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Spurred by the overwhelming domina-
tion in the market of portable and smart 
devices (e.g., MP3, camera, and com-
puters), rechargeable lithium-ion batteries 
(LIBs) have been considered as one of 
lead technologies for the large scale appli-
cations of electric vehicles (EVs) and sta-
tionary energy-storage systems (ESSs).[1] 
To meet the high-demands of future EVs 
and ESSs, rapid development of advanced 
LIBs with much higher capacity, power, 
and energy density is urgently needed. It 
is commonly recognized that the perfor-
mance of electrode material largely deter-
mines the success to the development of 
advanced LIBs.[2] Although graphite as the 
mostly used anode has achieved great suc-
cess in the market of LIBs, its relatively 
low theoretical capacity of 372 mAh g−1 
and poor rate capability largely restrict its 
further applications in the EVs and ESSs.[3] 
As a result, a large number of alternatives 
have been developed, including C-family 

based anodes (e.g., carbonaceous materials,[4,5] Si,[6] Ge,[7] and 
Sn[8]), N-family anodes (e.g., P,[9] Sb,[10] and Bi[11]), transition 
metal oxides,[12] transition metal sulfides,[13] Li4Ti5O12,[14] and 
transition metal carbides (TMCs).[15] Among them, TMCs as 
anodes for LIBs have already attracted tremendous attention, 
though the TMCs are mainly applied in the catalytic fields,[16] 
such as oxygen reduction reaction (ORR),[17] oxygen evolution 
reaction (OER),[18] and hydrogen evolution reaction (HER).[19] 
Since the first report on the Ti2C as anode for LIBs in 2012,[20] 
a series of TMCs with encouraging anode performance have 
been reported, including 2D layered carbides (e.g., Ti2C,[20] 
Ti3C2,[21] V2C,[22] Nb2C,[23] and Cr2C[24]), and nonlayered carbides 
and their hybrids (e.g., Mo0.654C,[25] Mo2C/C hybrids,[26] Fe2O3/
Fe3C/graphene,[27] and Mo2C/N-doped carbon heteronano-
wires[28]). In particular, high electronic conductivity (≈1.02 × 
102 S cm−1), appropriate average working voltages (≈1.0 V vs 
Li+/Li) and high theoretical capacities (>600 mAh g−1) enable 
molybdenum carbide-based electrodes as emerging alternatives 
to graphite.[15,29]

Despite the outstanding anode features for LIBs, bulk 
molybdenum carbide-based electrodes often suffer from poor 
cycle life and low rate capability. In order to achieve the high-
performance molybdenum carbide-based anodes, two effective 

High electronic conductivity, low average working voltage, and high 
theoretical capacities enable molybdenum carbide-based materials as 
promising anodes for lithium-ion batteries (LIBs). Apart from the increase 
in the number of additional active sites, further enhancement in the 
specific activity of the active sites is also an effective way to improve the 
electrochemical performance of the molybdenum carbide-based electrodes. 
Here, a series of 3D cross-linked macroporous MoxC@N-C nanocrystals 
with rich incorporated Mo vacancies, high specific activity of active sites, and 
nitrogen-doped carbon (N-C) coating are designed and synthesized using 
a simple method. Benefitting from its 3D robust structures for the rapid 
transporting and additional storage of Li+, the MoxC@N-C-2.5 displays a 
high initial reversible capacity of 879.3 mAh g−1 at 0.05 A g−1. Moreover, the 
MoxC@N-C-2.5 shows a high discharge capacity of 825.3 mAh g−1 at 0.5 A g−1 
with an initial capacity retention of 61.9% after 200 cycles. As expected, this 
facile strategy can be extended to the fabrication of other nanocomposites 
with rich defects, numerous porous structures, and heteroatoms doped 
carbon coating as electrodes toward high-performance LIBs.
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strategies have been widely adapted. One is the fabrication of 
molybdenum carbides with nanostructures (e.g., hierarchically 
porous and nanowire Mo2C[30–32]) and another one is hybridi-
zation of the molybdenum carbides with highly conductive 
agents (e.g., Mo2C/graphene[33] and Mo2C/N-doped carbon[34]). 
The former enables the molybdenum carbides with a large 
surface area and high pore volume, leading to quick penetra-
tion of electrolyte, rapid diffusion of ions, and numerous active 
sites for ions storage. The latter favors molybdenum carbide-
based hybrids with improved electronic conductivity, reduced 
particle size and strain buffer within the hybrid, and effectively 
prevents the electrode from aggregating during the cycles. 
Besides, the two strategies are also often used in combination 
to further improve the electrochemical performance, such as 
mesoporous Mo2C/C hybrid nanospheres[26] and mesoporous 
Mo2C/N-doped carbon heteronanowires.[34] On the other hand, 
many studies have revealed that the presence of defects in the 
electrode materials could provide extra active sites for ions 
storage, thereby leading to the improved specific capacity.[35] 
To obtain the defect-rich structures, many efforts have been 
devoted to increasing the number of additional active sites 
induced by the defects within the structures (e.g., heteroatoms 
doping and porous structures). Apart from the increase in 
the number of additional active sites, further enhancement 
in the specific activity of these active sites is also an effective 
way to improve the electrochemical performance of the active 
materials.

Herein, we designed and synthesized a series of MoxC@N-
C nanocrystals with rich incorporated Mo vacancies, high spe-
cific activity of active sites, 3D cross-linked macroporous nano-
structure, and nitrogen-doped carbon (N-C) coating (Figure 1). 
Benefitting from its unique robust and high activity structures, 
the MoxC@N-C displays outstanding lithium storage proper-
ties. This is because the MoxC@N-C nanocrystals with rich 
incorporated Mo vacancies and N-C could provide numerous 

active sites with high specific activity exposure to Li+ storage. 
Moreover, both 3D cross-linked macroporous structure and N-C 
coated on the surfaces of MoxC@N-C effectively provide large 
accessible surface area and rapid transport channels for electro-
lyte penetration and Li+ (electrons) transporting, and prevention 
of the electrode aggregation during the cycles (Figure 1).

Figure 1 shows the preparation scheme of defect-rich 
MoxC@N-C with cross-linked macroporous nanostructures. 
First of all, dicyanamide (DCA) and ammonium heptamolyb-
date (AHM) with different mass ratios were mixed with SiO2 
spheres and then annealed at 750 °C for 6 h in nitrogen atmos-
phere. After that, the obtained mixture was leached in HF to 
completely remove the template of SiO2 spheres. During this 
process, the interfaces between (molybdenum carbide)@N-C 
and SiO2 were significantly modified along with the removal 
of strong-linker MoOSi and simultaneous introduction of 
plenty of defects in MoxC and N-C. Compared to pure carbon 
(C), heteroatoms (especially, N)-doped carbon (N-C) enables 
N-C or their related hybrids as electrodes for LIBs with supe-
rior lithium storage properties.[36] This is because that the 
well-bonded N-C not only significantly enhance the electronic 
conductivity of the electrode but also provide more nitrogen-
containing active sites for the interaction between Li+ and 
C/N-C. In our experiments, additional N-C originated from the 
precursor of DCA/AHM is expected to be coated on the sur-
faces of the MoxC@N-C. The amounts of N-C are depended 
on the mass ratio of the DCA/AHM (1.5/2.5/3.5). The resulted 
MoxC@N-C samples are named as MoxC@N-C-1.5, MoxC@N-
C-2.5, and MoxC@N-C-3.5. For comparison, the commercial 
Mo2C (Sigma) was also investigated.

The crystal structures of the Mo2C, MoxC@N-C-1.5, 
MoxC@N-C-2.5, and MoxC@N-C-3.5 were identified by the 
X-ray diffraction (XRD) technique. As shown in Figure 2a, all 
the peaks of three MoxC@N-C samples are almost indexed 
to the characteristic peaks of MoC (ICSD #77157) and carbon 
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Figure 1. Scheme of the fabrication process of MoxC@N-C.
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(26°). These characteristic peaks with board band and low 
intensity are most likely due to the amorphous patterns and 
rich defects for MoxC@N-C. With the mass ratio of DCA/
AHM from1.5 to 3.5, the intensity ratio of characteristic peaks 
(MoxC/N-C) is obviously decreased. This is consistent with 
the results of Raman spectra (Figure 2b). As can be seen, all 
the MoxC@N-C display two typical carbon peaks located at  
1351 cm−1 (D band) and 1594 cm−1 (G band), which are attrib-
uted to the crystal defect or disordered graphite, and graphitic 
lattice vibration mode with E2g symmetry, respectively.[5] Apart 
from the carbon peaks, there are several other peaks at 662, 
817, and 992 cm−1, which are deviated from the characteristic 
peak of MoC[37] and almost well assigned to Mo2C.[30b] Together 
with the XRD result, it indicates the existence of rich Mo vacan-
cies in the MoxC with x = 1–2. Similar to the XRD result, with 
the mass ratio of the DCA/AHM increases, the Raman peaks of 
MoxC become weaker and even disappear. The disappearance 
of MoxC peaks is mainly due to the disorder patterns of MoxC 
and increased amounts of disorder carbon (N-C). To estimate 
the carbon content, thermogravimetric analysis (TGA) of the 
MoxC@N-C was carried out in air atmosphere. When x is 

assumed as 2 (1), the carbon contents in the MoxC (MoxC@N-
C-1.5, MoxC@N-C-2.5, and MoxC@N-C-3.5) are estimated to 
be 36.2 (32.5), 46.5 (43.3.), and 52.8 (50.7) wt%, respectively 
(Figure 2c). The detailed calculation information are listed 
in Figure S1 and Equations (S1) and (S3) of the Supporting 
Information.

X-ray photoelectron spectroscopy (XPS) analysis was car-
ried out to further investigate the elemental composition 
and oxidation states of MoxC@N-C. Figure 2d shows the full 
spectra of MoxC@N-C with the binding energies of Mo 3d at 
≈232 eV, C 1s at ≈285 eV, N 1s at ≈398 eV, Mo 3p at ≈413 eV 
and O 1s at ≈530 eV. The detailed element contents are listed in 
Table S1 of the Supporting Information. The high oxygen con-
centration is most likely due to the physically adsorbed and/or 
trapped oxygen and moisture on the surfaces of the samples. 
With the mass ratio of the DCA/AHM increases, the ratio of 
peak intensity (Mo 3d/C 1s) decreases, which agrees well with 
the results of XRD and Raman spectra. Based on the XPS 
results, the element contents of Mo in the Mo2C, MoxC@N-
C-1.5, MoxC@N-C-2.5, and MoxC@N-C-3.5 are 10.8, 8.2, 6.7, 
and 5.1 at%, respectively. As shown in Figure 2e and Figure S2 
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Figure 2. a) XRD patterns of MoC, Mo2C, MoxC@N-C-1.5, MoxC@N-C-2.5, and MoxC@N-C-3.5. b–d) Raman spectra, TGA curves, and XPS spectra  
of Mo2C, MoxC@N-C-1.5, MoxC@N-C-2.5, and MoxC@N-C-3.5. High-resolution XPS spectra of MoxC@N-C-2.5 of e) Mo 3d and f) N 1s.
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(Supporting Information), high resolution XPS Mo peaks indi-
cate that there are four valence states for Mo (i.e., Mo2+, Mo3+, 
Mo4+, and Mo6+) existing on the surfaces of the MoxC@N-
C-1.5, MoxC@N-C-2.5, and MoxC@N-C-3.5, compared to only 
three valence states of Mo2+, Mo4+, and Mo6+ for Mo2C. The 
Mo2+, Mo4+, and Mo6+ are attributed to the presence of MoO/
Mo2C, MoO2/MoC, and MoO3 in the MoxC, respectively. The 
existence of Mo3+ species in the MoxC@N-C is mainly due 
to the appearance of Mo vacancies, which is resulted from  
the removal of SiO2 and the breaking of SiOMo bond at the 
interfaces between molybdenum carbides and SiO2 during the 
leaching process. Because the Mo3+ is formed with changed 
charge-density distribution, the Mo3+ sites are expected to be 
more active to interact with other ions (i.e., Li+). The Mo3+ 
signals from Mo in the MoxC@N-C-1.5, MoxC@N-C-2.5, and 
MoxC@N-C-3.5 are estimated to be 17.0%, 23.4%, and 19.6%, 
respectively, indicating more active sites in the MoxC@N-
C-2.5 than MoxC@N-C-1.5 and MoxC@N-C-3.5. As shown in 
Figure 2f, the N 1s signal of from MoxC@N-C is attributed to 
the precursor of DCA/AHM as the precursors, which can be 

deconvoluted into pyridinic N at 398.1 eV and graphitic N at 
399.6 eV,[5] along with Mo 3p at 394.9 eV.[19]

The morphologies and detailed structures of MoxC@N-
C-2.5 and MoxC@N-C-3.5 were characterized by scanning elec-
tron microscopy (SEM) and transmission electron microscopy 
(TEM). As shown in Figure 3a,g, both MoxC@N-C-2.5 and 
MoxC@N-C-3.5 clearly display cross-linked macroporous struc-
ture with a pore size of ≈380 nm. The pore size equals to the 
diameter of the SiO2 template. The macroporous structure and 
pore size can be also confirmed by TEM (Figure 3d).The ele-
mental mappings (Figure 3b,c) obtained from the SEM image 
(Figure 3a) reveal that the Mo and C elements are homoge-
nously distributed through the whole structure. Moreover, the 
scanning TEM (STEM) images indicate the MoxC@N-C-2.5 
(Figure 3e) and MoxC@N-C-3.5 (Figure 3h) with continuous 
interconnecting carbon frameworks and Mo-based dots 
entrapped inside the MoxC@N-C structure. In addition, a trace 
amount of ultrafine nanocrystals (red-dotted circle in Figure 3f,i)  
can be found in the MoxC@N-C structures. High-resolution 
TEM images indicate that the lattice spacing of nanocrystal is 
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Figure 3. a) SEM image, corresponding elemental mapping of (a), b) Mo, and c) C. d,f) TEM and e) STEM images of MoxC@N-C-2.5. g) SEM image, 
h) STEM, and i) TEM images of MoxC@N-C-3.5. Insets of (d): magnified TEM image of MoxC@N-C-2.5. Insets of (f) and (i): SAED of (f) and (i).
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estimated to be ≈0.25 nm, corresponding to the (111) facet of 
MoC1–x.[32] It should be noted that the existence of part discon-
tinuous lattice (point defects, red-dot circle in Figure 3f,i) and 
small nanocrystal size are responsible for the broaden of XRD 
peaks. This is consistent to the TEM result with an amorphous 
pattern (insets of Figure 3f,i).

Figure 4a,c and Figure S4 (Supporting Information) show the 
electrochemical behavior of Mo2C, MoxC@N-C-1.5, MoxC@N-
C-2.5, and MoxC@N-C-3.5 electrodes measured at 0.05 A g−1 
in the voltage range of 0.02–3 V. As can be seen, the discharge–
charge profiles are typical electrochemical behavior of molyb-
denum carbides, which agrees well with previous reports.[30] 
Different from the MoxC@N-C with distinct discharge-charge 
plateau at ≈1.4 V, the commercial Mo2C exhibits a sloping dis-
charge/charge curve, indicating its poor electrochemical kinetics. 
To further investigate the electrochemical behavior, cyclic vol-
tammetry (CV) of the electrodes were measured at 0.1 mV s−1 
for 5 cycles. As shown in Figure 4b,d, both MoxC@N-C-2.5 and 
MoxC@N-C-3.5 display a distinct peak that appears at ≈0.75 V  

during the first cathodic scan. It is attributed to the formation 
of a solid state interface (SEI) layer on the electrode surface, as 
well as the Li+ storage in the MoxC@N-C.[30] In the following 
cycles, the disappearance of this peak for both MoxC@N-C-2.5 
and MoxC@N-C-3.5 indicates the formation of a strong SEI 
layer in the first cycle. After the formation of SEI layer, more 
Li+ are inserted into host structure below 0.75 V based on 
a combined mechanism (x Li + MoxC → LixC + x Mo and x 
Li + N-C → Lix(N-C)). During the first anodic scan, the release 
of Li+ from LixC/Lix(N-C) and the formation of MoxC mainly 
occur at ≈1.4 V. In the subsequent cycles, a pair of redox 
peaks centered at ≈1.4 V (e.g., MoxC ↔ LixC + Mo) can be 
observed for all the MoxC@N-C-1.5 (Figure S5b, Supporting 
Information), MoxC@N-C-2.5 (Figure 4b) and MoxC@N-
C-3.5 (Figure 4d). The highly overlapped CV curves for these 
MoxC@N-C electrodes further indicate MoxC@N-C with stable 
structures during the cycling.

Figure 4e presents the rate capability measurements of the 
electrodes at various current rates from 0.05 to 5 A g−1 between 
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Figure 4. a,c) Discharge/charge profiles at various current densities and b,d) CV curves at 0.1 mV s−1 for initial 5 cycles of MoxC@N-C-2.5 and 
MoxC@N-C-3.5. e) Rate capability of Mo2C, MoxC@N-C-1.5, MoxC@N-C-2.5, and MoxC@N-C-3.5. Inset of (e): capacity retention versus different 
current densities.
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0.02 and 3 V. At 0.05 A g−1, the MoxC@N-C-2.5 displays a 
much higher initial discharge capacity of 1254.4 mAh g−1, 
followed by MoxC@N-C-3.5 (1002.6 mAh g−1) and MoxC@N-
C-1.5 (933.5 mAh g−1), than Mo2C (99.8 mAh g−1). The higher 
capacities for MoxC@N-C than Mo2C are mainly attributed to 
their rich active sites for Li+ storage. It should be noted that the 
initial Coulombic efficiencies of MoxC@N-C-2.5 (70.1%) and 
Mo2C (69.3%) are lower than for MoxC@N-C-1.5 (95.3%) and 
MoxC@N-C-3.5 (86.9%), which is mainly due to the formation 
of different irreversible SEI layers. When the current density is 
progressively ramped from 0.05 to 5 A g−1, the MoxC@N-C-2.5 
exhibits the similar rate capability to MoxC@N-C-3.5 but higher 
than MoxC@N-C-1.5 (inset of Figure 4e). This is most likely 
due to the higher electronic conductivity of MoxC@N-C-2.5 
and MoxC@N-C-3.5 with appropriate coating content and high 
crystallinity of N-C, compared to MoxC@N-C-1.5. As a result, 
the MoxC@N-C-2.5 delivers high average reversible capacity of 
838.7, 728.0, 625.2, 535.7, 422.0, and 266.6 mAh g−1 at 0.1, 0.25, 
0.5, 1, 2.5, and 5 A g−1, respectively. When the current density 
is back to 0.05 and 0.1 A g−1, the reversible capacities of all the 
samples almost recover to their initial values, once again indi-
cating their stable structures during the cycling.

To further evaluate long-term cycling stability of Mo2C, 
MoxC@N-C-1.5, MoxC@N-C-2.5, and MoxC@N-C-3.5, the elec-
trodes were measured at 0.5 A g−1 for 200 cycles (Figure 5a). As 
can be seen, in the first cycle, the MoxC@N-C-1.5, MoxC@N-
C-2.5, and MoxC@N-C-3.5 deliver initial discharge capacities of 
763.2, 825.3, and 766.8 mAh g−1. After 200 cycles, they main-
tain high discharge capacities of 172.9, 510.8, and 490.8 mAh 
g−1 after 200 cycles with initial capacity retentions of 22.7%, 
61.9%, and 64.0%, respectively, indicating more superiority of 

MoxC@N-C-2.5 and MoxC@N-C-3.5 than MoxC@N-C-15. In 
order to further investigate their electrochemical kinetics, elec-
trochemical impedance spectroscopy (EIS) of the MoxC@N-C 
cells measured at 0.5 A g−1 before (Figure 5b) and after 200 
cycles at fully charged state (Figure 5c) were compared. The 
equivalent circuit model is illustrated in inset of Figure 5b. The 
EIS spectra of the cycled electrode often include two semicircles 
at high-medium frequency, and a straight line at low frequency, 
corresponding to the SEI resistance (Rs) and charge transfer 
resistance (Rct), and the Warburg (Wo) resistance, respec-
tively.[5,36] The value of Rct (approximately equal to the numer-
ical value of diameter of semicircle) is a key indicator of elec-
trode kinetic. Before the cycling, all the MoxC@N-C electrodes 
without the formation of SEI layer show only a semicircle (Rct) 
in the high-medium frequency region. After 200 cycles, all the 
MoxC@N-C electrodes present distinct double semicircles. 
Based on the fabricated equivalent model, the Rct (second semi-
circle) of MoxC@N-C-1.5, MoxC@N-C-2.5, and MoxC@N-C-3.5 
after 200 cycles are apparently decreased from 310.6, 256.7, and 
288.5 Ω to 155.1, 98.2, and 109.6 Ω, respectively. The decreased 
Rct is mainly due to electrode–electrolyte activation after dis-
charge/charge cycling. Overall, the MoxC@N-C-2.5 shows the 
lowest Rct among the MoxC@N-C series, indicating its strong 
electrochemical kinetic. These results are consistent with their 
corresponding electrochemical performance.

In summary, we have designed and synthesized a series of 
cross-linked macroporous MoxC@N-C nanocrystals through a 
simple method. The MoxC@N-C nanocrystals exhibit remark-
able lithium storage properties, which can be mainly attributed 
to the presence of numerous active sites and unique 3D nano-
structures. A large number of active sites with the enhanced 

Figure 5. a) Cycling performance at 0.5 A g−1 and electrochemical impedance spectra b) before cycling and c) after 200 cycles of MoxC@N-C-1.5, 
MoxC@N-C-2.5, and MoxC@N-C-3.5.

Small Methods 2018, 2, 1800040
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specific activity for Li+ storage are induced by the introduction of 
Mo vacancies to molybdenum carbides and nitrogen doping in 
carbon (N-C). The unique 3D nanostructures with large acces-
sible surface area, cross-linked frameworks, and porous struc-
tures are beneficial for the quick penetration of the electrolyte, 
rapid diffusion of ions, and prevention of the electrode aggrega-
tion during the cycles. In addition, the N-C coating on the sur-
faces of MoxC@N-C structures not only significantly enhance 
the conductivity but also effectively alleviate the destruction 
of SEI film and agglomeration of the electrode. As a result, 
the MoxC@N-C-2.5 displays an initial reversible capacity of  
879.3 mAh g−1 at 0.05 A g−1. At 0.5 A g−1, the MoxC@N-C-2.5 
shows a high discharge capacity of 825.3 mAh g−1 with an ini-
tial capacity retention of 61.9% after 200 cycles. As expected, 
the approach to fabricate MoxC@N-C nanocrystal with rich 
defects, numerous cross-linked macroporous structures, and 
efficient N-C coating may be a valuable way to the development 
of other anodes toward high-performance LIBs in future.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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