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A facile template-free method has been successfully developed to
synthesize uniform nitrogen-doped carbon-confined V,0z hollow
spheres by a mismatched coordination reaction, an inside-out
Ostwald-ripening solvothermal process and subsequent heat treat-
ment. Notably, the delicate composite as an anode material displayed
superior rate capability and excellent cycling stability for lithium-ion
batteries.

Nowadays, clean energy is highly desired to alleviate the energy
shortage and environmental pollution because of the impend-
ing exhaustion and serious lack of fossil fuels.* The lithium-
ion battery (LIB) as one important representative of secondary
energy storage devices has drawn widespread attention on
account of its combination of relatively high energy density,
long lifespan and environmental benignity.>* To meet the
growing energy demands, more efficient LIBs which have high
rate, high specific capacity and long-term cycling stability are
greatly essential.”® However, graphite, the most common
anode material in commercial LIBs, has a limited theoretical
specific capacity of 372 mA h g~', which hardly meets the
requirements of future energy-storage systems. Transition
metal oxides as alternatives to graphite have attracted consid-
erable attention in the past decade due to their abundant
resources, low cost and high theoretical capacities
(>700 mA h g~").** However, the huge volume change during the
lithium insertion/extraction process and poor electrical
conductivity limit their practical application.

Intensive efforts have been dedicated to developing various
methods to improve the electrochemical performance of metal
oxides for LIBs."*™ One typical strategy is to fabricate metal
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oxide hollow structures with high uniformity and abundant
interiors, which can shorten the ion/electron transport distance
and accommodate large volume variations.'*>* For instance,
various metal oxide hollow structures with enhanced lithium
storage have been successfully synthesized, including SnO,
hollow spheres, multi-shelled Fe;O, microboxes, multi-shelled
V,05 microspheres, double-shelled CoMn,0, hollow micro-
cubes, etc.”>>* A common synthetic method for hollow struc-
tures is hard template-assisted synthesis, involving the
preparation of templates, the templating treatment and the
removal of templates. However, this template-assisted method
is usually complex, time consuming and involves a relatively
high cost. Therefore, a facile template-free synthesis strategy for
the scalable fabrication of uniform hollow structures is highly
desired. To improve the electron conductivity and structural
stability of metal oxides, another efficient method is integrating
them with various carbon materials to generate well-connected
composites.”®*” For example, Wang et al. synthesized gelatin-
derived Fez;O,4/carbon hybrids, which exhibited superior rate
capability and good cycling performance for LIBs. Recently,
Meng et al. reported carbon-confined SnO, nanodots anchored
on graphene with ultrafast and stable lithium storage.*® In
addition, the intrinsic electron conductivity of metal oxides
plays an important role in its rate performance. Different from
other semiconducting metal oxides, the rhombohedral
corundum-type V,0; displays metallic behavior because the
electrons in the V-3d orbital can travel along the V-V chains.?*?*°
This phenomenon can also be verified by theoretical calcula-
tions, indicating that V,0; is one ideal candidate of LIB anode
materials. However, to combine the above-mentioned merits
and improve the lithium storage performance, controlled
synthesis of uniform carbon-confined V,0; hollow structures by
a simple synthesis strategy still remains a great challenge.
Herein, we develop a facile and efficient template-free
synthesis of uniform nitrogen-doped carbon-confined V,0;
hollow spheres through a two-step process. First, a mismatched
coordination reaction between vanadium ions and organic
ligands occurs during the solvothermal process, resulting in the
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formation of an amorphous organic-inorganic complex
precursor. On prolonging the solvothermal time, the precursor
morphology evolves from solid microspheres to yolk-shell
microspheres and eventually hollow microspheres due to an
inside-out Ostwald-ripening. Then, after in situ carbonization,
the as-prepared precursor hollow spheres are converted into
uniform  morphology-preserved  nitrogen-doped carbon-
confined V,0; (denoted as V,0;@NC) hollow spheres. The
delicate architecture can provide high activity, high electron
conductivity, short diffusion length, robust structure and good
strain accommodation, which are beneficial for LIBs (Fig. S1,
ESIt). As a proof-of-concept application, when evaluated as
a LIB anode material, the resulting V,0;@NC hollow spheres
exhibit high capacity, excellent rate capability and long-term
cycling stability.

The formation mechanism of uniform V,0;@NC hollow
spheres is shown in Fig. 1. First, vanadium(m) acetylacetonate
(denoted as V(acac)) and 2-dimethylimidazole (2-MIM) were
selected as the metal source and organic ligand, respectively,
and were both dissolved in N,N-dimethylformamide (DMF),
forming a homogeneous solution. Then, during the sol-
vothermal process, due to the mismatched bonding angles and/
or distorted polyhedra, a mismatched coordination reaction
occurred between V(acac) and 2-MIM, resulting in the forma-
tion of amorphous metal-ligand (V-2-MIM) complexes.*** This
above-mentioned reaction was also revealed to distinguish that
of metal-organic frameworks (MOFs) in our previous work.?®
During the initial stage (step I), V-2-MIM complex solid spheres
were firstly obtained after reaction for 3 h due to fast nucleation
and growth rates. The scanning electron microscopy (SEM)
image and transmission electron microscopy (TEM) image
showed uniform solid spheres with smooth surfaces and
a diameter of about 150 nm (Fig. 2a and d). When the reaction
time was extended to 6 h (step II), the morphology of the V-2-
MIM complexes transformed from solid spheres to yolk-shell
spheres, which was demonstrated by SEM and TEM images
(Fig. 2b and e and S2, ESIt). This transformation was attributed
to an inside-out Ostwald-ripening process, which involved the
consumption of the interior cores in solid spheres and the re-
crystallization on sphere shells.*® With a further increase of
reaction time up to 12 h (step III), uniform V-2-MIM complex
hollow spheres with rough surfaces were eventually obtained
(Fig. 2c and f and S3, ESIt). This whole structural evolution was
driven by the reduction of Gibbs free energy in the reaction
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Fig. 2 Characterization of the structural evolution of the V-2-MIM
precursors prepared at different times during the solvothermal
process. SEM images (a—c), TEM images (d—f) and XRD patterns (g—i) of
the samples prepared at 3, 6 and 12 h, respectively. Insets of (d—f) are
the corresponding SAED patterns. The yellow dotted circles mark the
cores.

system.* The selected area electron diffraction (SAED) patterns
and Xray diffraction (XRD) patterns of these V-2-MIM
complexes indicated an amorphous nature (inset of Fig. 2d-f
and g-i), which was attributed to the above-mentioned mis-
matched coordination reaction. Finally, after in situ carboniza-
tion in argon (step IV), the morphology-preserved V,0;@NC
hollow spheres were successfully obtained. In brief, the facile
and efficient template-free synthesis strategy, which involves
a mismatched coordination reaction, an inside-out Ostwald-
ripening solvothermal process and subsequent heat treat-
ment, shows great potential for further practical application.
The preparation of uniform and high-quality amorphous
V-2-MIM complex hollow spheres is crucial to the formation of
V,0;@NC hollow spheres during the fabrication process. To
further reveal the structure of the V-2-MIM complex hollow
spheres after solvothermal reaction, a series of characterization
experiments were carried out (Fig. 3). The SEM images showed
that the obtained V-2-MIM complex hollow spheres were
uniform with an average size of ~200 nm in diameter and rough
surfaces (Fig. 3a-c). According to a statistical analysis, the
diameters of these hollow spheres exhibited regular distribu-
tion, further confirming their uniformity (Fig. S4, ESIt). Some
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Fig.1 Schematic illustration of the formation process of uniform V,0Os@NC hollow spheres. (I-Ill) Time-dependent structural evolution of the
V-2-MIM complex spheres during the solvothermal process. (IV) Heat treatment in an argon atmosphere.
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Fig. 3 (a—c) SEM images of the V-2-MIM complex hollow spheres.
(d—h) SEM image and the corresponding EDX mapping images of the
V-2-MIM complex hollow spheres. (i and j) TEM images of the V-2-
MIM complex hollow spheres. (k—n) FTIR, XPS, and high-resolution N
1s and C 1s XPS spectra of the V-2-MIM complex hollow spheres and
2-MIM raw material, respectively.

broken hollow spheres demonstrated interior hollow voids. The
energy-dispersive X-ray (EDX) elemental mapping images dis-
played the uniform distribution of V, C, N and O (Fig. 3d-h). The
TEM images revealed that the shells of the V-2-MIM complex
hollow spheres had a uniform thickness of ~30 nm and rough
surfaces, which were composed of small nanoparticles due to
the Ostwald-ripening process (Fig. 3i and j). The nitrogen
adsorption-desorption isotherms of the V-2-MIM complex
hollow spheres displayed a Brunauer-Emmett-Teller (BET)
specific surface area of 39.3 m> ¢, much lower than that of
crystalline MOFs (generally >500 m* g~ ') (Fig. S5, ESIt). The
pore size distribution was from 3 to 7 nm, corresponding to
typical mesopores. This distribution was mainly attributed to
the random and loose stacking of nanoparticles, which was
consistent with the above TEM observation.

Furthermore, thermogravimetric-differential scanning calo-
rimetry (TG-DSC) measurements were carried out to investigate
the pyrolysis process of the V-2-MIM complex hollow spheres
(Fig. S6, ESIT). The pyrolysis process in argon involved two
stages of mass loss including solvent volatilization (<250 °C)
and carbonization of the bonding organic ligands in the V-2-
MIM complex (300-500 °C). However, in an air atmosphere, the
mass first decreased and then increased, which was attributed
to the oxidation of low-valence vanadium(III). On the basis of
Fourier-Transform Infrared (FTIR) analysis, the complex hollow
spheres exhibited the typical vibrations of 2-MIM along with
peak shifts, indicating the occurrence of a mismatched coor-
dination reaction. X-ray photoelectron spectroscopy (XPS) was
carried out to reveal the bonds formed in the obtained complex
hollow spheres. The XPS full spectrum indicated that the typical
peaks of C, N, O and V elements existed in the product (Fig. 31).
The XPS spectrum of 2-MIM was also measured for comparison

6222 | J Mater. Chem. A, 2018, 6, 6220-6224

View Article Online

Communication

(Fig. 3). In the high-resolution N 1s XPS spectrum of 2-MIM, the
two typical peaks located at 397.8 and 399.2 eV corresponded to
the H-N bond and N=C bond. Their similar peak areas indicated
that the atomic ratio was 1, which was consistent with the
molecular structure of 2-MIM. The high-resolution N 1s XPS
spectrum of the V-2-MIM complex precursor showed the
formation of a new V-N bond and a positive shift of characteristic
bond energies, indicating that the V ions could directly bond with
the N atoms of 2-MIM by coordination reaction. This positive
shift phenomenon was due to the electron transfer from N atoms
to V ions in V-2-MIM. However, the remaining H-N bonds were
attributed to the incomplete coordination reaction. In addition,
position shifts of typical peaks were also observed in the high-
resolution C 1s XPS spectrum of the V-2-MIM complex
precursor. The mass concentration of V in the amorphous V-2-
MIM complex hollow spheres determined by XPS was 38.5 wt%,
which is close to that from inductively coupled plasma atomic
emission spectroscopy (ICP-AES) (40.2 wt%) (Fig. S7, ESIT).
Therefore, the mismatched coordination reaction between V ions
and 2-MIM plays an important role in the formation of uniform
amorphous complex hollow spheres.

Uniform V,0;@NC hollow spheres were easily obtained after
in situ carbonization of the as-prepared V-2-MIM complex
hollow spheres. A series of characterization experiments were
carried out. As shown in Fig. 4a, the XRD pattern of the obtained
product can be well indexed to the rhombohedral corundum-
type V,0; phase (JCPDS card no. 00-034-0187) without any
impurity. Low-magnification SEM images showed remarkably
uniform spheres from all selected views (Fig. 4b and S8a, ESIY).
The high-magnification SEM image demonstrated that the ob-
tained spheres had an average diameter of ~200 nm and rough
surfaces, which were composed of many tiny nanoparticles
(Fig. 4c). Some broken spheres suggested hollow inner voids
with thin shells. TEM images further confirmed uniform hollow
spheres and thin shells about 30 nm in thickness (Fig. 4d and e
and S8b and c, ESIf). High-resolution TEM (HRTEM) images
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Fig. 4 Characterization of the uniform V,O3@NC hollow spheres. (a)
XRD pattern. (b and c) SEM images. (d and e) TEM images. (f) HRTEM
image. (g—k) STEM image and the corresponding STEM-EDS mapping
images.
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revealed a thin continuous carbon layer ~2 nm in thickness
uniformly confined onto the external V,03 nanocrystals (Fig. 4f
and S8d, ESI{). A lattice fringe with an interlayer spacing of
2.72 A can be clearly observed and is well indexed to the (104)
lattice plane of V,0;. Scanning-TEM high-angle annular dark-
field (STEM-HAADF) measurements were also carried out to
demonstrate the obtained hollow spheres (Fig. 4g). As
shown in Fig. 4h-k, the STEM-energy-dispersive spectroscopy
(STEM-EDS) mapping images confirmed the uniform distribu-
tion of C, N, O and V, and were completely consistent with the
selected image. The nitrogen adsorption-desorption isotherm
of the V,0;@NC hollow spheres displayed a high BET specific
surface area of 21.7 m”> ¢~ ', which could increase the electrode/
electrolyte contact area and facilitate Li* transport (Fig. S9a and
b, ESIT). Raman spectroscopy was conducted to characterize the
nature of carbon in the V,0;@NC hollow spheres (Fig. S9c,
ESIf). The typical signatures located at about 1350 and
1600 cm ™' were attributed to the D and G bands, respectively,
indicating its partial graphitization. On the basis of TG-DSC
analysis, the mass content of carbon was calculated to be
about 8 wt% (Fig. S9, ESI{).

To further reveal their superiority, the as-prepared V,0;@NC
hollow spheres were utilized as an anode material for LIBs.
First, the cyclic voltammetry (CV) curves of the first four cycles
were measured at a scan rate of 0.2 mV s~ within the voltage
window of 0.01-3 V vs. Li'/Li (Fig. 5a). During the first discharge
process, a clear peak located at around 0.7 V was observed,
which could be mainly attributed to the formation of a solid
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Fig. 5 Lithium storage performance of the uniform V,03@NC hollow
spheres. (a) The first four CV curves at a scan rate of 0.2 mV s~%. (b)
Cycling performance at a low current density of 200 mA g~2. (c) Rate
performance at different current densities ranging from 100 to 200,
500, 1000, 2000, and 5000, and back to 100 mA g™*. (d) The corre-
sponding charge—discharge curves at different current densities. (e)
Long-term cycling performance at a high current density of
2000 mA gt

This journal is © The Royal Society of Chemistry 2018

View Article Online

Journal of Materials Chemistry A

electrolyte interphase (SEI) layer. The three subsequent CV
curves mostly overlapped, showing highly reversible lithium
storage. When tested at a current density of 200 mA g~ ", the
V,0;@NC hollow spheres exhibited a first discharge capacity of
915 mA h g ! and a first charge capacity of 735 mA h g%, cor-
responding to a high initial coulombic efficiency of 80.3%
(Fig. 5b). After 120 cycles, the electrode still retained a high
reversible discharge capacity of 811 mA h g ' and an
outstanding capacity retention of over 100%. Furthermore, the
V,0;@NC hollow spheres were tested at various current densi-
ties ranging from 100 to 5000 mA g ' to evaluate the rate
capability (Fig. 5¢). The obtained electrode delivered average
discharge capacities of 785, 701, 599, 528, 458 and 361 mAh g*
at different current densities of 100, 200, 500, 1000, 2000 and
5000 mA g~ ', respectively. When returned to 100 mA g, the
discharge capacity of the V,0;@NC hollow spheres can recover
to 845 mA h g~ ' and increase to 981 mA h g~ " after 100 cycles.
The corresponding charge-discharge voltage profiles of rate
performance are shown in Fig. 5d, indicating low polarization
and high reversibility. Furthermore, the long-term cycling
performance of the V,0;@NC hollow spheres at 2000 mA g’1
was investigated (Fig. 5e). After 700 cycles, a high specific
capacity of 472 mA h ¢~ ' and a high capacity retention of over
100% were obtained, showing excellent long-term cycling
stability. Notably, the increased capacity of the V,0;@NC
hollow spheres may be attributed to the formation of an elec-
trochemical gel-like polymer layer and the size reduction of the
vanadium oxide nanocrystals, which is also widely observed for
many transition metal oxides. In addition, compared with other
carbon-based V,0; nanostructures in previous studies, our
synthesized V,0;@NC hollow spheres displayed fast and stable
lithium storage (Table S1, ESI{).>**

The superior lithium storage performance of the V,0;@NC
hollow spheres can be attributed to their unique architecture that
provides short ion diffusion length, high conductivity, robust
structure and good strain accommodation. A series of character-
ization experiments were carried out to reveal the structure-
performance relationships. First, electrochemical impedance
spectroscopy (EIS) was conducted to evaluate the charge-transfer
resistance (R.) of the V,0;@NC hollow spheres (Fig. S10b,
ESIt). A small R value of 118 Q after 10 cycles indicated fast
interface electron mobility. Furthermore, the lithium storage
kinetic analysis displays obvious lithiation pseudo-capacitive
behavior (Fig. S11, ESIt). Based on the quantification, 79.5% of
the total capacity is capacitive at a scan rate of 4 mV s~ '. In
addition, the morphology of the V,0;@NC hollow spheres can be
well maintained after 50 cycles at 200 mA g~ * (Fig. S12, ESIY).

Conclusions

In summary, we have developed a facile template-free synthesis
of uniform V,0;@NC hollow spheres via solvothermal reaction
and successive annealing treatments. On the basis of experi-
mental analysis, the formation mechanism was clearly revealed.
The resulting architecture can provide high surface area, short
ion diffusion length, high electronic conductivity, robust
structure and good strain accommodation. When employed as an
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anode material, the resulting V,0;@NC hollow spheres show
excellent rate capability and remarkable cycling stability for LIBs.
Specifically, even at 2 A g~ after 700 cycles, the electrode dis-
played a high reversible capacity of 472 mA h g~ " with a capacity
retention of over 100%. Therefore, our work presents a facile and
efficient strategy for the delicate synthesis of unique carbon-
based nanostructures for potential energy-related applications.
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