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a b s t r a c t

Rechargeable lithium ion batteries (LIBs) are currently the dominant power source for all sorts of elec-
tronic devices due to their low cost and high energy density. The cycling stability of LIBs is significantly
compromised due to the broad satellite peak for many anode materials. Herein, we develop a facile
hydrothermal process for preparing rare-earth (Er, Tm) ions doped three-dimensional (3D) transition
metal oxides/carbon hybrid nanocomposites, namely CNTs-GO-Fe3O4, CNTs-GO-Fe3O4-Er and CNTs-GO-
Fe3O4-Tm. The GO sheets and CNTs are interlinked by ultrafine Fe3O4 nanoparticles forming three-
dimensional (3D) architectures. When evaluated as anode materials for LIBs, the CNTs-GO-Fe3O4

hybrid composites have a bigger broad satellite peak. As for the CNTs-GO-Fe3O4-Er and CNTs-GO-Fe3O4-
Tm hybrid composites, the broad satellite peak can be completely eliminated. When the current density
changes from 5 C back to 0.1 C, the capacity of CNTs-GO-Fe3O4-Tm hybrid composites can recover to
1023.9 mAhg�1, indicating an acceptable rate capability. EIS tests show that the charge transfer resistance
does not change significantly after 500 cycles, demonstrating that the cycling stability of CNTs-GO-Fe3O4-
Tm hybrid composites are superior to CNTs-GO-Fe3O4 and CNTs-GO-Fe3O4-Er hybrid structures.

© 2015 Published by Elsevier B.V.
1. Introduction

Nowadays, the ever-rising consumption of fossil fuels has been
regarded as one of the main reasons for global warming. To meet
increasing energy demands of society while reducing the green-
house gas emissions, exploring renewable and sustainable clean
energy resources are urgently required. Rechargeable lithium bat-
teries (LIBs) are deemed as one of the most promising energy
storage devices for electric vehicles and energy storage system due
to their environmental benignity and high energy density
compared with other electrochemical energy storage systems [1,2].
The demand for high-performance LIBs has stimulated the great
, joe.shapter@flinders.edu.au
efforts to develop new electrode materials to maximise high en-
ergy/power density, long cycling life, safety and low production
cost [3,4]. In the numerous anode materials, transition metal oxides
materials have attracted much interest because of their low cost,
easy large scale fabrication and their higher theoretical capacity
(e.g., 781 mAhg�1 for SnO2; 924 mAhg�1 for Fe3O4) compared to
that of conventional graphite anodes (e.g., 372 mAhg�1) [5e8]. The
high capacity can be attributed to the intrinsic conversion reaction
process where the transition metal oxides reversibly react with
lithium ions to form Li2O (e.g., SnO2 þ 4Liþ þ 4e� 4 Sn þ 2Li2O;
Fe3O4 þ 8Liþ þ 8e� 4 3Fe þ 4Li2O). Based on the valence state of
transition metal oxides, it is possible store up to 8 lithium ions per
formula unit. It has been demonstrated that the capacity and
cycling performance of transition metal oxides were closely related
to their shapes and structures [9,10]. The main drawbacks of
applying transition metal oxides as anode materials for LIBs are
their poor electronic conductivity and severe volume expansion
(>200%) during the repeated insertion and extraction of the lithium
ions [11].
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Carbon nanotubes (CNTs) and graphene oxides (GO) sheets have
high conductivity, large specific surface area and excellent me-
chanical properties, and they are ideal host materials for anchoring
metal oxides nanocrystals [12]. Graphite is widely applied as an
anode material in many commercial LIBs whereas their low theo-
retical capacity limit the applications for high energy density
electric vehicles. Researchers have realized the development of
transition metal oxides/carbon hybrid nanocomposites is of great
importance to improve their electrochemical performance [13e15].
In addition, researchers found that there usually exists a capacity
increasing-decreasing stage (satellite broad peak) during the
cycling process for many anode nanomaterials after which the
charging capacity remains relatively stable [16]. The maximum
capacity value of satellite broad peak can increase up to 20% than
that of the stable capacity. The reasons for satellite broad peak can
be attributed to the electrolyte decomposition [17] and interfacial
storage [18]. Evidently, the presence of satellite broad peak signif-
icantly influences the cycling stability of lithium storage. Luo et al.
reported that the effect of rare-earth doping can reduce the crystal
size, increase conductivity and enhance the diffusion rate of lithium
ions and the rare-earth doping method is effective for further
improving the electrochemical properties [19]. Considering the
promising future application of transition metal oxides/carbon
hybrid nanocomposites as anode materials of LIBs, it is important to
extend the rare-earth doping strategy to improve the cycling sta-
bility of lithium storage, by reducing the intensity of satellite broad
peak. However, there have been relatively few reports applying the
rare-earth ion doping strategy to reduce the influence of satellite
broad peak.

In this work, we developed a facile hydrothermal approach to
synthesize rare-earth (Er, Tm) ions doped three-dimensional (3D)
transition metal oxides/carbon hybrid nanocomposites, namely
CNTs-GO-Fe3O4, CNTs-GO-Fe3O4-Er and CNTs-GO-Fe3O4-Tm. The
oxidized CNTs and GO sheets are assembled into 3D architectures
by the interlinkage of ultrafine Fe3O4 nanocrystals in the hydro-
thermal system (Scheme 1). When evaluated as anode materials for
LIBs, the CNTs-GO-Fe3O4 hybrid composites have a bigger satellite
broad peak varying from the 33rd cycle to the 801th cycle under a
high current density of 5 C. As for the CNTs-GO-Fe3O4-Er and CNTs-
GO-Fe3O4-Tm hybrid composites, the capacity stabilized at
218.4 mAhg�1 on the 200th cycle, and the satellite broad peak can
be completely eliminated. Even with a significant increase of cur-
rent density from 1 C to 5 C, the rare-earth doping hybrid com-
posites (CNTs-GO-Fe3O4-Er and CNTs-GO-Fe3O4-Tm) could still
maintain a stable capacity after 200 cycles. When the current
density changes back to 0.1 C, the capacity of CNTs-GO-Fe3O4-Tm
composites can recover to 1023.9 mAhg�1, indicating an acceptable
rate capability. EIS tests showed that the capacitive arc diameter of
the Tm doped hybrid structures did not change significantly after
500 cycles, suggesting that the cycling stability of this hybrid
Scheme 1. Formation process of three-dimensional (3D) Fe3O4/carbon hybrid nanocomposit
Fe2þ precipitates (a) and after hydrothermal reaction at 180 �C for 20 h, the Fe2þ precipita
composite is superior the other hybrid structures prepared.

2. Experimental section

2.1. Synthesis of three-dimensional CNTs-GO-Fe3O4, CNTs-GO-
Fe3O4-Er and CNTs-GO-Fe3O4-Tm hybrid structures

The muti-wall CNTs were prepared following our reported
nano-agglomerate fluidized bed reactor method [20], and the GO
sheets were prepared by the modified Hummers method [21]. After
the synthesis of CNTs, CNTs were then oxidized by a mixed acid
solution of HNO3 and H2SO4 in the volume ratio of 1:3 at 80 �C for
20 min. The oxidized CNTs were centrifuged by a high-speed
centrifuge, washed by deionized water and dried in a freeze-
drying apparatus for 24 h. Typically, 15 mL of oxidized CNTs solu-
tion (0.01 g mL�1) was mixed with 10 mL GO sheets solution
(0.001 g mL�1), then 10 mL ferric citrate (0.1 M) was added into the
mixture. After that, 1 g FeSO4$7H2O and 0.1 g vitamin C (Vc) were
added. After stirring the mixture for 10 min, 5 mL NaOH solution
(0.4 M) was gradually added. The mixture was vigorously stirred for
30 min. As for the Er3þ and Tm3þ doping process, an additional
5 mL ErCl3 (0.2 M) and 5 mL TmCl3 (0.2 M) was added into the
mixture, respectively. The obtained mixture in the absence and
presence of rare-earth ions (Er3þ, Tm3þ) was then transferred into a
Teflon-lined stainless autoclave and heated to 180 �C for 20 h. After
reaction, the products were filtered, washed with deionized water
and dried in a freeze-drying apparatus for 24 h.

2.2. Characterization

All of the samples were characterized by an X-ray powder
diffractometer (XRD, Rigaku, Japan), scanning electron microscopy
(SEM, FEI-Sirion 200), transmission electron microscopy (TEM,
JEM-2010), high-resolution transmission microscopy (HRTEM, JEM-
2010) and selected area electron diffraction (SAED, JEM-2010). The
thermal analysis was determined by a thermogravimetric analyzer
(Pyris 1 TGA, PerkinElmer, USA) at a heating rate of 10 �C min�1

from 20 �C to 900 �C. Raman measurements were performed at
room temperature using a SENTERRA R200 Raman microscope.

2.3. Electrochemical measurements

The electrochemical properties of CNTs-GO-Fe3O4, CNTs-GO-
Fe3O4-Er and CNTs-GO-Fe3O4-Tm hybrid structures as the anode
materials of lithium ion batteries were measured using CR2025
coin cells. Working electrodes were fabricated by mixing 80 wt %
active materials with 10 wt % acetylene black and 10 wt % poly-
vinylidene fluoride (PVDF) in the N-methyl-2-pyrrolidone (NMP)
solvent, which was then coated on a copper foil. After solvent
evaporation, the electrodes were dried in a vacuum oven at 120 �C
es in the hydrothermal system. The CNTs and GO sheets are interlinked together by the
tes decompose into Fe3O4 (b).
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for 12 h. Then the electrodes were cut into circular sheets, and then
pressed under a pressure of 2 MPa. Coin cells were assembled in an
argon-filled glovebox in the presence of oxygen scavenger and
sodium drying agent. The hybrid composites act as working elec-
trode, metallic lithium as counter/reference electrode. 1 M LiPF6 in
ethylene carbonate, diethyl carbonate and ethylmethyl carbonate
(EC/DMC/EMC, volume ratio of 1:1:1) was used as electrolyte and
Celgard 2400 polypropylene as separator.

3. Results and discussion

Fig. 1a shows the powder XRD patterns of the synthesized CNTs-
GO-Fe3O4, CNTs-GO-Fe3O4-Er and CNTs-GO-Fe3O4-Tm hybrid
structures. Two diffraction peaks at 2q ¼ 26.1� and 42.7� can be
attributed to the (002) and (110) planes of CNTs, respectively. Other
small diffraction peaks can be attributed to the inverse cubic spinel
Fe3O4 structure (JCPDS No.19-629). No GO peaks were detected
which was possibly attributed to the fact that the amount of GO in
the samples is quite low. As for the XRD patterns of CNTs-GO-Fe3O4,
the diffraction peaks of Fe3O4 were very weak, indicating that the
amount of Fe3O4 in CNTs-GO-Fe3O4 hybrid composites was low or
the Fe3O4 has an amorphous structure. After doping Er3þ ions, the
diffraction peaks of CNTs become stronger. Some small diffraction
peaks arising from Fe3O4 structures were also observed. As for the
Tm3þ ions doping composites, the peaks of CNTs become even
stronger but the peaks of Fe3O4 disappear. From the XRD analysis,
we can see that the structural integrity of the oxidized CNTs in the
CNTs-GO-Fe3O4 hybrid composites was improved after the rare-
earth ions doping process. It is known that the oxidization of
CNTs by mixed acid will lead to the decrease of structural integrity.
Evidently, rare-earth ions doping process is helpful for the
improvement of structural integrity. Fig. 1b shows the Raman
spectra of the CNTs-GO-Fe3O4, CNTs-GO-Fe3O4-Er and CNTs-GO-
Fe3O4-Tm hybrid structures. It is obvious that the Raman spectra
exhibit two characteristic bands: the tangential (vibrations along
Fig. 1. XRD patterns (a), the diffraction peaks of CNTs were indexed by a black squareness, R
GO-Fe3O4-Tm hybrid structures (c).
the tube axis) stretching G mode (1578.5 cm�1) and the D mode
(1343.3 cm�1). It is evident that the two scattering peaks become
stronger after the rare-earth ion doping. Usually, the intensity ratio
of ‘D’ peak (ID) to ‘G’ peak (IG) was used to evaluate the amount of
defects in CNTs [22]. The Raman spectra of the composites shows
that a low intensity ratio of the D band to the G band (ID/IG ¼ 0.928
for CNTs-GO-Fe3O4, ID/IG ¼ 0.875 for CNTs-GO-Fe3O4-Er and ID/
IG ¼ 0.786 for CNTs-GO-Fe3O4-Tm), indicating that the defect
density of oxidized CNTs in the CNTs-GO-Fe3O4 hybrid composites
has been improved. Moreover, the peak width of rare-earth ions
doped hybrid composites is larger than that of the CNTs-GO-Fe3O4
samples. Fig. 1c shows the TGA curves in air for the CNTs-GO-Fe3O4,
CNTs-GO-Fe3O4-Er and CNTs-GO-Fe3O4-Tm hybrid structures. The
initial 5.5% weight loss (up to 102 �C) is due to the evaporation of
physical adsorbed water on the samples. As for CNTs-GO-Fe3O4,
CNTs-GO-Fe3O4-Er and CNTs-GO-Fe3O4-Tm hybrid structures, the
final mass loss temperature is about 500, 567.6 and 604.7 �C,
respectively. Evidently, the rare-earth ions doping process has
improved the thermal stability of the oxidized CNTs in the CNTs-
GO-Fe3O4 hybrid composites. According to the TGA curves, the
carbon contents of CNTs-GO-Fe3O4 hybrid composites are about
70.2, 88.1 and 81.2% by weight.

The morphology of the CNTs-GO-Fe3O4 hybrid structures was
shown in Fig. 2. From Fig. 2aeb, it is clearly seen that numerous
CNTs are well attached on the surface of GO sheets indicating for-
mation of 3D architectures. The width of GO sheets can reach
several micrometers. The higher magnification TEM image of Fig. 2c
clearly shows that the GO sheets and CNTs are interlinked together
by the ultrafine Fe3O4 nanoparticles. The HRTEM image of Fig. 2d
shows the diameter of Fe3O4 nanoparticles is about 5e10 nm.
Parallel crystal lattice fringes of Fe3O4 nanoparticles are discerned,
suggesting that the majority of Fe3O4 nanoparticles have a single
crystal feature. The fringe lattice was measured to be 0.483 nm,
which is close to that of the (111) lattice spacing in the Fe3O4
(0.485 nm). This confirmed that the small particles in the hybrid
aman spectra (b) and TGA curves of the CNTs-GO-Fe3O4, CNTs-GO-Fe3O4-Er and CNTs-



Fig. 2. TEM and HRTEM images of the synthesized CNTs-GO-Fe3O4 hybrid structures in the hydrothermal system (aee).
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composites are the Fe3O4 components. Fig. 2e shows that a few
Fe3O4 nanoparticles were embedded into the CNTs. The lower
loading amount of Fe3O4 into CNTs can be attributed to the fact that
the oxidized CNTs were initially dispersed in deionized water, not
directly dispersed in the ferric citrate solution. It is also clear that
the oxidized CNTs have a relatively high defect density. The surface
of oxidized CNTs and GO sheets has many different types of oxygen
functionalities (e.g., eCOOH, eOH and eC]O), which could act as
the active sites for the deposition of Fe2þ precipitates. In the
presence of Fe2þ ions, the oxidized CNTs and GO sheets will be
interlinked together by the complex of Fe2þ ions through the rich
oxygen functionalities. When the NaOH solution was added, the
Fe2þ precipitates formed. During the hydrothermal reaction, the
thermal-decomposition of Fe2þ precipitates will lead to the for-
mation of Fe3O4 nanoparticles which will act as the robust welding
point between the oxidized CNTs and GO sheets. Finally, the 3D
CNTs-GO-Fe3O4 hybrid structures are formed.

After the CNTs-GO-Fe3O4 hybrid structures were doped with
Er3þ and Tm3þ ions, the morphology of products do not change
significantly. Fig. 3a and c show a TEM image of the synthesized
CNTs-GO-Fe3O4-Er and CNTs-GO-Fe3O4-Er-Tm hybrid structures,
respectively. The CNTs are well attached on the surface of GO
sheets. The HRTEM images of Fig. 3b and d show that the oxidized
CNTs have a high defect density for the CNTs-GO-Fe3O4-Er and
CNTs-GO-Fe3O4-Tm hybrid structures. The crystallinity improve-
ment of the oxidized CNTs implied that the defects of CNTs during
the oxidization process by mixed acid have been reduced.

Because of the high theoretical Li-storage capacity (924 mAhg�1

for Fe3O4), the synthesized 3D CNTs-GO-Fe3O4, CNTs-GO-Fe3O4-Er
and CNTs-GO-Fe3O4-Tm hybrid structures were tested as anode
materials for lithium ion batteries under high current densities (1 C
and 5 C). Fig. 4a shows the cycling performance of the 3D CNTs-GO-
Fe3O4, CNTs-GO-Fe3O4-Er and CNTs-GO-Fe3O4-Tm hybrid struc-
tures under a current density of 1 C for 680 longeterm cycles. As for
the CNTs-GO-Fe3O4 hybrid structures electrode, the capacity
rapidly decreased during the first 16 cycles. The initial discharge
capacity is 872.5 mAhg�1, and the capacity of 16th cycle is
431.3 mAhg�1. The decrease of capacity was attributed to the for-
mation of an inorganic solid electrolyte interface (SEI) film. After
the 16 cycles, the capacity starts to increase arriving at a maximum
capacity value (737.5 mAhg�1) at the 116th cycle. This process is
attributed to the electrolyte decomposition and the reaction of
lithium ions with oxygen-containing groups in the CNTs layer [23].
After the 116 cycles, the capacity rapidly decreased and stabilized at
about 332.1 mAhg�1 at the 358th cycle. The satellite broad peak
was evident from the 14th cycle to the 400th cycle, and then the
cycling behaviour stabilized for later cycles. Evidently, the presence
of satellite broad peak has significantly influenced the cycling



Fig. 3. TEM and HRTEM images of the synthesized CNTs-GO-Fe3O4-Er (a, b) and CNTs-GO-Fe3O4-Tm (c, d) hybrid structures in the hydrothermal system.

Fig. 4. Cycling performance of the synthesized CNTs-GO-Fe3O4, CNTs-GO-Fe3O4-Er and CNTs-GO-Fe3O4-Tm hybrid structures at the current density of 1 C (a), 5 C (b) and rate
performance of hybrid composites electrodes at different current density (c).
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stability of LIBs. As for the CNTs-GO-Fe3O4-Er and CNTs-GO-Fe3O4-
Tm hybrid structures, it is evident that the satellite broad peak was
completely eliminated. Under the current density of 1 C, the cycling
performance curves of CNTs-GO-Fe3O4-Er and CNTs-GO-Fe3O4-Tm
hybrid structures presented the similar shapes. From the 6th cycle
to the 200th cycle, the capacity gradually decreased linearly and
stabilized at 341.9 mAhg�1. Clearly, the cycling stability of elec-
trodes have been significantly improved due the rare-earth doping
process. Fig. 4b shows the cycling performance of the 3D CNTs-GO-
Fe3O4, CNTs-GO-Fe3O4-Er and CNTs-GO-Fe3O4-Tm hybrid struc-
tures under a high current density of 5 C for 1215 longereterm
cycles. As for CNTs-GO-Fe3O4 hybrid composites, there is a bigger
satellite broad peak appearing from the 33rd cycle to the 801th
cycle. The increase of current density enlarges the width interval of
satellite broad peak. The capacity rapidly fades during the initial
cycles to a minimum of 268.7 mAhg�1 at the 33rd cycle. Then, the
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capacity increases, and forming the satellite broad peak. It can be
seen that the capacity stabilized at 245.1 mAhg�1 after the 801th
cycle. As for the CNTs-GO-Fe3O4-Er and CNTs-GO-Fe3O4-Tm hybrid
structures, the capacity stabilized at 218.4 mAhg�1 on the 200th
cycle. Although the significant increase of current density from 1 C
to 5 C, the rare-earth doping hybrid composites (CNTs-GO-Fe3O4-Er
and CNTs-GO-Fe3O4-Tm) still maintain the capacity at a stable value
after 200 cycles. Clearly, the rare-earth ions doping process has
improved the cycling stability of the CNTs-GO-Fe3O4 hybrid elec-
trodes. The rate performance of the 3D CNTs-GO-Fe3O4, CNTs-GO-
Fe3O4-Er and CNTs-GO-Fe3O4-Tm hybrid structures was tested at
various current densities, as shown in Fig. 4c. As for CNTs-GO-Fe3O4
composites, the discharge capacities of electrodes are 707.7, 638.8,
542.6, 452.5, 419.6, 287.5, 193.4 and 70.3 mAhg�1 at current den-
sities of 0.1, 0.2, 0.5, 1.0, 2.0, 5.0, 10.0 and 20.0 C, respectively. As for
CNTs-GO-Fe3O4-Er composites, the discharge capacities of elec-
trodes are 852.9, 783.3, 665.1, 580.5, 405.8, 231.2, 136.3 and
84.7 mAhg�1 at current densities of 0.1, 0.2, 0.5,1.0, 2.0, 5.0,10.0 and
20.0 C, respectively. As for CNTs-GO-Fe3O4-Tm composites, the
discharge capacities of electrodes are 986.1, 891.9, 745.5, 599.1,
401.1, 244.9, 155.6 and 103.3 mAhg�1 at current densities of 0.1, 0.2,
0.5, 1.0, 2.0, 5.0, 10.0 and 20.0 C, respectively. It is noticed that the
capacity of CNTs-GO-Fe3O4-Tm composites can recover to
1023.9 mAhg�1 when the current density changes back to 0.1 C,
which indicated an acceptable rate capability.

Cyclic voltammetry (CV) measurements of the synthesized
CNTs-GO-Fe3O4, CNTs-GO-Fe3O4-Er and CNTs-GO-Fe3O4-Tm hybrid
structures were carried out in the voltage range 0e3.0 V at a scan
rate of 0.5 mVs�1, as shown in Fig. 5. Fig. 5a shows the CV curves of
CNTs-GO-Fe3O4 hybrid composites. In the first cycle, the slight
cathodic peak at around 0.8 V was observed due to the reduction of
both Fe3þ and Fe2þ to Fe0 and the irreversible reaction relating to
the electrolyte decomposition [24]. At this stage, the irreversible
capacity loss was attributed to the conversion of Fe3O4 to Fe and the
Fig. 5. Cyclic voltammograms of the synthesized CNTs-GO-Fe3O4 (a), CNTs-GO-Fe3O4-Er (b) a
the hybrid composites electrodes before and after 500 cycles (d).
formation of Li2O (Fe3O4 þ 8e� þ 8Liþ / 3Fe0 þ 4Li2O,
xLiþ þ Fe0 þ xe� / LixFe). A broad anodic peak at around 1.4 V was
related to the reversible oxidation reaction of Fe0 to Fe2þ and Fe0 to
Fe3þ [25]. For the subsequent four cycles, both the peak current and
the integrated area of the anodic peaks nearly overlap, indicating a
low capacity loss of lithium insertion and extraction after the first
cycle. Fig. 5b and c show the CV curves of CNTs-GO-Fe3O4-Er and
CNTs-GO-Fe3O4-Tm hybrid structures, respectively. Clearly, the CV
curves are similar with that of CNTs-GO-Fe3O4 hybrid composites,
indicating the rare-earth doping process does not significantly in-
fluence the anodic and cathodic reaction processes.

As for the CV curves of CNTs-GO-Fe3O4, CNTs-GO-Fe3O4-Er and
CNTs-GO-Fe3O4-Tm hybrid structures, the cathodic and anodic
peaks close to 0 V and 0.15 V after the first cycle, which was
attributed to the lithium ion insertion and extraction from CNTs
[26]. In order to obtain further understanding for the synthesized
CNTs-GO-Fe3O4, CNTs-GO-Fe3O4-Er and CNTs-GO-Fe3O4-Tm hybrid
structures, electrochemical impedance spectroscopy (EIS) was
employed to investigate the reaction kinetics of different elec-
trodes, as shown in Fig. 5d. The EIS spectra of CNTs-GO-Fe3O4,
CNTs-GO-Fe3O4-Er and CNTs-GO-Fe3O4-Tm hybrid composites are
all composed of a depressed quasi-semicircle and a straight sloping
line. The capacitive arc was related to the reaction resistance, and
the straight line was assigned to the diffusion of lithium ions into
electrode materials or so-called Warburg diffusion [27]. As for the
three electrodes before and after cycling, only the capacitive arc
diameter of CNTs-GO-Fe3O4-Tm hybrid structures did not change
significantly, indicating that the Tm3þ ions doping hybrid com-
posites could maintain the cycling stability of electrodes. It is clear
that the presence of the rare earth ions eliminates the broad sat-
ellite in the cycling profile. The formation of ‘satellite broad peak’ is
attributed to the electrolyte decomposition and the reaction of
lithium ions with oxygen-containing groups in the oxided CNTs
components [23]. It is known that the rare-earth ions have good
nd CNTs-GO-Fe3O4-Tm (c) hybrid structures at a scan rate of 0.5 mVs�1, Nyquist plots of
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complexing ability to oxygen-containing groups. During the syn-
thesis of CNTs-GO-Fe3O4 hybrid composites in hydrothermal sys-
tem, the addition of rare-earth ions will significantly reduce the
active sites of oxygen-containing groups. Therefore, the rare-earth
ions doped CNTs-GO-Fe3O4 hybrid composites could suppress the
‘satellite broad peak’. Additionally, the presence of rare-earth ions
will also improve the structural integrity of the oxidized CNTs in the
CNTs-GO-Fe3O4 hybrid composites, which has been demonstrated
by our XRD and Raman results. It has been demonstrated that the
rare-earth doping can reduce the crystal size, increase conductivity
and enhance the diffusion rate of lithium ions, and thereafter
further improving the electrochemical performance of LIBs [19].
The initial discharge capacity is 872.5 mAhg�1, and the capacity of
16th cycle is 431.3 mAhg�1. The decrease of capacity was attributed
to the formation of inorganic solid electrolyte interface (SEI) film.
After the 16 cycles, the capacity has an increasing trend, and
arriving at a maximum capacity value (737.5 mAhg�1) at the 116th
cycle. This process is attributed to the electrolyte decomposition
and the reaction of lithium ions with oxygen-containing groups in
the CNTs layer [23]. After the 116 cycles, the capacity rapidly
decreased and stabilized at about 332.1 mAhg�1 at the 358th cycle.
The satellite broad peak varied from the 14th cycle to the 400th
cycle, and stabilized after the following cycling. Evidently, the
presence of satellite broad peak has significantly influenced the
cycling stability of LIBs. Compared with the hybrid materials in the
literature [18], the performance of our synthesized rare-earth
doped CNTs-GO-Fe3O4 hybrid materials is still comparable with
the state-of-the-art of Fe3O4-based electrodes with good cycling
and rate performance. The reported capacity of satellite broad peak
could increase up to 20% compared to that of the stable capacity,
which will significantly influence the cycling stability and safety of
lithium ion battery. As for our synthesized rare-earth doped CNTs-
GO-Fe3O4 hybrid composites, the capacity can stabilize at
218.4 mAhg�1 at the 200th cycle, much earlier than other systems,
and the satellite broad peak can be completely eliminated. Even at
high current density (5 C), the rare-earth doped hybrid composites
still maintain a stable capacity after 200 cycles. Furthermore, when
the current density returned to 0.1 C, the composites can recover to
1023.9 mAhg�1 which revealing an acceptable electrochemical
performance. From the electrochemical tests, we can safely
conclude that the rare-earth ions doping process can improve the
cycling stability of transition metal oxides/carbon hybrid elec-
trodes. Moreover, the electrochemical performance of Tm3þ ion
doped composites are superior to that of Er3þ ion doped
composites.

4. Conclusions

In summary, a facile hydrothermal method for preparing rare-
earth ions doped CNTs-GO-Fe3O4, CNTs-GO-Fe3O4-Er and CNTs-
GO-Fe3O4-Tm composites have been demonstrated. When evalu-
ated as anode materials for LIBs, the CNTs-GO-Fe3O4 hybrid com-
posites have a bigger satellite broad peak whereas the rare-earth
doped CNTs-GO-Fe3O4-Er and CNTs-GO-Fe3O4-Tm hybrid compos-
ites completely eliminated the satellite broad peak. The electro-
chemical tests showed that CNTs-GO-Fe3O4-Tm hybrid composites
are superior to CNTs-GO-Fe3O4 and CNTs-GO-Fe3O4-Er hybrid
composites because its recycling ability is the most stable likely due
to its stable microstructure. The EIS tests showed that the charge
transfer resistance did not change significantly after 500 cycles,
demonstrating that the cycling stability of CNTs-GO-Fe3O4-Tm
hybrid composite.
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