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h i g h l i g h t s

� One-step synthesis of Mn-Co/N-CNT
has been proposed for the first time.

� Dicyandiamide act as surfactant and
N source during Mn-Co deposition
process.

� N-doping helps to improve the
interaction between Mn-Co species
and CNT.

� The Mn-Co/N-CNT shows high
reversible capacity and good stability.
g r a p h i c a l a b s t r a c t

A novel one-dimensional Mn-Co/N-CNT composite was readily synthesized by in situ banding Mn-Co
nanoparticles on nitrogen doped carbon nanotubes (N-CNT) through solvothermal method and followed
by high temperature pyrolysis. The as-made Mn-Co/N-CNT as LIBs anode material exhibits excellent
rechargeable capability, i.e. 1028 mAh�g�1 at 200 mA�g�1. Doped nitrogen on CNT effectively increase
the conductivity of the complex and the binding energy between Mn-Co nanoparticles and CNT, which
lead to more stable and higher conductive complex during charge/discharge cycling process.
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A novel one-dimensional CoMnOx/N-CNT composite was synthesized by binding Mn-Co nanoparticles on
nitrogen doped carbon nanotubes (N-CNT) through solvothermal method and followed by high temper-
ature pyrolysis. The as-made Mn-Co/N-CNT as LIBs anode material exhibits excellent rechargeable capa-
bility, i.e. 1028 mAh�g�1 at 200 mA�g�1. Doped nitrogen on CNT effectively increase the conductivity of
the complex and the binding energy between Mn-Co nanoparticles and CNT, which lead to more stable
and higher conductive complex during charge/discharge cycling process.

� 2016 Published by Elsevier B.V.
1. Introduction materials on cycling stability, energy density, rate capability, cost
With the increasing power and energy demand in portable elec-
tronic devices and powering electric vehicles in the modern soci-
ety, improvement of new lithium-ion batteries (LIBs) anode
and safety is imperious demand [1–3,38]. Carefully modulation
of anode materials is one critical way to develop new generation
LIBs [4]. Transition-metal oxides (TMOs), such as TiO2, CoxOy, Fex-
Oy, and Mn3O4 have been widely investigated as candidates to
replace conventional commercial graphite-based anode materials
due to their high theoretical capacities and charming reaction
mechanism [5–8,33,36].
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Recently, multi transition metal oxides (MTMO) from combina-
tion of two transition metal oxides, like CoMn2O4, MnCo2O4,
ZnMn2O4, ZnCo2O4 etc., are attracting more attention because of
their lower cost, higher electronic conductivity and better electro-
chemical performance compared to single metal oxides [9,31].
Among them, the electrochemical performance of CoxMn3-xO4 is
outstanding, which could be attributed to the complementarity
and synergy the advantage of Co-based andMn-based metal oxides
in the charge/discharge process [10,30]. For example, Lou and cow-
orker synthesized the double-shelled MnCo2O4 hollowmicrocubes,
which deliver a capacity of 624 mAh�g�1 at a current density of
200 mA�g�1 after 50 cycles [11]. Despite the great promise of
MTMO electrode, two main technical challenges must be
addressed before they can find practical use. First, the electronic
conductivity of MTMO is still too low in comparison with
carbon-based materials. Second, MTMO electrode suffering a large
volume change and dramatic mechanical stress during cycling pro-
cesses, producing a rapid capacity fading and a short cycle life
[9,12,13]. As is well known, the microstructure of electrode mate-
rial is one of the most significant factors to affect its performance
[5]. In order to further improve the cycle life of MTMOs, one suc-
cessful strategy is the combination MTMOs with carbon materials,
which could be considered as the conductive and elastic matrix to
prevent the exfoliation and agglomeration of MTMOs during
rechargeable cycling as well as increase the electrical conductivity
of electrode [14,15,34].

Carbon nanotube (CNTs)/TMOs composites for LIB anodes have
received increasing interest in recent years because of the excellent
conductivity and strong mechanical/chemical stability of CNTs [4].
Such composites were usually combined by chemical interactions
between oxygen-containing functional groups of CNTs and the
metal oxides. However, the functional oxygen-containing groups
of carbonaceous materials either lower the overall electronic con-
ductivity or are not permanently bound with metal oxides, which
could cause the peeling of metal oxides and a poor cycle perfor-
mance [16,17,35]. Previous reports have demonstrated the suc-
cessful coupling of TMOs with doped heteroatom (e.g., N)
carbon-based material to improve the cycle life and the capacity
retention of electrode materials [18,32]. The electron-rich nature
of dopant atoms can creates localized highly reactive sites to accel-
erate the charge transfer, improving the reaction kinetics and
enhancing the interaction force between metal oxides and carbon
surface via strong chemical bonding [16]. Inspired by these results,
and after comprehensively considering the advantage of MTMOs
and N-doped CNTs (NCNT), it is highly interesting to synthesize
NCNT/MTMOs hybrid materials for high performance LIBs. How-
ever, it is remains a challenge to synthesize such hybridize materi-
als through one-pot facile method.

Here in this paper, non-stoichiometric CoMnOx nanocrystals
(named as Mn-Co) have been well dispersed on N-doped CNTs
through one-step solvothermal method and followed by high tem-
perature pyrolysis. As an anode material for Li-ion batteries (LIBs),
this composite exhibited excellent long-term cycling stability
(608.3 mAh�g�1 at 2000 mA�g�1 after 200 cycles) and satisfactory
rate capability (403.3 mAh�g�1 at 6400 mA�g�1).
2. Experimental

2.1. Materials preparation

2.1.1. Synthesis of the N-doped CNT/Mn-Co nanohybrids and CNT/Mn-
Co nanohybrids

Nitric acid treated CNT was first prepared by nitric acid [28]. For
the growth of Mn-Co precursor on the surface of CNT, 100 mg trea-
ted CNTs were first dispersed in 40 mL deionized (DI) water by
ultrasonic vibration for 3 h in a capped bottle. Then, 1 mmoL
KMnO4, 1 mmoL CoSO4�7H2O and 100 mg dicyandiamide were
added into the above suspension and the mixture was stirred by
magnetic bar for 30 min. After thorough mixing, the mixture was
transferred into Teflon-lined stainless steel autoclave and kept at
120 �C for 5 h. After cooling to room temperature, the N-doped
CNT/Mn-Co precursor was collected by centrifugation, and washed
with deionized water and ethanol for three times and dried in
oven. Finally, the N-doped CNT/Mn-Co nanostructure was obtained
by calcining the precursor at 500 �C for 2 h under an argon
atmosphere.

CNT/Mn-Co nanohybrids was prepared as a control sample. For
the preparation of this material, CNTs nanotubes are decorated by
Mn and Co oxides through the same processes as mentioned above
except the introduction of dicyandiamide during hydrothermal
treatment.
2.2. Sample characterization

X-ray powder diffraction (XRD) analysis was recorded on X’Pert
PRO MPD (Holland) with Cu Ka radiation from 20 to 70� to deter-
mine the phase purity and crystal structure of the samples. The
surface morphology and microstructure of obtained samples were
investigated by field emission scanning electron microscopy (SEM)
(HitachiS-4800, Japan) and Transmission electron microscopy
(TEM, JEM-2100UHR, Japan). The element content and distribution
of the samples were characterized by energy dispersive X-ray spec-
troscopy (EDS). The Raman spectra were measured on a Renishaw
DXR Raman spectros system with a 532 nm laster source, and the
spectrum range was from 45 cm�1 to 4000 cm�1. The elemental
valences and functional groups of the samples were analysed by
using X-ray photoelectron spectroscopy (XPS, Thermo Scientific
ESCALab250Xi). The contents of Mn-Co MTMO in samples were
quantitatively determined by thermogravimetric analysis (TGA,
STA 409 PC Luxx, Germany). The specific surface area and the pore
structure of the samples were examined by nitrogen adsorption/
desorption isotherms using automatic specific surface area mea-
suring equipment (ASAP 2020, America).
2.3. Electrochemical measurement

For preparing working electrodes, a mixture of as-prepared sim-
ples, carbon black and poly(vinylidene) fluoride (PVDF) binder at a
weight ratio of 80:10:10 was pasted on copper foil current collec-
tor. After coating, the prepared working electrode was dried at
100 �C in vacuum oven for 10 h to remove any solvent. The elec-
trodes were cut into disks typically with a diameter of �12 mm,
and the average mass of the active materials loading within the
coin cells is around 1.2 mg for CNT/Mn-Co and 1.0 mg for CNT/
Mn-Co, respectively. Lithium foil was used as the counter electrode
and the reference electrode. The electrolyte consisted of a solution
1 mol L�1 LiPF6 in a mixture of dimethyl carbonate (DMC) and
ethylene carbonate (EC) (1:1, in wt.%) obtained from MTI Corpora-
tion. The galvanostatic method at the different charge/discharge
current densities from 0.1 A�g�1 to 6.4 A�g�1 was employed to mea-
sure the electrochemical capacity and cycle life of the electrode at
room temperature using a LAND-CT2001A cycler. Cyclic voltam-
mograms (CV) were performed using an Ametek PARSTAT4000
electrochemistry workstation at 0.2 mV s�1 within the potential
range of 0.01–3.0 V. Electrochemical impedance spectra (EIS) was
performed using an Ametek PARSTAT4000 electrochemistry work-
station in the frequency range of 100 kHz to 10 mHz with AC volt-
age amplitude of 10 mV.
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3. Results and discussion

3.1. Structural characterization

The synthesis strategy of N-doped CNT/Mn-Co nanohybrids
(NCNT/Mn-Co) was illustrated in Fig. 1. In the first, CNT was pre-
treated by nitric acid [28]. Then, the modified CNTs were mixed
with another aqueous solution (containing certain amount KMnO4,
CoSO4�7H2O and dicyandiamide) and sealed into an autoclave to
heat at 120 �C for 5 h. Two reactions occurred in the hydrothermal
process: (i) irregular MnOx-precursor was formed on the surface of
CNTs via the redox reaction between KMnO4 and CNTs, and Co2+

ions were simultaneous incorporated into the lattice of MnOx to
form the Co doped MnOx precursor [19]. (ii) Dicyandiamide was
combined with CNTs via nucleophilic reaction between the amino
groups of dicyandiamide and the oxygen-containing groups on
CNTs. Afterwards, the as-obtained NCNT/Mn-Co precursor was cal-
cination at 500 �C to induce the formation of NCNT/Mn-Co nanohy-
brids. To further understand the function of N doping, CNT/Mn-Co
nanohybrids was prepared as contrast sample. During the prepara-
tion of CNT/Mn-Co, CNTs nanotubes were decorated by Mn and Co
oxides through the same processes as mentioned above except the
introduction of dicyandiamide in hydrothermal treatment.

The structural characteristics of CNT/Mn-Co and NCNT/Mn-Co
nanohybrids were determined by X-ray powder diffraction (XRD),
as shown in Fig. 2a. The diffraction peaks at 35.6� and 40.6� corre-
spond well to the (1 1 0) and (113) planes of hexagonal Mn2O3

(JCPDS card No. 33-0900), while 36.0� and 60.0� can be assigned
to (2 1 1) and (224) reflections of tetragonal Mn3O4 (JCPDS card
No. 18-0803). It should be noted that the signals originating from
cobalt-containing species were ambiguous, and the reasons may
be due to the complete incorporation of Co into lattice of man-
ganese oxide [19]. The broad and weak peaks indicated the crys-
tallinity of the Mn-Co MTMO was low and the crystallized size
was small [5].

The microstructural of as-prepared samples was investigated by
SEM and TEM. The panoramic view of CNT/Mn-Co and NCNT/Mn-
Co by SEM reveals that Mn-Co nanoparticles uniformly decorated
on the entire surface of CNTs and the size of Mn-Co for NCNT/
Mn-Co sample is somewhat smaller than that for CNT/Mn-Co sam-
ple (Fig. S1). In the TEM image of NCNT/Mn-Co nanohybrids
(Fig. 3b and Fig. S2a), the nanocrystals of Mn-Co were well dis-
persed in the surface of CNTs, and the average size of Mn-Co is
about 18 nm, which is somewhat smaller than that in CNT/Mn-
Co nanohybrids (around 26 nm, Fig. 3a and Fig. S2b). No self-
congestion nanoparticles were observed either in CNT/Mn-Co and
NCNT/Mn-Co nanohybrids, indicated binding energy between
Mn-Co and per-treated CNT were stronger than Mn-Co themselves.
Fig. 1. Schematic illustration of the form
High-resolution (HR) TEM image of NCNT/Mn-Co nanohybrids was
presented in Fig. 3b, and the lattice fringes of Mn-Co could be
easily identified (inset Fig. 3b). The measured interplanar spacing
of 0.21 nm in Fig. 3b indexed to the D-spacing of the (113) plane
of tetragonal CoMn2O4 crystals [29]. The EDS elemental mapping
of a single NCNT/Mn-Co nanohybrids was shown in Fig. 3c, unam-
biguously confirming the uniform distribution of Mn and Co ele-
ments in the Mn-Co nanoparticles. Besides, the most N atoms
were well and continually dispersed on the surface of CNT in the
right of Fig. 3c, even at the domains that binding with Mn-Co
nanocrystals, which indicated that the N source possess higher
reactivity or stronger interaction with per-treated CNT than Mn-
Co nanocrystals. As the result, the nanoparticles that packing on
N-doped CNT were smaller and denser than that on bare CNT.
The EDS data (Fig. S3) revealed the ratio of Mn and Co in NCNT/
Mn-Co nanohybrids was 10.58 at.% and 7.84 at.%, respectively.

Fig. 2b shows the Raman spectra of CNT/Mn-Co and NCNT/Mn-
Co nanohybrids, which contained two strong characteristic peaks
at 1350 cm�1 and 1590 cm�1 in both samples. The D band at
1350 cm�1 could be ascribed to structural defects or amorphous
carbon, while G band at 1590 cm�1 corresponded to the p-p stack-
ing of conjugated carbons in the mixture [20]. The ID/IG ratio for
NCNT/Mn-Co nanohybrids (0.97) was greater than CNT/Mn-Co
nanohybrids (0.87), demonstrating the successful doped nitrogen
atoms in NCNT/Mn-Co samples [21,23].

To investigate the chemical composition and the atoms valence
sates of the NCNT/Mn-Co nanohybrids, X-ray Photoelectron Spec-
troscopy (XPS) spectra were tested, as shown in Fig. 4 and
Fig. S4. The spectrum was normalized for any background signals
using the Shirley algorithm [22]. The characteristic peaks of Mn,
Co, O, C and N atoms could be obviously identified in full XPS spec-
tra of the composite (Fig. S4a). The N 1 s spectrum can be deconvo-
luted into three components, centered at 398.6 eV (N-6, pyridinic
N, 44.2%), 399.8 eV (N-5, pyrrolic N, 32.1%) and 401.3 eV (N-4, qua-
ternary N, 23.7%), respectively, which ascribed to the nucleophile
substitution reaction of dicyandiamide and pretreated CNT matrix
[23,37]. The N content of NCNT/Mn-Co nanohybrids is calculated to
be �4.0 at.%. The high N-containing rate (especially, N-5 and N-6,
Table S1) affords more electrochemically active sites during
lithium storages. Additionally, the N-containing groups could be
considered as ‘‘bridge” to enhance the binding energy between
Mn-Co and CNT, both of which were beneficial for enhancing elec-
trochemical performances of NCNT/Mn-Co. The oxygen-containing
groups of NCNT/Mn-Co nanohybrids is obviously lower than that in
CNT/Mn-Co nanohybrids (Fig. S4c), indicating NCNT/Mn-Co has
higher electrical conductivity [21]. The high resolution C 1 s
spectrum (Fig. 4b) was centered at 284.7 eV, which could be well
identified into three components at binding energies of 284.5 eV
ation of NCNT/Mn-Co nanohybrids.



Fig. 2. (a) XRD patterns of as-prepared CNT/Mn-Co and NCNT/Mn-Co nanohybrids, (b) Raman spectrum of CNT/Mn-Co and NCNT/Mn-Co nanohybrids, (c) N2 absorption and
desorption isotherms of CNT/Mn-Co and NCNT/Mn-Co nanohybrids, (d) TGA curve of NCNT/Mn-Co nanohybrids in air.
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(CAC/C@C), 285.1 eV (CAN), and 285.9 eV (CAO), respectively
[18,24]. It could be easily identified that there was an obviously
decrease in the epoxy group content after N doping (Fig. 4b and
Fig. S4c). Furthermore, the imino group content was considerably
increased, which ascribed to the nucleophile substitution reaction
of dicyandiamide and CNT. The content of graphitic carbon in
NCNT/Mn-Co nanohybrids was obviously increased due to the N
doping, which provided feasible pathways for Li+ penetration and
charge transfer. The Mn 2p spectrum featured two main peaks
entered at 642.0 eV and 653.5 eV respectively, and the spin energy
separation of Mn 2p3/2 and Mn 2p1/2 was 11.5 eV, which were in
good agreement with reported data in CoMn2O4 (Fig. 4c) [25]. After
refined fitting, the spectrum could be deconvolved into four peaks
at binding energies of 641.5 eV (Mn2+), 642.9 eV (Mn3+), 653.1 eV
(Mn2+), and 653.7 eV (Mn3+), respectively. The Co 2p XPS spectra
of NCNT/Mn-Co nanohybrids exhibited two characteristic peaks
(795.6 and 780.2 eV), corresponding to the Co 2p1/2 and Co 2p3/2

spin-orbit peaks of Co2+ (Fig. 4d) [26]. The other two minor peaks
at 802.9 eV and 786.3 eV were associated with satellite peaks.
Therefore, it was reasonable to conclude that the solid-state redox
couples of Mn3+/Mn2+ and Co3+/Co2+ exists in NCNT/Mn-Co sam-
ples, which may exhibit higher electrical conductivity and electro-
chemical activity due to the synergetic effects of multiple valences
of the cations [9].

The N2 absorption isotherms for the as-prepared samples were
shown in Fig. S5. Both isotherm curves has a representative H3-
type N2 adsorption-desorption hysteresis (Fig. 2c). The BET surface
of the NCNT/Mn-Co nanohybrids was 79.12 m2g�1, larger than that
of CNT/Mn-Co nanohybrids (64.97 m2g�1) (Table S2). The N doping
significant increased the roughness of the system, which can be
ascribed to the in situ grown of g-CNX nanostructure on the surface
of CNT and well dispersed smaller MTMO nanoparticles (also have
been approved by TEM data). The thermal properties and the com-
positions of NCNT/Mn-Co nanohybrids were analyzed by TGA. As
shown in Fig. 2d, the major mass loss occurred in the range of
350–500 �C, which could be ascribed to the combustion of organic
in air. Therefore, we could deduce that the content of Mn-Co in
NCNT/Mn-Co was about 70%.
3.2. Electrochemical characterization

Fig. 5a showed the first galvanostatic discharge-charge profiles
of the CNT/Mn-Co and NCNT/Mn-Co nanohybrids at a current den-
sity of 200 mA�g�1 between 0.01 and 3.0 V. The NCNT/Mn-Co
nanohybrids showed greatly improved electrochemical perfor-
mance with higher initial discharge-charge capacities (1589 and
1052 mAh�g�1) and coulombic efficiency (66.2%) than that of
CNT/Mn-Co nanohybrids (1409 and 901 mAh�g�1, 63.9%). The
higher initial discharge-charge capacities could be ascribed to the
smaller Mn-Co nanoparticles in NCNT/Mn-Co [21]. The initial
capacity loss could be attributed to the formation of SEI layer
and the incomplete extraction of lithium from the active material,
which represented a bunch of uncontrollable side reaction that
contributes to a large irreversible capacity [10,11,25]. To further
study the mechanism of lithium storage during charge-discharge
cycles, cyclic voltammetry of CNT/Mn-Co nanohybrids was given
in Fig. 5b. During the discharge process in the first cycle, two pro-
nounced cathodic peaks at 0.5 V and 0.25 V were observed, corre-



Fig. 3. TEM images of (a) CNT/Mn-Co and (b) NCNT/Mn-Co nanohybrids. (c) Color EDS mapping images of one single NCNT/Mn-Co nanohybrids. The inset of (b) shows a
HRTEM image of Mn-Co nanohybrids. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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sponding to the formation of metallic Mn and Co from MnOx and
CoOx, respectively [11,26]. There were two oxidation peaks at
1.45 V and 2.0 V could be observed in the following anodic sweep,
which could been assigned to the formation of MnOx and CoOx

from metallic Mn and Co [19]. From the second cycle onward,
the reduction peak at 0.25 V disappeared and the peak at 0.5 V
and 2.0 V were slightly shifted to higher potential (0.51 V for
cathodic peak and 2.05 V for anodic peak). The slight higher catho-
dic/anodic potential could reduce the electrode polarization and
improve the charge transfer kinetics, which means the reduction
and oxidation becomes more easies in the subsequent cycles after
the activation in the first cycle [27]. Besides, a reversible, broad but
discriminable reduction peak that centered at about 0.9 V had
appeared ever since the second cycle, which also could be observed
in many previous reports [10,25]. The almost overlap CV curves of
the second and fifth cycles indicated highly reversible redox
behavior and good cycling stability of NCNT/Mn-Co nanohybrids,
similar results could also be observed in the discharge-charge volt-
age profiles (Fig. S5).

Fig. 6a shows long time cycling performance of CNT/Mn-Co and
NCNT/Mn-Co nanohybrids at a current density of 200 mA g�1

between 3.0 and 0.01 V. As shown, the discharge capacity of the
NCNT/Mn-Co electrode was around 1011 mAh�g�1 in the second,
and the capacity was 1028 mAh�g�1 after 100 cycles with nearly
100% coulombic efficiency. As a comparison, the discharge capacity
of CNT/Mn-Co electrode at second cycle was 1007 mAh�g�1, and it
attenuated quickly to 450 mAh�g�1 after 50 cycles. The poor
cycling stability of CNT/Mn-Co electrodes are due to the tremen-
dous volume changes of Mn-Co nanoparticles, results to electrode
disintegration. Remarkably, even at a high current density of 2.0 A
g�1, the CNT/Mn-Co nanohybrids still shows excellent long-cyclic
performance with higher capacity (608 mAh�g�1) and retention
(82.5%) than that of CNT/Mn-Co electrode (296 mAh�g�1, 51.7%)
after 200 cycles (Fig. 6b). More importantly, the discharge capacity
of NCNT/Mn-Co electrode could still up to 500 mAh�g�1 even after
360 cycles at such high current density (Fig. S6).

The remarkable improved stability could be attributed to the
introduction of nitrogen atoms on the CNT, which not only
increased binding energy between MTMO and CNT to reach a high
stable nanostructure, but also played as surfactant to form smaller
and well-dispersed MTMO nanoparticles on CNT to facile Li+ pene-
tration and charges transfer. As expected, NCNT/Mn-Co electrode
also indicated remarkable rate performance and reversible capac-
ity, as shown in Fig. 6c. The average discharge capacities of the
NCNT/Mn-Co electrode at 100 mA�g�1, 200 mA�g�1, 400 mA�g�1,
800 mA�g�1, 1600 mA�g�1, 3200 mA�g�1 and 6400 mA�g�1 were
1196 mAh�g�1, 1119 mAh�g�1, 1022 mAh�g�1, 956 mAh�g�1,
854 mAh�g�1, 656 mAh�g�1, and 435 mAh�g�1, respectively, which
are much better than those of CNT/Mn-Co anodes. When the cur-
rent density was reduced backed to 100 mA�g�1, a specific capacity
of 1324 mAh�g�1 could be restored, which indicated the excellent
robustness and stability of NCNT/Mn-Co nanohybrids even after
high rate long time cycling.

In order to further understand the lithium storage capability of
NCNT/Mn-Co nanohybrids, electrochemical impedance measure-
ments were carried out. Fig. 6d showed the Nyquist plots of the
CNT/Mn-Co and NCNT/Mn-Co electrodes at the open-circuit volt-
age before cycling. The high-medium frequency region at the real
axis corresponded to the ohmic resistance (Rs) and the charge
transfer resistance (Rct) at the interface, and an inclined line
located in the low frequency region represents the diffusion resis-
tance. Compared with CNT/Mn-Co electrode, NCNT/Mn-Co elec-



Fig. 4. XPS spectra of (a) N 1 s, (b) C 1 s, (c) Mn 2p, and (d) Co 2p regions of NCNT/Mn-Co nanohybrids.

Fig. 5. (a) Discharge-charge profiles of CNT/Mn-Co and NCNT/Mn-Co nanohybrids electrode at a constant current density of 200 mA�g�1, (b) CV curves of NCNT/Mn-Co anode
at 0.2 mV s�1 scanning rate.
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trode exhibits a smaller semicircle diameter, reflected a lower elec-
trical resistance. More important, the charge transfer resistance of
the CNT/Mn-Co is almost unchanged after 20 cycles (Fig. S7). How-
ever, for CNT/Mn-Co electrode, the semicircle diameter was signif-
icantly increased. The different behaviors of CNT/Mn-Co and
NCNT/Mn-Co electrodes further indicate that the introduction of
dicyandiamide can not only improve the electrical conductivity
of materials, but also improve the stability of the material.
All in all, NCNT/Mn-Co nanohybrids present outstanding elec-
trochemical properties, which could be attributed to the following
reasons. Firstly, the N-doping on CNT matrix by dicyandiamide
through chemical bonding introduced a great number of active
nitrile groupings and fixed the defects on CNTs and the interspace
between CNTs and MTMO NPs to achieve higher electrical conduc-
tivity and increase the compatibility with electrolyte, which leads
to greatly improved rate performance. Secondly, the involvement



Fig. 6. (a) Cycling performance and Coulombic efficiency of the NCNT/Mn-Co electrodes at 0.2 A g�1 for 100 cycles. (b) Discharge-charge capacities of CNT/Mn-Co and NCNT/
Mn-Co electrodes at a current density of 2 A g�1. (c) Rate performance of NCNT/Mn-Co and CNT/Mn-Co electrodes at different current densities. (d) electrochemical
impedance spectra of CNT/Mn-Co and NCNT/Mn-Co electrodes before cycles.
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of dicyandiamide as nitrogen source could effectively reduce the
size of MTMO NPs, which can be more uniformly dispersed on
the doped CNT. Through facilitating the lithium ions and charges
transfer of the structure, the charge/discharge capacity and rate
performance are improved, simultaneously. In the last, dicyandi-
amide that reacted on CNT surface could be considered as ‘‘bridge”
between MOTO NPs and CNT, which result in a high-strength flex-
ibility to accommodate the large volume expansion. The structure
of NCNT/Mn-Co nanohybrids can be more effectively stabilized by
covalent interactions between the two moieties via a C-N bond,
preventing the nanoparticles peeling off from the buffering
matrixes, demonstrating the excellent cycling stability.
4. Conclusion

In summary, a low cost, readily available Mn-Co/N-CNT com-
posite have been synthesized in a controllable approach as elec-
trode for LIBs. Compared with CNT/Mn-Co nanohybrids, the
NCNT/Mn-Co nanohybrids exhibits following advantages: 1.
dicyandiamide could be considered as surfactant during metal
oxide deposition process, which leads to smaller Mn-Co nanoparti-
cles on CNT throughmuch stronger chemical bonds; 2. the imidiza-
tion reaction during N-doping could effectively reduce pre-
oxidized CNTs to increase the conductivity of composite. As a
result, a high rechargeable capacity of 1028 mA�g�1 for NCNT/
Mn-Co nanohybrids could be reached after 100 cycles at the cur-
rent density of 200 mAh�g�1. Besides, the rate capability of
NCNT/Mn-Co is obviously improved (434.9 mAh�g�1 at 6.4 A�g�1).
Therefore, the methodology described here would potentially
afford a way to develop novel anode materials with high recharge-
able capacity and rate capability for next generation lithium-ion
batteries anode.
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