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Zn2+-doped magnetite (Fe3O4) nanorods with carbon coating of controllable thickness (Zn-Fe3O4@C)
were prepared from lab-made Zn2+-doped Fe2O3 nanorods which were simultaneously coated with and
reduced by carbon during the carbonization process using pyrrole as the carbon precursor. The asprepared Zn-Fe3O4@C nanocomposites were evaluated as anode materials for lithium-ion batteries
(LIBs). The results show that the Zn-Fe3O4@C nanorods with 2.5 mol% Zn2+ doping demonstrated a
reversible capacity of 949.1 mAh g1, compared to only 315.4 and 235.5 mAh g1 for Fe2O3 and Fe3O4@C
nanorods, respectively, after 60 cycles at a current density of 100 mA g1. The Zn-Fe3O4@C
nanocomposite electrodes also exhibited better cycling and rate performances than the corresponding
Fe2O3 and Fe3O4@C nanorods. The superior performances witnessed in Zn-Fe3O4@C are attributed to the
Zn2+ doping and the carbon coating, which have efﬁciently enhanced the electrical conductivity and
lithium ion diffusion.
ã 2014 Elsevier Ltd. All rights reserved.

Keywords:
magnetite nanorods
carbon coating
Zn2+-doping
cycling stability
rate capability

1. Introduction
Rechargeable lithium-ion batteries (LIBs) have been widely
used as the power source of portable electronic devices, such as
cellular phone and lap-top computer, and have been considered as
a promising choice of the energy storage system for electric and
hybrid vehicles. In the past few decades, graphite has been
employed widely as the anode material of LIBs because it provides
both electrochemical and mechanical stability. However, it has
been difﬁcult for graphite anode to meet the increasing demand for
batteries with higher energy density due to its low theoretical
capacity (372 mAh g1). Researchers have been focusing on
exploring high capacity anode materials to replace graphite. Since
Poizot and coworkers ﬁrstly reported the conversion reaction
mechanism of transition-metal oxides (MOx) as the LIBs anode
materials [1], the MOx (M = Fe [2–4], Co [5,6], Ni [7], Cu [8], Mn [9])
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have attracted intense research interests aiming to achieve high
speciﬁc capacity due to their higher theoretical capacities than that
of commercial graphite [10,11]. Recently, Fe3O4 has been widely
investigated as high-capacity anode material for LIBs due to not
only its high theoretical capacity (925 mAh g1), but also higher
electrical conductivity (94 S/cm for bulk magnetite) [56] than
other transition-metal oxides [12–15]. Comparing with the Li
metal anode material, the transition metal oxide anodes can avoid
the formation of Li dendrites, which is the main problem of Li metal
anode, due to the reaction between the interface of Li anode and
electrolyte during the charge/discharge processes [49,57,58].
However, similar to other metal oxide anodes, the poor cycling
performance resulted from agglomeration and large volume
expansion during lithiation/delithiation and the low rate performance arisen from kinetic limitations are still the dominant
challenges for Fe3O4 serving as LIBs anode material [16]. To
improve the cycling and rate performances, the reported strategies
include containing downsizing particles [17–19], carbon coating
[20,21], and constructing hybrid nanocomposites [22–24]. In
essence, beneﬁted from increasing the electrical conductivity
and buffering the volume expansion, these strategies have brought
about evident improving effects on the cycling stability. For
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Fig. 1. (a) XRD patterns of Zn2+-doped FeOOH, Fe2O3 and Fe3O4@C, and (b) the XRD
pattern comparison between Fe2O3 and Fe3O4@C prepared with and without Zn2+
doping. The insets are the highlighted (11 0) peak of Fe2O3 and (3 11) peak of
Fe3O4@C, respectively.

example, Fe3O4 nanoparticles encapsulated in carbon shell exhibit
an high initial discharge capacity of 1546 mAh g1, and the capacity
can still reach ca. 800 mAh g1 even after 100 cycles [21].
Additionally, doping has been employed to increase the
electrical conductivity of metal oxide anodes, which is also
beneﬁcial to LIBs [25–28]. For example, the ZnO/SnO2 nanocomposites showed enhanced electrochemical performances with
an increased capacity and columbic efﬁciency compared with pure
SnO2 anode [29]. The ZnO-Fe2O3 nanostructural ﬁlms on copper
foil exhibited good lithium-ion storage performances with a
reversible capacity of 776 mAh g1 after 50 cycles [30]. The
enhanced lithium-ion storage performance was attributed to the
nanocomposite structure, in which ZnO between Fe2O3 nanoparticles not only improves the electrical conductivity, but also
serves as a buffer to cushion the stress from the volume expansion
and maintains the structural integrity of anode materials during
cycling. Moreover, to the best of our knowledge, no investigation
has been presented on the electrochemical performance of the Zn2
+
-doped Fe3O4 nanorods with carbon coating so far.
In this work, Zn2+-doped Fe3O4 nanorods with carbon coating
have been prepared by reducing lab-made Fe2O3 nanorods and
carbonizing pyrrole carbon precursor. The Zn2+-doped Fe2O3
nanorods were obtained after annealing the Zn2+-doped FeOOH
precipitate prepared by a hydrothermal method. After a

Fig. 2. SEM images of (a) Zn2+-doped FeOOH, (b) Fe2O3 and (c) Fe3O4@C.

carbonization process, the Zn2+-doped Fe3O4 nanorods with
carbon coating (Zn-Fe3O4@C) were obtained using pyrrole as
carbon precursor, by which Fe2O3 was reduced to Fe3O4. The
electrochemical characterization demonstrated superior cycling
and rate performances of the Zn-Fe3O4@C nanocomposite electrode. The enhanced electrochemical energy storage mechanisms
have been discussed as well.
2. Experimental
2.1. Materials
Iron nitrate nonahydrate (Fe(NO3)39H2O), zinc nitrate hexahydrate (Zn(NO3)26H2O), pyrrole (C4H5N), and sodium hydroxide
(NaOH) were all purchased from Sinopharm Chemical Reagent Co.,
Ltd. All chemicals are of analytical grade and were used as received
without further puriﬁcation.
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Fig. 3. HR-TEM images of Zn2+-doped Fe2O3 nanorods at different magniﬁcations
(a, b).

2.2. Fabrication of Zn2+-doped Fe3O4 nanorods with carbon coating
The Zn2+-doped Fe2O3 nanorods were fabricated by a facile
hydrothermal route. Speciﬁcally, Fe(NO3)39H2O and Zn
(NO3)26H2O (totally 10 mmol) with a molar ratio of 39:1 were
dissolved in 20 mL deionized water, followed by the dropwise
addition of 20 mL NaOH (4.5 M) solution under magnetic stirring.
The colloid solution was then transformed into a 100 mL Teﬂonlined autoclave, and subsequently sealed and heated at 130  C for
7 h in an oven. After reaction, the yellow precipitate was
centrifuged and washed using deionized water for several times,
and then dried at 60  C in air overnight. As the added amount of
NaOH was excessive (the molar ratio of OH to Fe3+ and Zn2+ ions
was 9:1) to allow all Fe3+ and Zn2+ ions be transformed into the
precipitate. The Zn2+-doped Fe2O3 nanorods were obtained by
annealing the yellow precipitate at 500  C for 3 h in air. The
preparation procedure of pure Fe2O3 nanorods was the same as
that of the Zn2+-doped Fe2O3 only without adding the Zn(NO3)2
6H2O in the ﬁrst step. Carbon coating was carried out through
mixing 1.5 g as-obtained Fe2O3 or Zn2+-doped Fe2O3 nanorods with
0.5 mL pyrrole in a stainless steel autoclave, and then heated at
550  C for 5 h in a furnace. During the carbonization process, Fe2O3
was reduced to Fe3O4 by carbon as veriﬁed later.
2.3. Characterizations
The structure of products was determined by X-ray powder
diffraction (XRD) on a Rigaku D/Max-RC X-ray diffractometer with
Ni ﬁltered Cu Ka radiation (l = 0.1542 nm, V = 40 kV, I = 40 mA) in
the range of 10-80 at a scanning rate of 4 min1. The
morphologies of the samples were examined by using a JSM6700F ﬁeld emission scanning electron microscopy (FE-SEM) at an
accelerating voltage of 20 kV and an electric current of 1.01010 A,
and a JEOL JEM-2100 high-resolution transmission electron

Fig. 4. HR-TEM images of Zn2+-doped Fe3O4@C nanorods at different magniﬁcations (a, b and c).

microscopy (HR-TEM) with an accelerating voltage of 200 kV.
X-ray photoelectron spectroscopy (XPS) was recorded on a Kratos
Analytical spectrometer, using Al Ka (hn = 1486.6 eV) radiation as
the excitation source, under a condition of anode voltage of 12 kV
and an emission current of 10 mA. To evaluate carbon content in
the resultant product, thermogravimetric analysis (TGA) was
performed from ambient temperature to 800  C in air at a heating
rate of 10  C min1 using a SDT thermal-microbalance apparatus.
2.4. Electrochemical measurements
To prepare the working electrode, the active material, carbon
black, and polyvinylidene ﬂuoride (PVDF) with a weight ratio of
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Fig. 5. SEM microstructures of (a) FeOOH and (b) Zn2+-doped FeOOH.

8:1:1 were mixed in N-methyl-2-pyrrolidinone (NMP) to form a
homogenous slurry, which was coated on a copper foil substrate,
followed by drying in a vacuum oven at 120  C for 12 h. The
CR2025-type cells were assembled using Li foil as counter and
reference electrode, Celgard 2300 as separator, and 1 M LiPF6
(dissolved in ethylene carbonate, dimethyl carbonate, and ethylene
methyl carbonate with a volume ratio of 1:1:1) as electrolyte. The
assembly was performed in a glove box ﬁlled with argon
atmosphere. The performance of the cells was evaluated galvanostatically in the voltage range from 0.02 to 3 V at various current
densities on a LAND CT2001A battery test system. The electrochemical impedance spectra were obtained on the same instrument with AC signal amplitude of 10 mV in the frequency range
from 100 kHz to 0.01 Hz. The data were adopted to draw Nyquist
plots using real part Z0 as X axis, and imaginary part Z00 as Y axis.
3. Results and discussion
3.1. Electrode materials preparation and characterizations
XRD pattern, Fig. 1a, conﬁrms that all diffraction peaks of
2.5 mol% Zn2+ ions doped yellow precipitate synthesized in the
hydrothermal process match well with those of the standard
FeOOH (JCPDS No. 29-0713). After being annealed in air at 500  C
for 3 h, the XRD pattern can indexed to rhombohedral Fe2O3 and no
peak of ZnO is detected, indicating that the Zn2+-doped yellow
precipitate is completely converted to Fe2O3 phase, and Zn2+ ions
are incorporated into the crystalline lattice of Fe2O3 in the
calcination process. The XRD pattern of Zn2+-doped Fe3O4 with
carbon coating is similar to that of pure Fe3O4, indicating that Fe2O3
has been reduced to Fe3O4 by carbon and the carbon coating on the
surface of Zn2+-doped Fe3O4 is amorphous. For comparison, the
XRD patterns of Fe2O3 and Fe3O4@C without Zn2+ doping are also
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shown in Fig. 1b. The diffraction patterns are similar to those of
Zn2+-doped Fe2O3 and Fe3O4@C samples. However, from the
enlarged (11 0) peak of Fe2O3 and (3 11) peak of Fe3O4, insets of
Fig. 1b, the slight peak shift also demonstrates the Zn2+ doping into
Fe2O3 and Fe3O4 crystalline lattice. To illustrate the variation of
crystal structure, the strongest diffraction peak of (3 11) plane
of Fe3O4 is used to calculate the lattice constant. With the
Zn2+ doping, there is a slight peak shift to a lower angle, and the
calculated lattice distance between the (3 11) planes changes from
0.2540 to 0.2543 nm corresponding to the variation of lattice
constant from 0.8423 to 0.8434 nm [31]. From Fig. 1b, the doped
Zn2+ ions substitute for the sites of Fe3+, and partial Fe3+ was
reduced to Fe2+ after carbon coating (Fig. 1a). According to the
thermodynamic calculation, the reduction reaction of ZnO to Zn is
possible (DG < 0) only when the temperature is above 1000  C, and
therefore, Zn2+ ions cannot be reduced during the carbonization
at 550  C and still occupy the sites of Fe3+. The ionic radius of
Zn2+ (0.74 Å) is larger than Fe3+ (0.65 Å), ﬁnally resulting in an
increased lattice constant [32,33].
The morphologies of the samples were examined by a ﬁeld
emission scanning electron microscope (FE-SEM) and a high
resolution transmission electron microscope (HR-TEM). Large scale
Zn2+-doped FeOOH rods with 200-500 nm in length and 20-40 nm
in diameter are observed to have been synthesized during the
hydrothermal process, Fig. 2a. After being annealed at 500  C for
3 h in air, the Zn2+-doped Fe2O3 sample retains the rod-like
morphology, but the length became shorter, Fig. 2b. No obvious
variation in the morphology and size is observed in the obtained
Zn2+-doped Fe3O4 rods with carbon coating, Fig. 2c, as compared
with the Zn2+-doped Fe2O3 sample. From the TEM image of
Zn2+-doped Fe2O3 (Fig. 3a), the length and diameter of rods are ca.
200-400 and 30 nm, respectively, consistent with the SEM
observation, Fig. 2b. The typical lattice fringe spacing is measured
to be 0.221 nm, corresponding to the (113) crystal plane of Fe2O3,
Fig. 3b. Following the carbon coating on the Zn2+-doped Fe2O3
sample, no obvious variation in the morphology and size of rods is
observed, Fig. 4a. The carbon layer with a thickness of ca. 5 nm is
observed deposited on the surface of rod, Fig. 4b. From the higher
resolution image (Fig. 4c), the measured lattice spacing is
0.255 nm, corresponding to the (311) crystal plane of cubic
Fe3O4. It is noteworthy from the XRD measurement (Fig. 1a) that
the Zn2+-doped Fe2O3 has been reduced to Fe3O4 phase during
the carbonization process, also conﬁrming the formation of
Zn2+-doped Fe3O4 rods with carbon coating. To investigate the
effect of Zn2+ doping on the morphology of FeOOH intermediate,
the control experiment was operated without adding Zn2+ while
the other experimental parameters were maintained the same as
those mentioned in the typical experiment above. As shown in
Fig. 5, FeOOH nanorods can be generated under the conditions
with or without adding Zn2+, and the morphology and size of the
rods have no obvious variation, suggesting that the Zn2+ doping has
no effect on the growth of FeOOH nanorods in this work.
Meanwhile, the elemental maps of a selected area obtained on
SEM are displayed in Fig. 6, which clearly demonstrates a uniform
distribution of C, Fe, O and Zn elements.
Thermogravimetric (TG) and differential scanning calorimetry
(DSC) analysis was carried out in air to investigate the carbon
content in the Zn2+-doped Fe3O4@C nanorods. From the TG curve,
Fig. 7, the weight loss of 1.62% between 30 and 150  C corresponds
to the evaporation of water absorbed on the surface of sample, and
a slight weight increase between 167  C and 260  C is caused by the
oxidation of Fe3O4 to Fe2O3 [34,49]. From 300 to 550  C, an
exothermic peak, observed in the DSC curve accompanying with an
intensive 17.6% weight loss, is attributed to the oxidation process of
carbon to form volatile species, such as CO and CO2. After 550  C,
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Fig. 6. SEM and EDX mapping image (C, Fe, O, Zn) of Zn2+-doped Fe3O4@C nanorods.

there is no apparent exothermal peak and weight loss, suggesting
the complete oxidation of carbon.
The chemical composition of the Zn2+-doped Fe3O4@C nanorods was measured by X-ray photoelectron spectroscopy. The
detected peaks of Fe 2p, Zn 2p, N 1s, C 1s and O 1s, Fig. 8, indicate
the presence of Fe, O, C, N and Zn elements. The two peaks at the
binding energy of 710.2 and 723.8 eV, Fig. 8a, are assigned to Fe
2p3/2 and Fe 2p1/2, respectively. The ﬁngerprint shakeup satellite
peak of Fe2O3 [35] at ca. 719 eV is not observed, suggesting the
formation of Fe3O4. The Zn 2p3/2 and Zn 2p1/2 peaks are observed at
1021.1 and 1044.1 eV (Fig. 8b) [36], respectively, conﬁrming the
existence of Zn in the resultant product. In the N1s spectrum, two
deconvoluted peaks around 398.0 and 400.1 eV (Fig. 8c) are
attributed to the formation of pyridinic N (398.3 eV) and pyrrolic N
(400.0 eV) in the carbon coating after the decomposing of pyrrole
[37]. As shown in Fig. 8d, the deconvoluted C 1 s peaks at 284.6 and

286.1 eV are corresponding to the C-C and C-O components [38],
respectively, due to the carbon coating on the Zn2+-doped Fe3O4
surface. All these results from the SEM, TEM, TGA and EDX element
mapping images have conﬁrmed the existence of the carbon layer.
The O1s spectrum is broad and can be deconvoluted into three
peaks at 529.9, 531.5 and 532.8 eV (Fig. 8e), which are assigned to
O-Fe, O-C, and O-H, respectively. The OH groups exist likely due to
the absorbed moisture by the sample, which is consistent with the
weight loss of 1.62% from the TGA test, Fig. 7.
3.2. Electrochemical energy storage evaluation
The electrochemical performances were investigated to evaluate the applicability of Zn2+-doped Fe3O4@C nanorods in LIBs and
the effects of Zn2+ doping and carbon coating on the cycling
stability. Fig. 9 shows the selected discharge/charge curves of the
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Fig. 7. TG/DSC curves of Zn2+-doped Fe3O4@C nanorods at a heating rate of 10  C
min1 under air ﬂux.

Zn2+-doped Fe3O4@C nanorods. The ﬁrst discharge curve shows a
decrease to 0.8 V, corresponding to the Li-ion insertion into Fe3O4
to form LixFe3O4 [39]. The plateau around 0.8 V suggests the
reduction of Fe3+ and Fe2+ to Fe (0) and the formation of amorphous
Li2O. With decreasing the voltage to 0.02 V, the initial discharge

Fig. 9. Galvanostatic discharge/charge curves of the 1st, 2nd, 5th, and 60th cycles
for the Zn2+-doped Fe3O4@C nanorods.

capacity is 1254.9 mAh g1, higher than the theoretical capacity of
pure Fe3O4 (925 mAh g1). This can be attributed to the
decomposition of the electrolyte and the formation of solid

Fig. 8. XPS spectra (a) Fe 2p, (b) Zn 2p, (c) N 1s, (d) C 1s, and (e) O 1s of the Zn2+-doped Fe3O4@C nanorods.
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Fig. 10. Cycling performance of Fe2O3, Fe3O4@C, and Zn2+-doped Fe3O4@C nanorods
at a current density of 100 mA g1.

electrolyte interphase (SEI layer) [40–42]. The component of these
ﬁlms mainly includs a variety of lithium salts [2,43], which could
also consume lithium from the electrode in the cells, resulting in a
higher capacity than the theoretical value. The ﬁrst charge curve
shows no apparent plateau but a slope from 1.4 to 2.0 V, suggesting
the oxidation of Fe (0) to Fe2+ and Fe3+. The ﬁrst charge capacity is
around 848.5 mAh g1, which is lower than the initial discharge
capacity (1254.9 mAh g1), suggesting a relatively low reversible
capacity of 67.6% caused by the irreversible Fe3O4 conversion
reaction with Li and the irreversible lithium loss due to the
formation of SEI layer during the ﬁrst discharge/charge process
[44–46]. However, from the second discharge/charge cycle, the
discharge and charge curves coincide very well and the columbic
efﬁciency increases rapidly to 96.5%.
Fig. 10 shows the cycling performance of Zn2+-doped Fe3O4@C
nanorods at a constant current density of 100 mA g1. The

Fig. 11. Rate capabilities of (a) Zn2+-doped Fe3O4@C, and (b) Fe3O4@C nanorods.

Fig. 12. Nyquist plots of the Fe2O3, Fe3O4@C, and Zn2+-doped Fe3O4@C samples. The
inset is the corresponding equivalent circuit.

nanocomposite electrode is observed to deliver a stable reversible
capacity of 949.1 mAh g1 after 60 cycles. As a comparison, the
cycling performances of Fe2O3 and Fe3O4@C nanorods at the current
density of 100 mA g1 are also shown in Fig. 10. In the ﬁrst 20 cycles,
the Fe3O4@C nanorods exhibit a relatively higher capacity retention
(612.5 mAh g1 after 20 cycles) than Fe2O3 (423.3 mAh g1 after
20 cycles) although the initial discharge capacity of Fe2O3 nanorods
(1086.4 mAh g1) is higher than that of the Fe3O4@C sample (952.1
mAh g1), suggesting that the carbon coating is beneﬁcial to the cycle
performance. However, the capacities of the Fe2O3 and Fe3O4@C
nanorods decrease successively with further cycling and are only
315.4 and 235.5 mAh g1 after 60 cycles, respectively. Fig. S1-(a&b)
shows that the SEM images of the Fe3O4@C nanocomposites before
and after 60 charge/discharge cycles, respectively. It's observed that
the rod-like particles become smaller and agglomerated after
cycling. This indicates the pulverization of the particles during
cycling, which leads to the poor cycling performance. The better
cycling stability and higher speciﬁc capacity retention of the
Zn2+-doped Fe3O4@C nanorods demonstrate that 2.5 mol% Zn2+
doping and the carbon coating have signiﬁcantly improved the
cycling performance. The cycling performance of the Zn2+-doped
Fe3O4@C nanorods is also better than those of the previously
reported Fe3O4/C porous hollow beads [47] (700 mAh g1 after
50 cycles) and graphene-encapsulated Fe3O4 nanoparticles (680
mAh g1 after 60 cycles) [48].
Fig. 11a shows the rate performance of Zn2+-doped Fe3O4@C
nanorods evaluated at different current densities for every ten
cycles. The product delivers reversible capacities of 776.4, 699.2,
661.2, 594, 454.8 and 225.7 mAh g1 at the current densities of
100, 200, 400, 800, 1600 and 3200 mA g1, respectively. When the
current density is returned to 100 mA g1, the discharge capacity
is ca. 830 mAh g1, higher than that acquired initially (776.4 mAh
g1). Similar phenomena have also been found in other anode
materials [37,48], and are ascribed to the formation of polymer/
gel-like ﬁlms during the discharge procedure due to the
decomposition of the electrolyte driven by the active anode
metal nanoparticles [49–51]. Tarascon et al. have observed the
polymer/gel-like ﬁlms on the surface of the active materials in the
TEM images and called them “polymer/gel-like ﬁlms”, and the
existence of polymer/gel-like ﬁlms can also be deduced by
impedance measurement results [50]. Fig. 11b shows the rate
performance of the Fe3O4@C nanorods without Zn2+ doping. The
Fe3O4@C nanorods only deliver the reversible capacities of 740.6,
547.4, 312.4, 122.4 and 31.1 mAh g1 at the current densities of
100, 200, 400, 800 and 1600 mA g1, respectively. Apparently, the
2.5 mol% Zn2+ doped Fe3O4@C nanorods exhibit much higher
capacities than the sample without Zn2+ doping at the same
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current density, demonstrating that Zn2+ doping can effectively
promote the rate performance.
To further clarify the effects of Zn2+ doping and carbon coating
on the electrochemical performance, the electrochemical impedance spectroscopy (EIS) was measured. The equivalent circuit
model is given in Fig. 11 to indicate the internal resistances of these
batteries [52,53]. The symbols of Re, Rsf, Rct, represent the
electrolyte resistance, the resistance of the SEI ﬁlm and the charge
transfer resistance, respectively. The constant phase elements
(CPE) replace pure capacitance in this model [53]. Zw expresses the
Warburg impedance substituted with the constant phase element
(CPE), which can describe the deviations in the sloping line more
accurately [50]. As shown in Fig. 12, the Nyquist plots exhibit a
semicircle in the high frequency and a straight line (oblique line) in
the low frequency. The diameter of semicircle is in direct
proportion to the impedance, which contains Re, Rsf and Rct
[39,54]. The resistance values of each samples obtained from the
ﬁtting results of EIS data are summarized in Table S1. The charge
transfer resistance values are 32.2 V for Zn-Fe3O4@C, 246.3 V for
Fe3O4@C and 317.5 V for Fe2O3, respectively. Apparently, the value
of Zn-Fe3O4@C is smaller than that of Fe3O4@C and Fe2O3 due to the
conductivity improvement after Zn2+ doping [26,27]. The measured value of (Re + Rsf + Rct) is 154.33 V for Zn-Fe3O4@C, which is
better than that of Fe3O4@C (497.69 V) and Fe2O3 sample
(645.41 V). The decreased impedance can be ascribed to the
carbon coating, which can improve the electrical conductivity and
charge transfer at the interface. The slope of the straight line at low
frequency corresponds to the Warburg impedance associated with
the Li-ion diffusion [14,55]. Compared with Fe2O3 and Fe3O4@C
samples, the Zn-Fe3O4@C showed larger slope in the low frequency
region, suggesting that the lithium ion diffusion ability of ZnFe3O4@C nanorods is superior to the others. The reason could be
attributed to the lattice constant increase of Fe3O4@C after Zn
doping based on the XRD measurements, Fig. 1b, which is
beneﬁcial to lithium ion diffusion. The Zn-Fe3O4@C composite
nanorods were also checked by SEM before and after 60 charge/
discharge cycles as shown in Fig. S1-(c&d). The results indicate that
only a few Zn2+-doped Fe3O4@C composite nanorods retained the
rod-like morphology, meaning that Zn2+ doping does not play an
important role in preventing the pulverization and the agglomeration of the anode materials during cycling. Combining the
electrochemical performance with the structural characterization,
the Zn-Fe3O4@C nanorods exhibit higher reversible capacity (949.1
mAh g1) than the Fe2O3 nanorods (315.4 mAh g1) and the
Fe3O4@C nanorods (235.5 mAh g1) after 60 cycles after 2.5 mol%
Zn2+ doping and carbon coating. The impedance measurements
indicate that the carbon coating increases the surface electrical
conductivity of the Fe3O4 nanorods, while the Zn2+ doping is
beneﬁcial to enhance the interior conductivity and lithium ion
diffusion, ﬁnally improving the cycling and rate performances.
4. Conclusions
In summary, Zn2+-doped Fe3O4@C nanorods have been fabricated by a facile approach and tested for anode materials for
lithium ion battery. The Zn2+-doped Fe3O4@C product exhibited
superior cycling and rate performances compared with the
corresponding Fe2O3 and Fe3O4@C nanorods. The electrochemical
results indicated that the combination of Zn2+ doping and carbon
coating improved the electrical and ionic conductivity, ﬁnally
resulting in the enhancement of electrochemical performance.
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