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In this work, urchin-like microspheres consisting of radial carbon-coated cobalt monoxide nanowires are
designed, to fabricate a micro/nano hierarchical structure for efficient Li-storage. A sequential conversion
process is adopted, involving hydrothermal synthesis of an urchin-like cobalt carbonate hydroxide
precursor, glycosidation of glucose as a coating layer, and calcination in an inert atmosphere to form
a CoO-C composite. On the one hand, the CoO framework provides a high Li-storage capacity with short
transport paths and ordered free spaces. On the other hand, the carbon coating layer buffers the volume
expansion of inner active materials during lithiation, while providing a stabilized electrode/electrolyte
interface and rapid electronic conduction. When tested as an anode material for lithium ion batteries, the
urchin-like CoO-C delivers a reversible capacity of 755 mA h g~* after 100 cycles. With rate increasing, the
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Introduction

One key factor that has impeded the improvement of lithium
ion batteries (LIBs) is the limited performance of the present
electrode materials, which hardly satisfies the increasing
demand of high energy & power density and long-term stability.
Fabricating composite nanostructure electrodes becomes
a frontier issue due to the synergistic effect imparted by
multiple compositions.’ As promising next-generation anode
materials, transition metal oxides (MO,, M = Co, Ni, Cu, etc.)
exhibit high theoretical capacities, because of their unique
conversion mechanism (MO, + 2xLi" + 2xe~ < M + xLi,0).**
For example, cobalt monoxide (CoO) delivers a high theoretical
capacity of 715 mA h g™, almost twice that of a commercial
graphite anode. However, CoO also suffers from serious draw-
backs as LIB anodes, such as large expansion during lithiation
process, repeated formation of solid electrolyte interface (SEI)
film and slow Li* and electron diffusion, thus leading to poor
rate capability and cycling stability.*” Up to now, several strat-
egies have been adopted to address above issues, among which
compositing and nanostructuring are two main methods to
improve Li-storage capability.®**
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performance advantage of the CoO-C composite electrode over a single CoO electrode is obvious.

On the one hand, electrochemically stable coatings layers
like carbon, can prevent a direct contact between CoO and
electrolyte, and improve the originally poor electric conduc-
tion."*® Moreover, carbon coating can also buffer the stress
imparted by volume expansion of inner active materials during
cycles, thus leading to improved rate capability and cycling
performance. For example, nitrogen-doped carbon-wrapped
porous CoO nanocubes showed a reversible capacity of about
600 mA h g~ as LIB anode material."* And carbon-coated CoO
wall arrays on Ni foam also exhibited excellent lithium storage
performance.” Among them, thermal decomposition using low-
cost glucose precursor is a well-established and applicable
carbon coating method for large-scale production.'®” On the
other hand, fabricating 3D nanostructures with short transport
paths and ordered free space is another effective strategy, such
as nanoarrays, nanonets and nanowire clusters.”'®" For
example, ultrathin CoO nanosheet arrays fabricated via galva-
nostatic electrodeposition achieved a capacity of about
1000 mA h g™' as a LIB anode.' Particularly, microspheres
composing of nanowires which fanned out, were able to relieve
the volume variation stress during cycles, as well as provide
a short ion transport pathway. As another cobalt-based oxide,
pompon-like hierarchical Co;O0, microspheres were able to
show superior Li-storage performance compared with nano-
particles and nanowires, proving great potential in LIB anode
applications.” Therefore, it is reasonable to combine 3D hier-
archical microsphere architecture with carbon coating layer, for
achieving further improved electrochemical performance.

In this work, an urchin-like CoO-C composite structure
with micro/nano hierarchical structure was proposed and
synthesized via a sequential conversion procedure (Scheme 1).
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Scheme 1 The sequential conversion procedure for constructing urchin-like CoO-C micro/nano hierarchical structure: (a) urchin-like cobalt
carbonate hydroxide precursors prepared via one-pot hydrothermal synthesis. (b) Glycosidation of glucose on precursors via second hydro-
thermal synthesis. (c) Final CoO—C prepared after calcination in inert atmosphere. (Left bottom: simulation diagram of the lithium ion battery with

urchin-like CoO-C as the anode).

Specifically, the preparation process included one-pot hydro-
thermal synthesis of urchin-like cobalt carbonate hydroxide
precursors (Scheme 1a), subsequent coating process using gly-
cosidation of glucose via second hydrothermal synthesis, and
final calcination process in inert atmosphere to obtain CoO-C.
The inner radial CoO nanowires can provide a high capacity and
stable Li-storage framework, because of the conversion mech-
anism, short transport paths and ordered free space. Mean-
while, the external amorphous carbon coating layer provides
stabilized electrode/electrolyte interface and enhanced elec-
tronic conduction and also alleviate the volume expansion of
inner active materials during lithiation process. Therefore, such
composite micro/nano hierarchical design was able to effi-
ciently integrate advantages and circumvent drawbacks of the
two different compositions, to form a synergistic Li storage
system.' It's worth noting that using glucose as the thermal
decomposition precursor to fabricate the carbon coating layer is
a low-cost and efficient technique, while other routines may
suffer from a high cost (chemical vapor deposition or magne-
siothermic reduction) or a poor electrochemical interface (ex
situ mixing). When applied in LIB anode materials, benefiting
from its unique compositional and structural characteristics,
this synergistic nanostructured design has great potential in
enhancing the Li-storage capability of transition metal oxides,
especially for high rate charge/discharge.

Experimental
Preparation methods

All of the chemicals were analytical grade and were used without
further purification. During a typical experiment, firstly 20 mmol
of cobalt nitrate hexahydrate (Co(NO;), 6H,0) and 5 mmole of
urea (CO(NH,),) were dissolved in 40 mL of deionized water, and
then the solution was transferred into a 50 mL Teflon-lined
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autoclave. After 5 h of hydrothermal reaction at 180 °C, the ob-
tained hydrothermal products was rinsed by deionized water and
ethanol for several times, and then dried at 80 °C. Subsequently,
0.2 g of above hydrothermal product powders and 2 mmol of
glucose (or 4 mmol for comparison) were heated under 180 °C for
3 h (or 8 h for comparison) to conduct second hydrothermal
process. Finally, after rinsing and drying, products of the second
hydrothermal reaction were calcined at 500 °C for 3 h in nitrogen
atmosphere, to obtain the urchin-like CoO-C micro/nano hier-
archical composite. As a contrast, single CoO microspheres were
prepared under similar reaction system and conditions, except
that the second hydrothermal process was omitted.

Characterizations

Scanning electron microscopy (SEM) and high resolution scan-
ning electron microscope (HRSEM) observations were carried
out on the SU8020 microscope (Hitachi). Energy dispersive
spectroscopy (EDS) analyses were performed using an Oxford
X-MaxN attached to the Hitachi SU8020 at 20.0 kV, with a silicon
slice as the substrate. Transmission electron microscopy (TEM)
and high resolution transmission electron microscope (HRTEM)
observations were performed with the JEM-2100F microscope
(JEOL). Raman spectra were recorded using the LabRAM HR800
514 nm Ar-ion laser (Horiba Jobin-Yvon). X-ray diffraction (XRD)
patterns were recorded using a Bruker D8 Focus X-ray diffrac-
tometer equipped with a Ni-filtered Cu-Ka radiation (1 = 0.15406
nm) source. X-ray photoelectron spectroscopy (XPS) data were
obtained with the ESCALAB 250Xi (Thermo Fisher Scientific)
using a monochromated Al-Ka X-ray source. Thermo gravimetric
(TG) analysis was performed using the STA7200RV (Hitachi
High-Tech), with nitrogen atmosphere and a heating rate of 5 °C
min~'. The specific surface area and pore volume were
measured by the N, adsorption/desorption isotherm method on
a Quadrasorb SI-MP analyzer.

This journal is © The Royal Society of Chemistry 2017
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Electrochemical measurements

Electrochemical measurements were performed at room
temperature using coin-type half-cells. The CoO-C (or CoO),
super P and polyvinylidene fluoride (PVDF) were mixed with
a weight ratio of 80 : 10 : 10 using 1-methyl-2-pyrrolidinone as
the solvent, followed by pasted onto copper foil and dried at
80 °C. The active material mass was determined according to
the weight difference between the electrode piece and bare
copper foil piece. The loading mass for each electrode piece was
about 3.2 mg. Lithium foils were used as counter electrodes.
And Celgard 2400 membranes were used to separate the
working electrode and counter electrode. The electrolyte was
1 mol L " of LiPF, in EC/DEC/DMC mixture (1 : 1 : 1 in weight).
To cycle coin cells, they were discharged to 0.01 V (vs. Li/Li") and
charged to 3.0 V (vs. Li/Li") on the LAND battery testing system.
Cyclic voltammetry (CV) data was recorded on the Autolab
(PGSTAT302N) electrochemical workstation, with a scanning
rate of 0.1 mV s~ and a voltage range of 0.01-3.0 V. Electro-
chemical impedance spectroscopy (EIS) measurements were
carried out on the ACM Gill-AC-4 electrochemical station.

Results and discussion
Morphology characterizations

The morphologies of precursors and final products were inves-
tigated by SEM and HRSEM, to observe the constructing process
of micro/nano hierarchical structure. In Fig. 1a and S1 (ESIT),
cobalt carbonate hydroxide precursors obtained after the first
hydrothermal process exhibited an uniform urchin-like micro-
sphere structure with diameters of 5-10 um. The nanowire basic
units fanned out from the core, exhibiting diameters of 20-40 nm
with relatively smooth surface (Fig. 1b). After second hydro-
thermal and calcination processes, CoO-C microspheres main-
tained a consistent structure with precursors (Fig. 1c and S27).

0

Fig. 1 Product morphologies at various synthesis stages: (a, and b)
urchin-like cobalt carbonate hydroxide precursor microspheres, with
diameters of 5-10 um and relatively smooth surface. (c and d) Final
CoO-C microspheres, their radial nanowire basic units exhibiting
relatively coarse surface. Insets: corresponding simulation diagrams.
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The carbon-coating CoO nanowires acted as basic units to
fabricate into an urchin-like microsphere, forming a unique
micro/nano hierarchical structure. Meanwhile, it was observed
that the radial nanowires exhibited slightly increased diameters
of 30-50 nm, accompanying with relatively coarse surface due to
calcination treatment (Fig. 1d). In addition, a more obvious
carbon coating layer was observed when the glucose amount and
reaction time of the second hydrothermal process were
increased, because of the higher coating amount. However, the
original urchin-like morphology could hardly be maintained,
with the nanowire basic units becoming twisted and coarser
(Fig. S37).

The microstructure of the CoO-C composite microsphere was
further observed by TEM and HRTEM. Fig. 2a and b clearly
demonstrated the unique micro/nano hierarchical structure.
Fig. 2c exhibited the porous structure of the nanowire basic unit,
which might result from the gas releasing during calcination.*
This could provide better access for Li*, and shorten diffusion
paths of Li" and electrons, thus benefiting the rate capability.2-?
In addition, a thin light-color coating layer was observed, which
corresponded to the amorphous carbon coating layer. This might
enable extra interfacial lithium storage, which was favorable to
the energy density of this composite system.*® From the TEM
observations (Fig. 2c and S4t), the thickness of the carbon
coating layer was about 3-6 nm. As shown in the HRTEM image
of an individual CoO-C nanowire (Fig. 2d), two interplanar
spacings of 0.21 and 0.25 nm were clearly observed, which
resulted from CoO (200) and (111) lattice planes respectively,
indicating the polycrystalline nature.**

Compositional and structural characterizations

The thermal behaviour of the precursor (Co(COj3)o5(OH)-
0.11H,0) in nitrogen atmosphere was investigated by TG anal-
ysis (Fig. S5at). It was observed that a major thermal event took
place at around 300 °C during the heating process. The total

Fig. 2 (a and b) TEM images of the CoO-C micro/nano hierarchical
structure. (c) TEM image of the individual nanowire, exhibiting the
porous structure of inner CoO and the thin carbon coating layer. (d)
HRTEM image exhibiting the (200) and (111) lattice planes of CoO.

RSC Adv., 2017, 7, 2637-2643 | 2639
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weight loss is about 28.4% above 300 °C, because of the
decomposition of precursor into CoO, CO, and H,O in the N,
atmosphere. This value is lightly smaller than the theoretical
value (30.5%), which maybe due to partial loss of H,O in the
precursor crystal structure or partial surface oxidation of CoO.
To prove the product composition of EDS element mapping was
carried out and clearly showed the existence of Co, O and C,
confirming the CoO-C configuration profile (Fig. 3). In addi-
tion, basing on the TG data of the CoO-C composite in nitrogen
atmosphere (Fig. S5bt), the weight percentage of carbon
component was less than 5%. It indicated a thin carbon coating
layer, which agreed with the SEM and TEM observations.
Subsequently, the product crystalline structures investi-
gated by XRD at various synthesis stages clearly prove the
successful fabrication of CoO-C. For the precursor, all the
identified peaks can be assigned to pure orthorhombic
Co(CO03)0.5(0OH)-0.11H,0 (JCPDS card no. 48-0083, space
group: P22,2) (Fig. 4a).>® For the XRD pattern of final composite
material, five obvious diffraction peaks coinciding with the
(111), (200), (220), (311) and (222) planes of standard spectrum
of face-centered cubic CoO (JCPDS no. 78-0431, space group:
Fm3m (225)) (Fig. 4b)." The sharp peaks indicated high crys-
tallinity and relatively large crystallite size, which agreed with
above TEM results.>® Meanwhile, the broad peak around 20°
indicated the coating of amorphous carbon Ilayer.'® As
a comparison, the single CoO sample without carbon coating
process showed a similar XRD pattern except for the broad
peak corresponding to carbon (Fig. S61). In addition, the
Raman spectrum in the range of 50-1200 cm™ ' showed two
characteristic peaks of CoO at 190 and 517 cm ™' which could
be attributed to the F,; mode. Meanwhile the other two peaks
at 471 and 678 cm ™' corresponded to the E; and A;; modes,
respectively. (Fig. S7t).° To investigate the porous character-
istic of the CoO-C sample, we show the N, adsorption-
desorption isotherm and pore-size distributions in Fig. 4c and
d, respectively. According to the IUPAC classification, the
shape of the hysteresis loop was ascribed to type H3.>” The
average pore size was about 13 nm, and the mesoporous
urchin-like CoO-O showed a high BET surface area of 76 m* g~ .

Fig. 3 EDS element mapping of the urchin-like CoO-C microsphere,
confirming the existence of Co, O and C.
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Fig. 4 (a and b) XRD patterns of the Co(COsz)gs(OH)-0.11H,O
precursor and CoO-C composite material respectively. (c) N,
adsorption—desorption isotherm and (d) pore-size distribution curve
of the urchin-like CoO-0.

Therefore, it was expected that the as-prepared mesoporous
CoO-O microspheres would possess an excellent Li storage
performance.”®

XPS characterization was used to further clarify chemical
compositions. As shown in Fig. 5a, the full-survey spectrum
clarified the presence of Co, O and C elements, verifying the
successful fabrication of CoO-C. For the Co 2p state, two
characteristic peaks including the Co 2p;, states around
780.0 eV and the Co 2p,/, states around 795.5 eV were observed,
corresponding to the standard CoO composition (Fig. 5b). The
presence of two prominent satellite peaks at 786.4 and 803.0 eV
further suggested the formation of the CoO phase after the
calcination process in inert atmosphere.* Fig. 5¢ displayed the
C 1s peak, which corresponded to the carbon layers in the CoO-
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Fig. 5 (a) Full-survey, (b) Co 2p, (c) C 1s and (d) O 1s states XPS
characterizations of the CoO-O, further evidencing its chemical
compositions.
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C. There were no obvious peaks existed around binding ener-
gies of 281 and 283 eV, indicating that carbon was not doped
into the CoO phase." For the O 1s state, it was obvious that the
O 1s XPS spectra can be deconvoluted into two sub-peaks
(Fig. 5d). The peaks located at 530.0 was assigned to O bond
in CoO crystalline networks, while the other smaller peaks
around 531.8 eV can be assigned to the weakly absorbed surface
hydroxyl and structural water.*

Lithium storage performances

As-prepared urchin-like CoO-C micro/nano hierarchical struc-
tures were evaluated as LIB anode material to investigate its Li-
storage potential. Fig. 6a showed 1%, 30™ and 50™ charge/
discharge voltage vs. capacity curves at a current density of
100 mA g~ ' and a voltage range of 0.01-3.0 V (vs. Li/Li"), which
was consistent with the electrode composition units. A broad
plateau starting around 0.8 V followed by a downward sloping
was observed in the first discharge curve, which shifted to
higher voltage and became less well-defined in the subsequent
cycles. The plateau corresponded to the lithium storage in CoO,
and the slope can mainly be ascribed to the interaction of Co
with the electrolyte to form SEI film.'™*' The lower initial
discharge plateau which differed from subsequent cycles could
be attributed to the irreversible reactions and complex phase
transformation of CoO to Co.”** The initial discharge and
charge capacities was 1207 and 919 mA h g~ '. Being much
higher than the theoretical capacity of 715 mA h g~ for CoO,
the extra discharge capacity was mainly attributed to the elec-
trolyte decomposition process which consumed Li" and formed
the SEI film.** Meanwhile, the irreversible capacity loss of ~300
mA h g~ " was attributed to the incomplete decomposition of SEI

View Article Online
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and Li,O, accompanying with other factors including kinetic
limitations.** However, when compared with usual conversion-
type anodes, the initial coulombic efficiency of 76% was rela-
tively high, mainly owing to the carbon coating layer which
introduce a stabilized electrode/electrolyte interface.”>'* And
well capacity retention was observed in subsequent cycles.

As this metal oxide-carbon synergistic system was expected
to exhibit considerable performance advantages than single-
composition metal oxide anode, therefore special capacity and
cycling stability of the CoO-C microspheres were comprehen-
sively compared with the CoO with similar structure and
without the carbon coating layer, in the voltage range of 0.01 V
to 3.0 Vversus Li/Li". Fig. 6b highlighted that the introduction of
carbon would decrease the special capacity in initial several
cycles, however carbon could efficiently enhance the electrode
capacity retention in subsequent cycles. The CoO-C was able to
maintain a discharge capacity as high as 755 mA h g™, after 100
cycles at a current density of 100 mA g~ ', indicating 80%
retention of second discharge capacity. By contrast, that of the
solely CoO was only 573 mA h g, with only 56% retention of
second discharge capacity. In addition, the CoO-C exhibited
a coulombic efficiency of above 99% except for first several
cycles, being slightly higher than that of the CoO electrode
(Fig. S8at). When the current density was increased to 500 mA
g, the CoO-C still maintained a discharge capacity of
667 mA h g~ after 200 cycles with a high coulombic efficiency
(Fig. 6¢c and S8bt). Meanwhile the solely CoO electrode under-
went an intensified fading, and finally exhibited a discharge
capacity less than half of the capacity of CoO-C. It was found
that the advantage of carbon-coating treatment was more
obvious in higher rate and longer-term cycles. The higher
capacity retention of the CoO-C can be attributed to the

@) ,of (b) (c)
: . 1600} .+ « Co0@C 1600 + o CoO@C
+ 2.5}p _;0"' _ + o CoO _ . CoO
S 50k - o 1200F > 1200}
g < 2
2 15p E goob E goof
< > >
g 1.0} £ £
o 8 400 8 400
S 0.5F @ i @© i
> O O
0.0t A : : 0 . . ) ) 0 . . . )
0 400 800 1200 0 20 60 80 100 0 40 80 120 160 200
Capacity mAh g™ Cycle Number Cycle Number
(d) (e) (f)
1600 } s CoO@C b 1600 = before 10 cycles
-~ N . CoO 1200 « after 10 cycles
© 1200, 100 z O [ .
Z p 200 E 50
P odeseeng, 100 = = 5 800k . .
= 800} . Doy 500 = 1F 4t F‘:’; .
= 1 b= - o
S mAg Sy 1000 £ __3u ook . .
S 400k haosstosed O 2f ond . .
o ... — - .-
st *
. | S opt
0 10 20 30 40 50 0.0 05 1.0 15 20 25 3.0 0 200 400 600 800
Cycle Number Potential vs. (Li*/Li) /V Z'(0)

Fig.6 (a) 1% 30" and 50" charge/discharge curves of the CoO-C at a current density of 100 mA g~ (b) Charge/discharge capacities vs. cycle
numbers of CoO—-C and single CoO at a current density of 100 mA g™, (c) Charge/discharge capacities vs. cycle numbers of two electrodes at
a current density of 500 mA g~*. (d) Discharge capacities vs. cycle numbers of two electrodes at various current densities (mA g~?). (e) First 5
cycles of the CV curves for the CoO-C at a scan rate of 0.1 mV s~ (f) Impedance spectra of the CoO-C electrode before and after 10 cycles.
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fabrication of carbon coating layer on the CoO nanowires,
which buffers the volume variation and enhances the electronic
conduction.

Discharge capacities at various current densities were
further compared. It was observed that capacities of both elec-
trodes decreased monotonically as the rate increased, while the
CoO-C exhibited a much higher capacity at higher rate (Fig. 6d).
When tested at a high rate of 1000 mA g™, the CoO-C micro-
spheres were able to deliver a discharge capacity of nearly 500
mA h g '. This means that the discharge or charge process
could be finished in 30 min, while a capacity over that of the
commercial graphite was achieved. Moreover, when the rate
turned back to 100 mA g™ * finally, the capacity could be retained
at as high as more than 800 mA h g~'. As a comparison, the
solely CoO faced a more dramatic fade with increasing rates,
exhibiting only 350 mA h g~ at 1000 mA g~ .

In order to understand the electrochemical reactions during
lithiation/delithiation process more explicitly, first 5 cycles of
cyclic voltammetry (CV) curves for the CoO-C electrode were
carried out, at a scan rate of 0.1 mV s " and a voltage range of
0.01-3.0 V (Fig. 6e). The profiles were in good agreement with
the Li-storage mechanism for the CoO-based anodes: CoO + 2Li"
+2e~ + Co + Li,0.* There was a sharp peak at 0.5-0.6 V in the
first cathodic scan, which corresponded to reduction of CoO to
Co and irreversible reactions including the formation of the SEI
film.***” From the second cycles, the peak had a positive shift to
about 0.9 V and a decrease of density, which might be owed to
the decreased surface energy of the CoO anode after the initial
lithiation/delithiation process.'* In addition, cathodic peaks at
lower than 0.1 V could be ascribed to the lithiation of carbon.*
Fig. 6f showed the Nyquist impedance plots of the CoO-C
electrode before and after 10 cycles, in which inclined lines at
low frequency and depressed semicircles at high-medium
frequency were ascribed to the lithium diffusion impedance
and charge impedance respectively.”® It exhibited higher
impedance after initial five cycles, which was mainly attributed
to the formation of SEI film.®

Overall, owing to the synergistic effect from the carbon
coating layer, it was observed that Li-storage performance of the
original CoO could be enhanced to a great extent, especially at
high rate condition. Compared with previous studies on cobalt
oxide-based multiple or single component nanostructures
(Table S1, ESIY), this CoO-C composite electrode also exhibited
considerable performance advantages.'*'***%** The strong
potential of CoO-C micro/nano hierarchical structures was
attributed to several factors: (1) CoO served as high capacity Li-
storage framework. (2) The nanowire basic unit provided rapid
axial charge transferring and shortened diffusion path for both
Li" and electrons which benefited the rate capability. (3) The 3D
urchin-structure provided sufficient free space to buffer the
volume variation which benefited the cycling stability. (4) The
carbon coating layer complemented the low conductivity and
volume variation issues for inner hetero-material, thus helped
to obtain good capacity retention and superior performance at
high rate. It also played a significant role like an artificial SEI
layer to introduce stabilized electrode/electrolyte interface,
without which inner active materials would be exhausted more
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intensively after long-term cycles. (5) At the multi-phase inter-
face of this hetero-structure and Co/Li,O interface formed after
the conversion reaction, there existed possible interfacial
lithium storage mechanism which further enhanced the system
energy density.*

Conclusions

In summary, we have designed and constructed urchin-like
CoO-C micro/nano hierarchical structures for efficient Li-
storage, via a sequential transformation route. This prepara-
tion strategy, based on the initial hydrothermal synthesis of
urchin-like cobalt carbonate hydroxide precursor, subsequent
glycosidation of glucose as carbon precursor and final calcina-
tion in inert atmosphere, provided the possibility of fabricating
ideal hetero-nanostructures with targeted properties. CoO basic
units and carbon coating layers were fabricated into a syner-
gistic system, and the energy & power densities of the composite
CoO-C were greatly improved comparing with the single CoO,
exhibiting a capacity as high as 755 mA h g~ " at a rate of 100 mA
¢~ as LIB anode material. We anticipate that this work may
open a low-cost and well-established avenue for the large-scale
production of high performance LIB anodes based on transi-
tion metal oxides.
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