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ABSTRACT: The intrinsic electronic conductivity can be improved by doping efficiently.
CoxFe3−xO4 nanostructures have been synthesized for the first time to improve the
conductivity of lithium battery electrode. The solid solution CoxFe3−‑xO4 were
characterized by X-ray diffraction pattern (XRD), Raman spectrum, scanning electron
microscopy (SEM), transmission electron microscope (TEM), electrochemical impedance
spectroscopy (EIS), and cyclic voltammetry (CV). The results show that the doping
enlarge the lattice spacing but the structure of Co3O4 is stable in the Li-ion intercalation/
deintercalation process. The AC impedance spectrum reveals the conductivity is well
improved. In addition, the solid solution CoxFe3−xO4 exhibit excellent electrochemical
characteristics. The electrodes with 20% molar ratio of Fe ions own a reversible capacity of
650.2 mA h g−1 at a current density of 1 A g−1 after 100 cycles.
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■ INTRODUCTION

Transition metal oxides (TMOs) attract wide attention as
promising candidates for next-generation anode materials.1−4

They possess a unique lithium storage mechanism−conversion
reaction (MOx + xLi+ + xe− → M + xLi2O) and higher
theoretical capacity (500−1000 mAh g−1) than commercialized
graphite (∼372 mAh g−1).5,6 However, most TMOs usually
suffer from the problem of poor conductivity and severe
volume change in the process of Li+ insertion/extraction, which
will destroy the structure and result in rapid capacity loss
especially at high charge−discharge rates.7−10 To increase the
electronic conductivity, researchers most commonly adopt
electronically conductive materials (carbon, small metal
particles, and conductive polymers) coatings.11−17 Wang et al.
synthesized C/Fe3O4 composite nanofibers by electrospinning,
and the C/Fe3O4 composite nanofiber exhibits a high reversible
capacity, good cycling performance, and excellent rate
capability.16 The carbon not only can enhance the conductivity
but also accommodate the volume change upon Li+ insertion
and extraction.7,10,18,19 In addition, doping alien cations is
usually adoped to improve the intrinsic conductivity for
cathode materials.12,17,20−22 The impurity ionization will
increase the electron density and improve the conductivity of
acceptor. Liu et al. studied the effect of Zn-doping on the
electrochemical performance of LiFePO4.

17 The doping Zn
increase the lattice spacing, which can accommodate more
lithium ion. In the meantime, the charge transfer resistance is
reduced and the cycling stability is well-improved. Matsumura
et al. synthesized the α-Fe2O3−SnO2 solid solution by a wet

preparation method using a precipitation from alkaline
solutions containing Fe3+, Sn4+, and SO4

2+ ions.23 Xu and co-
workers synthesized a two-demensional V2O5 and manganese-
doped V2O5 sheet network by a one-step polymer-assisted
chemical solution method.24 The doped cell showed higher
electrical conductivity, specific discharge capacity, and cycle life
than the undoped cells.
In this paper, Fe-doped Co3O4 solid solution nanostructures

were synthesized via a simple hydrothermal method and a post
heat treatment. With similar radius and electronegativity, Fe
and Co exhibit impressive lattice compatibility in their solid
solutions.25 Through pH-dependent hydrothermal processes,
the morphology and solute amount are well controlled in the
precursors. The precursors were annealed at 500 °C for 3 h to
recrystallize and form the targeted hollow solid-solution
nanocomposites. Benefiting from the hollow structure and
the doping-related effects, the volume effect and pulverization
are well-alleviated. Meanwhile, the conductivity is significantly
improved. Consequently, stable cycling, excellent storage
capability, and rate performance are simultaneously achieved
in the solid solution.

■ RESULTS AND DISCUSSION

The ICP results of the samples are shown in Table 1, which
indicate x = 2.40, 2.69, 2.88, and 3 for samples S1, S2, S3, and
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S4, respectively. The morphology and size of solid solution
were examined by SEM and TEM. Figure 1 shows the SEM and
TEM (inset) imagines of precursors of S1, S2, S3, and S4. As
shown in Figure 1a−d, there are no significant differences
between bare and Fe-doped samples, unlike the noticeable
change that effects electrochemical performance in other
groups’ results. All samples have spherical morphologies and
diameters of about 1−2 μm. The microspheres are hollow ball-
in-ball structure, certified by TEM images (Inset). Accordingly,
the primary reason for enhancement of electrochemical
performance caused by Fe doping in this report is not
originated from the microscopic properties such as morphology
and particle size. Figure S5 in the Supporting Information gives

the energy disperse spectrum (EDS) analysis of S1, revealing
the presence of Co, Fe, and O elements.
Figure 1e shows the XRD patterns of the undoped S4 and

the doped S1, S2, and S3 products. The XRD pattern of
undoped S4 is indexed to standard cubic Co3O4 (JCPDS
No.43−1003). All the diffraction peaks of the doped samples
have similar lattice parameters as those of cubic Co3O4

according to JCPDS No.43−1003. But the peaks of the
doped shift from the undoped one. The lattice structure of
Co3O4 is stable because of the low doping concentration of Fe
ion and the almost similar ion radius of Fe2+ and Co2+.
Furthermore, with the content of Fe ion increasing, the
deviation gets stronger, indicating that the d values were
gradually increased by Fe2+ doping. The doped Fe results in the
expansion of the lattice of the solid solution due to the large
atomic radii of the dopant of Fe. The expansion in lattice crystal
could provide more space for lithium intercalation/deinterca-
lation.12,17

Figure S1a in the Supporting Information shows the Raman
spectra of the Co3O4 and solid-solution CoxFe3−xO4, which

Table 1. ICP Results of the Samples

sample Fe (mg/L) Co (mg/L)

S1 7.283 29.432
S2 1.369 11.993
S3 0.144 3.401
S4 ≤0.215 0.965

Figure 1. (a−d) Morphology and microstructure of the solid solution CoxFe3−xO4: SEM and TEM (inset) mages for S1, S2, S3, and S4. (e) XRD
patterns of the solid-solution CoxFe3−xO4.
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demonstrate the short-range local structure. The Raman
spectras are similar. There are five peaks at 191, 476, 513,
616, and 678 cm−1 in the Raman spectra of S1, S2, S3, and S4
at ambient conditions.26,27 The band at 667 cm−1 is attributed
to the characteristic of the octahedral sites (CoO6), which is
assigned to the A1g species, in the O7h spectroscopic symmetry.
The Raman band located at 476 cm−1 has the Eg symmetry,
whereas the band at 191, 513, 616 cm−1 corresponds to the
tetrahedral sites (CoO4), which is attributed to the F2g
symmetry. The oxidation states of Fe dopant was studied by
XPS, and Figure S1c, d in the Supporting Information shows
the Co 2p and Fe 2p XPS core levels for the S1 sample. Figure
S1d in the Supporting Information shows the XPS spectra of Fe
2p doublet peaks; the binding energy of Fe 2p1/2 and Fe 2p3/
2 was observed at approximately 723.9 and 710.4 eV,
respectively. The splitting data between the Fe 2p1/2 and Fe
2p3/2 core levels are 13.5 eV, indicating a oxidation state of
Fe3+ in the solid solution. Similarly, the core level spectra of Co
2p were curve fitted and are shown in Figure S1c in the
Supporting Information. There are six multiplet peaks for Co
2p shown in the spectra. Peaks at 780.7 and 796.6 eV indicated
Co2+ oxidation states, whereas peaks at 797.7 and 782.2 eV
proved the presence of Co3+ oxidation states. Other peaks
centered at 786.5 and 803.2 eV are satellite peaks.
The TEM images of solid solution S1 are shown in Figure 2

to furture illustrate the detailed microstructure. Figure 2a shows

that the microsphere has the ball-in-ball hollow spherical
characteristics with an inner core diameter of 750 nm. The
enlarged view of the ball-in-ball structure indicates that the
spheres are consist of small nanoparticles with a average size of
around 10−20 nm (Figure 2c). The elemental mapping analysis
of a part of the sphere confirmed the homogeneous distribution
of Co, Fe, and O. The insets in Figure 2b correspond to the
elements Co K-edge, Fe K-edge, and O K-edge, respectively.
The HRTEM image in Figure 2c shows lattice spacings of

0.287 nm, corresponding to the (220) planes of S1. The
selected-area electron diffraction (SAED) analysis (Figure 2d)
further confirms the typical spinel structure of Co3O4. The
detailed microstructure of S2, S3, and S4 is shown in the
Supporting Informantion, Figure S3.
The nitrogen adsorption−desorption isotherms and pore size

distribution curves by the Barrett−Joyner−Halenda (BJH)
method of the solid solution are shown in the Supporting
Informantion, Figure S4. The four nitrogen adsorption−
desorption isotherms are similar to each others exhibiting
characteristics of type I and type IV.28 The specific surface areas
of the soild solution S1, S2, S3, and S4 are 23.79, 56.4, 36.3, and
15 m2 g−1, respectively. The hysteresis loop indicates the
presence of mesopores. The Barret−Joyner−Halenda (BJH)
results confirm the fact.
Figure 3a shows the cyclic voltammograms of the solid

solution S1, S2, S3, and S4, respectively. There are two
cathodic/anodic peaks at 0.90/1.59 V and 1.33/2.13 V for solid
solution S1, S2, S3, and S4. The anodic/cathodic peaks of S1,
S2, and S3 can be attributed to the redox reaction of Co (3Co +
4Li2O ⇄ Co3O4 + 8Li+ + 8e−)29−32 and the Fe/Fe3+ redox
couples(2Fe + 3Li2O ⇄ Fe2O3 + 6Li+ + 6e−).33,34 However,
the cathodic/anodic current peaks of S4 is due to Co (3Co +
4Li2O ⇄ Co3O4 + 8Li+ + 8e−).
The electrochemical performance of the solid solution S1

was also examined by the galvanostatic measurement. Figure 3b
shows the first three cycles charge/discharge voltage profiles of
the S1 electrode at a constant current density of 0.1 A g−1. The
long plateaus about 1 V in the discharging and those near 2 V
in the charging are attributed to reduction of Co3O4 to Co and
reformation of Co3O4 based on the mentioned conversion
reaction consistenting with the CV results. The capacities of the
first three cycles are 1227, 823, and 808 mA h g−1. The extra
capacity of the first discharge compared with thoeretical
capacity(890 mAhg−1) can be ascribed to the SEI layer
formation on the surface of solid solution.5,35 The first
columbic efficiency is 65%. In the following cycles, the solid
solution S1 shows good cycling stability and high stable
reversible capacities.
The cycle performance of S1, S2, S3, and S4 at 1C are shown

in Figure 3c. The initial discharge capacities at 1 A g−1 are
1103.3, 1065.6, 1543.8, and 981 mA h g−1, respectively. The
initial charge−discharge efficiency of S1, S2, S3, and S4 is
61.3%, 45.2%, 53%, and 45.6%. The capacities of the second
cycle decrease. The electrolyte decomposition between
electrode and electrolyte and the inevitable formation of solid
electrolyte interphase (SEI) layer on the electrode surface may
be the main reason for initial capacity loss. From the second
cycle to 100th cycles, the capacities of S1, S2, S3, and S4
decrease. The S1 electrode shows a reversible capacity of 650.2
mA h g−1 with 91.6% retention. The capacities of S2 and S3
decrease from 631.4 and 702.5 to 595.2 and 549.8 mAh g−1.
The capacity of S4 have a sharp decrease from 631.4 mA h g−1

to 414.3 mA h g−1 with 65.6% retention. The above result
shows that S1 gives the highest capacity. The charge−discharge
efficiency of the samples The doping of Fe increase the
capacities and the cycle stability of lithium battery.
In Figure 3d, the S1 cells were performed at different current

density from 0.1 A g−1 to 10 A g−1 to examine the stability. The
discharge capacities of S1 are 951.5, 854, 698.7, 586.3, 454.6,
303.9, and 201.6 mA h g−1 at the current densities of 0.1, 0.2,
0.5, 1, 2, 5, and 10 A g−1, respectively. Even at a high current of
10 A g−1, the S1 exhibited a high capacity of 201.6 mA h g−1. In

Figure 2. (a) TEM image of the S1, (b) high-magnification TEM
image for S1 (inset, EDS mapping images, the scale bars correspond to
20 nm), (c) HRTEM image for S1, (d) SAED pattern of S1.
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addition, the charge/discharge capacities can still be recovered
to almost the same by using a small current density of 0.1 A g−1.
Doping alien cations and the hollow structure may be the
reason for excellent rate performance. The doping is a efficient
way to improve the electroconductivity and the porous
structure can accommodate to the expansion in the Li+

intercalation/deintercalation process. Figure 4 shows the
TEM images of the S1 and S4 after 100 cycles. The
microspheres slightly changed in the charge−discharge process,
indicating the stability of the ball-in-ball structure.
The AC impedance were also carried out to gain insight into

the superior electrochemical behavior of the solid solution S1,
S2, S3, and S4 (Figure 5). The symbol RΩ, Rct, Zw, C, and CPE
in the equivalent circuit model represent the sum of all ohmic
resistances from the electrode and the electrolyte, charge
transfer resistance, Warburg impedance, intercalation capacity
and the constant phase-angle element, respectively. Apparently,
the charge-transfer resistance Rct of S1, S2, S3 electrode are
significantly smaller than that of S4, indicating that the doping
lower the contact and charge-transfer impedances in the lithium
ion insertion/extraction process and thus result in excellent rate
performance.

■ CONCLUSION

We have first prepared CoxFe3−xO solid solution by a one-step
hydrothermal method. Evaluated as electrode materials for

lithium battery, the solid solution CoxFe3−xO showed excellent
cycle stability and rate performance. Cationic doping efficiently
improved the electroconductivity and the ball-in-ball stucture
significantly enhanced the material stability. Therefore, cationic
doping is an efficient way to improve the electrochemical
performance of transition metal oxides and potentially extended
to other materials.

Figure 3. (a) Cyclic voltammogram of the solid solution CoxFe3−xO4 at 0.2 mV s−1, (b) first three charge/discharge curves of S1 at 0.1 A g−1, (c)
cycling performance for the solid-solution CoxFe3−xO4 electrode discharging at 1Ag−1, (d) efficiency or the solid-solution CoxFe3−xO4 electrode
discharging at 1 A g−1, (e) rate performance of S1 for the discharging at variable rates from 0.1 to 10 A g−1.

Figure 4. (a) TEM image of S1 (inset, EDS mapping images, the scale
bars correspond to 200 nm) and (b) TEM image of S4 (inset, EDS
mapping images, the scale bars correspond to 500 nm) after 100
cycles.
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