yolk and N-doped carbon as the shell were prepared by
using melamine formaldehyde resin as the N and C sources.
When used as anode material for lithium ion battery, the
yolk—shell structure could not only afford adequate void
to accommodate the large volume change during charge/
discharge process but also improve structural stability and
electrical conductivity. The anode material demonstrated
superior long-term and high-rate performance because
of the novel structure and the N-doped carbon shell with
mesopore. Thus, Fe;0,@Void@C-N NPs exhibited a high
reversible capacity of 1530 mAh g~! after 300 cycles at a
current density of 500 mA g~!, which were approximately
1.5 and 6 times higher than Fe;0,@C-N NPs and pure
Fe;O, particles, respectively. Even at the higher current
density of 2000 mA g~!, the reversible capacity remained
at 651 mAh g~! after 500 cycles.
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1 Introduction

Lithium ion batteries (LIBs) have attracted consider-
able attention in both scientific and industrial fields due
to their high energy density. The next generation of LIBs
is expected to have superior performances in terms of
capacity, cycling stability, and rate capability to meet the
requirements of new emerging technologies. This goal sig-
nificantly relies on developing a new generation of anode
materials, which plays a crucial role in the performance of
LIBs.

Commercial graphite has a relatively low theoretical
capacity of 372 mAh g~! [1], which has limited its appli-
cation as an anode material. Various novel anode materi-
als have been proposed previously to replace traditional
anodes. Among these alternatives, transition metal oxides
(TMOs), such as iron oxides [2-5], cobalt oxides [6, 7]
and nickel oxides [8, 9], are considered as promising anode
materials for LIBs because of their high theoretical capaci-
ties, which is commonly several times higher than that of
graphite. Particularly, ferroferric oxide (Fe;O,) has shown
great potential because of its special features, such as high
theoretical specific capacity (926 mAh g~!), low cost, natu-
ral abundance, and eco-friendliness [10-12]. Nevertheless,
the commercial application of Fe;O, was hindered by poor
rate and cycling performance due to the severe volume
expansion upon lithiation, which is common for TMOs [13,
14].

Accordingly, various strategies were proposed to over-
come the abovementioned drawbacks of Fe;0,. Two effec-
tive methods involve the design of unique nanostructures,
such as nanotubes [15], hollow nanospheres [16, 17], and
nanorods [18, 19], and the composition with carbonaceous
materials, which can shorten the diffusion length for lith-
ium ion, thereby avoiding direct contact with electrolytes
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and effectively accommodating the mechanical strain. Sev-
eral previous reports have shown that adopting the combi-
nation of the two methods is suitable to improve the elec-
trochemical performance of Fe;0, markedly, avoiding the
aggregation and constant consumption of nanomaterials
[20-22].

Nitrogen-doped carbon has been reported to demonstrate
increased electrical conductivity and Li-storage capacity
[23, 24]. The introduction of nitrogen offers favorable and
active sites for lithium ion, which is remarkably beneficial
in achieving the charge—discharge cycle [25]. A uniform
distribution of nitrogen in the carbon crystal lattice can
improve the electrochemical performance.

In our work, melamine formaldehyde (MF) resin was
used as particular N and C sources to prepare yolk—shell-
structured active materials. The electrochemical perfor-
mance of yolk—shell-structured Fe;0, nanocomposite par-
ticles (Fe;0,@Void@C-N NPs) was studied and showed
a high reversible capacity of 1530 and 651 mAh g~!
after 300 and 500 cycles at a current density of 500 and
2000 mA g™, respectively. This study might enlighten the
search for preferable strategies in developing advanced
anode materials for LIBs or other energy storage devices.

2 Experimental
2.1 Materials synthesis

The procedures for the synthesis of Fe;0,@Void@C-N
NPs are shown in Scheme 1. All chemicals were analytical
grade and used without further purification. The uniform
Fe;0, particles were prepared according to the published
procedure described in the literature [26]. Fe;O,@SiO,
NPs were synthesized by the modified Stober method [27].
The MF shell was prepared using glacial acetic acid cata-
lyzed referencing the MF sphere procedure [28]. Finally,
the Fe;0,@Void@C-N NPs were obtained by calcin-
ing the Fe;0,@Si0,@MF NPs in tube furnace and etch-
ing with NaOH. The details were described in supporting
information. The Fe;O,@C-N NPs were prepared under

Scheme 1 Schematic illustra-

tion of the synthesis procedures
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the same conditions except the synthesis of SiO, layer and
the subsequent etch treatment.

2.2 Characterization

The morphologies and microstructures were investigated
using a JEM-100CX II transmission electron micro-
scope (TEM) at an accelerating voltage of 200 kV. X-ray
diffraction (XRD) patterns obtained on a D/Max-RB
X-ray diffractometer (Bruker AXS, Germany) with Cu
Ka irradiation at a scanning range of 10°-70° were used
to determine the phase structures of the samples. Fourier
transform infrared (FTIR) spectra of the samples were
recorded using a Nicolet iS10 FTIR spectrometer. Ther-
mogravimetric analysis (TGA) was carried out on TGA 1
SF/1100 (METTLER TOLEDO), under air flow with heat-
ing rate of 10°C/min. The surface area and pore size were
estimated by Brunauer—Emmett-Teller (BET) and Bar-
rett-Joyner—Halenda (BJH) methods, respectively. Mag-
netic characterization was performed on a Quantum Design
MPMS XL-7 super-conducting quantum interference
magnetometer.

2.3 Electrochemical measurements

Electrochemical experiments were performed with 2032
coin-type cells, with lithium metal as the counter and ref-
erence electrode and a solution of 1 M LiPFy dissolved in
a 1:1:1 mixture solution of ethylene carbonate, dimethyl
carbonate, and ethylene methyl carbonate as electrolyte,
and assembled in an Ar-filled glove box. The working elec-
trodes were fabricated by casting a slurry of active mate-
rial, acetylene black, and polyvinylidene fluoride (70:20:10
in weight ratio) in N-methylpyrrolidinone solvent onto
pure copper foil. The as-prepared electrodes were dried
at 100°C for 10 h in vacuum, and then cut into circular
pieces of about 12 mm in diameter. Each cell was aged for
12 h at room temperature before commencing the electro-
chemical tests. Galvanostatic charge/discharge tests were
performed on a LAHE battery test system at various cur-
rent densities in the potential range of 0.01-3.00 V (vs. Li/
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Li*) at room temperature. Cyclic voltammograms (CV) and
electrochemical impedance spectroscopy (EIS) were con-
ducted on a CHI660E electrochemical workstation. The CV
curves were recorded in 0.01-3.00 V at a scanning rate of
0.05 mV/s. EIS was tested at the frequency ranging from
10 kHz to 0.01 Hz with an AC signal of 5 mV in amplitude
as the perturbation.

3 Results and discussion
3.1 Structure characterization

The size and morphology of the obtained particles were
examined by TEM (Fig. 1). Figure 1a shows that the pure
Fe;O, particles with a diameter ~200 nm are rough and
nearly monodispersed. SiO, was used as a sacrificial layer
to cover Fe;O, particles, and the thickness is ~100 nm
(Fig. 1b). As shown in Fig. lc, d, the thickness of N-doped
carbon shell is approximately 10 nm.

Figure 2a shows the XRD patterns of the synthesized
Fe;0,@Void@C-N NPs, and all the peaks could be

Fig. 1 TEM images of a Fe;0,,
b Fe;0,@Si0, NPs, ¢ Fe;0,@
Void@C-N NPs, and d Fe;0,@
Void@C-N NPs at higher
magnification

indexed to magnetite Fe;0, (JCPDS card 75-0033). Com-
pared with that of pure Fe;0,, the decrease and increase in
intensity of Fe;0, diffraction demonstrate the success of
coating and etching. Moreover, the additional broad diffrac-
tion peak at 22.09° could be assigned to the characteristic
peak of the disorderedly stacked amorphous carbon.

The particles were characterized by FTIR spectra
(Fig. 2b) to confirm MF formation. The peak 583 cm™!
could be assigned to Fe—O vibration, whereas the one at
1635 cm™! could be assigned to the stretching vibration
of the carbonyl group on the Fe;O, surface. As a result of
Si0, coating, the peaks were detected at 1095, 799 and
958 cm™!, which are associated with the asymmetric and
symmetric stretching vibrations of Si—~O-Si and the vibra-
tion of Si-O—H. The peaks at 1560 and 814 cm™! are attrib-
uted to the 1,3,5-s-triazine ring [29]. The disappearance of
the characteristic peak of SiO, indicates void formation.

The TGA of Fe;0,@Void@C-N and Fe;0,@C-N
NPs were performed in air from 45 to 1000 °C at a rate
of 10°C/min to quantify the amount of N-doped carbon
(Fig. S1). The weight ratios of the N-doped carbon lay-
ers of Fe;0,@C-N and Fe;0,@Void@C-N NPs were
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Fig. 2 a XRD patterns and b FTIR spectra of Fe;0,, Fe;0,@Si0O,,
Fe;0,@8Si0,@MF and Fe;0,@Void@C-N NPs; ¢ N, adsorption
desorption isotherm and pore size distribution curve (inset); d The

approximately 11.33 and 3.33%, respectively. Nitrogen
adsorption—desorption isotherms were adopted to charac-
terize the BET specific surface area and porous structure
of the as-prepared Fe;0,@Void@C-N NPs (Fig. 2c).
The BET specific surface area of Fe;O,@Void@C-N
NPs is 45.84 m*> g~!, which is higher than the reported
value for the pure Fe;O, (11 m? g_l) [30]. Moreover, the
pore size is ~3.0 nm based on the BJH model, suggesting
the existence of mesopore in the shell performance (inset
of Fig. 2c¢). The large surface area and porous structure
not only allow adequately contact between active mate-
rials and electrolyte but also facilitate the improvement
of the electrochemical performance. Magnetic character-
ization was also conducted by a vibrating sample mag-
netometer at room temperature. As shown in Fig. 2d,
the saturation magnetization values (Ms) of Fe;O, and
Fe;0,@Void@C-N NPs were measured to be 11.06 and
39.14 emu g~!, respectively. Notably, the coercivity (Hc)
value for Fe;0, particles was 25.5 Oe (inset of Fig. 2d),
which was less than the theoretical value for superpara-
magnetic particles (Hc <50 Oe) [31].
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hysteresis loops and the magnified low field curve (inser) of Fe;0,
and Fe;0,@Void@C-N NPs

3.2 Electrochemical properties

Electrochemical performance was investigated by galva-
nostatic discharge—charge and CV measurements. Fig. S2
and Fig. 3a showed the discharge—charge curves of pure
Fe;O0,, Fe;0,@C-N and Fe;O,@Void@C-N electrodes
at a current density of 100 mA g~!. As shown in Fig. 3a,
the initial discharge curve demonstrates a long voltage
plateau at approximately 0.8 V, which corresponds to the
reduction of Fe;O, to Fe? [32] and the insertion of Li ion
into the electrode. After the 2nd cycle the charge/discharge
curves almost overlapped, reflecting the excellent cycle
stability of Fe;O0,@Void@C-N NPs. The initial discharge
capacity of Fe;0,@Void@C-N NPs was 2276 mAh g™/,
whereas the reversible discharge capacities remained at
1569, 1518, 1472, and 1461 mAh g~! after 2, 3, 5, and 10
cycles, respectively. The loss may result from the incom-
plete conversion reaction and irreversible lithium loss due
to the formation of solid electrolyte interface (SEI) layer
[33]. In the case of Fe;0, and Fe;O,@C-N NPs, the dis-
charge capacities decreased to 371 and 515 mAh g~!
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Fig. 3 a The discharge—charge a 30

curves of Fe;0,@Void@C-N
NPs in the potential range of
0.01 and 3.0 V (vs. Li/Li*) at a
current density of 100 mA g™';
b cyclic voltammetry curves
of Fe;0,@Void@C-N NPs

in the potential range of 0.01
and 3.0 V (vs. Li/Li") at a scan
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after 10 cycles, respectively (Fig. S2). Figure 3b presents
the CV profile of Fe;0,@Void@C-N NPs for the ini-
tial three cycles. In the 1st cathodic process, an obvious
peak at 0.5 V was found, which was usually ascribed to
the reduction of Fe;0, to Fe’ in the conversion reaction
Fe;0,+ 8¢ +8LiT —Fe’+4Li,0 and the formation of
SEI layer [34-36]. In the 1st anodic process, the peak at
~1.6 V could be observed, corresponding to the electro-
chemical oxidation of reactions (Fe?— Fe?*, Fe’*). In the
2nd and 3rd cycles, the cathodic peaks shifted to 0.6 V, and
the curves nearly overlapped indicating proper reversibility
during cycling, which conforms to the discharge—charge
curves.

The cycling and high-rate performance of the Fe;0,@
Void@C-N NPs electrode were also evaluated by the
extended discharge/charge experiments. Figure 3c pre-
sents the cycling performance of Fe;0,@Void@C-N elec-
trode at the current density of 500 mA g~!. For Fe;0,@
Void@C-N NPs, the specific discharge capacity initially
decreased to a minimum of 812 mAh g=! at the 1lth
cycle, which gradually increased and finally stabilized at
1530 mAh g~! at the 300th cycle. By contrast, the specific
discharge capacity of pure Fe;0, decayed to 242 mAh g™/,
and Fe;0,@C-N NPs maintained at 1005 mAh g~ after
300 cycles. The capacity rise may be ascribed to the addi-
tional capacity storage of the N-doped carbon shell at the
low potential and the activation of the active materials
over the following cycles [34, 37]. In addition, the specific

100 150 200 250 300
Cycle number

capacities of Fe;0,@C-N and Fe;0,@Void@C-N NPs
were higher than the theoretical specific capacities, 863 and
908 mAh g~!, which were calculated according to TGA.
This result may be ascribed to the existence of activation
and stabilization for anode materials, which is similar to
other reported metal oxides [38—40]. Fe;O,@Void@C-N
NPs exhibited excellent long-term cycling stability at a
higher current density of 2000 mA g~! due to the large void
and N-doped carbon shell (Fig. 4a). A favorable capacity
of 651 mAh g~! could be retained after 500 cycles with a
columbic efficiency of ~100%.

Table S1 lists and compares the structure and high-rate
performance of Fe;O,@Void@C-N NPs in this study and
other Fe;0, anodes reported in literature. The Fe;O,@
Void@C-N electrode presents remarkably better high-rate
performances than those previously reported [22].

Figure 4b presents the rate performance of Fe;0,@
Void@C-N NPs electrode at various current rates from 200
to 1000 mA g~!. High capacity of 365 mAh g~! was deliv-
ered at 1000 mA g~!'. When the current densities switched
back from 1000 to 200 mA g~!, the capacity could be
recovered perfectly, demonstrating the excellent rate per-
formance resulting from the special yolk—shell structure,
which contained uniform N-doped carbon shell and void.
Figure 5 presents the typical Nyquist plots obtained for
pure Fe;O,, Fe;0,@C-N and Fe;O,@Void@C-N elec-
trodes during the initial cycles. A semicircle appeared in
the high-frequency region [41, 42] followed by a straight
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Fig. 4 aLong-term cycling a
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Fig. 5 Nyquist plots of Fe;0,@C-N, Fe;0,@Void@C-N NPs and
pure Fe;0, (inset) electrodes during the initial cycles

line in the low-frequency region [43, 44]. The radius of the
semicircle was related to the charge transfer resistance (Rct)
in the electrode/electrolyte interface [45]. The slope of the
straight lines reflected the diffusion coefficients of lithium
ion in samples. Evidently, the diameter of the semicir-
cle for Fe;0,@Void@C-N NPs was significantly smaller
than that of the other two electrodes, suggesting a smaller
Rct. Furthermore, the steeper inclined line of Fe;0,@
Void@C-N NPs manifested faster Li ion diffusion. The

@ Springer

particles and efficiently improved the electrochemical per-
formance. Thus, electrochemical tests demonstrated that
the lithium storage performances of Fe;0,@Void@C-N
NPs were higher than pure Fe;0, and Fe;0,@C-N elec-
trodes. This study could help in fabricating useful metal
oxides in other energy storage fields.
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