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Transition metal oxides (TMOs) have been regarded as promising
anode materials for lithium-ion batteries (LIBs) owing to their high
theoretical capacities, natural abundance, and eco-friendliness.
However, their large volume changes and the thus resulting pulveri-
zation problem, as well as the poor electrical conductivity, have
hindered their practical applications. Design of hollow nanostructures
with simultaneous carbon hybridization has shown great promise to
overcome these drawbacks. Herein, we demonstrate a facile strategy
to fabricate hollow Coz0, nanoparticle-assembled nanofibers with
controllable carbon content via electrospinning and subsequent
annealing. Interestingly, the solid Co nanoparticles encapsulated
within carbon nanofibers convert into hollow CozO,4 counterparts
under ambient oxidation in air, and the carbon content can be easily
adjusted by controlling the annealing temperature/time. When used as
anode materials for LIBs, the hollow CozO,4 nanoparticle-assembled
nanofibers (no carbon left) deliver a high discharge capacity of
14915 mA h g ! after 180 cycles at 200 mA g, demonstrating
superior lithium storage properties. Notably, optimized Cos0,/C
nanofibers with 10 wt% carbon content demonstrate superior cycling
stability, delivering a stable reversible capacity of ~871.5 mA h g~ after
500 cycles at 200 mA g~ . The superior electrochemical performance
of the Coz04(/C) nanofibers could be ascribed to the unique hollow
nanostructure of CoszO,4, the carbon hybridization, and the novel
hierarchical nanoparticle-nanofiber assembly, which could not only
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shorten the lithium diffusion length, but also efficiently buffer the
volumetric changes upon repeated lithiation/delithiation processes.

Lithium-ion batteries (LIBs), as some of the most promising
rechargeable energy storage devices, have been widely used in
portable electronics owing to their low cost, environmental
friendliness, long cycle life, and high energy density.’”® With
continuous technological advancement, LIBs with higher
energy/power densities and longer lifespan are urgently needed,
especially in the fields of electric vehicles and smart-grids.**
Currently, graphite-based anode materials are commercially
dominant owing to their excellent cycling performance, but they
possess a low theoretical capacity of only 372 mA h g%, limiting
their large-scale energy storage applications.*®

Transition metal oxides (TMOs) have been attracting
increasing interest due to their high theoretical specific capac-
ities, natural abundance, and eco-friendliness. As a typical
TMO, Co;0, exhibits a high theoretical capacity of 890 mAh g™*
according to the reversible conversion reaction of Co30, + 8Li" +
8e~ « 3Co + 4Li,0.” However, it suffers from a large volume
expansion/contraction and poor electrical conductivity, which
lead to largely irreversible capacity loss and poor cycling
stability.® In order to alleviate the volume change induced stress
and the thus resulting pulverization problem, rational structure
design of Co;0, is critically important, and nanostructuring has
been suggested as a promising strategy, as it can greatly shorten
the lithium diffusion length, and efficiently facilitate the
electrode/electrolyte interfacial reactions.”** To date, various
nanostructured Coz;O, materials have been prepared and
investigated as LIB anodes, such as nanotubes,*?*'* nano-
wires," nanosheets,"” nanoparticles,"® nanocages, and so
on.”™ To enhance the electrical conductivity, hybridizing
TMOs with carbon-based materials has been widely used. Even
though great advancements have been made through various
strategies, the long-term cycling stability of Co;04-based anodes
is still far from satisfactory and needs further improvement.

This journal is © The Royal Society of Chemistry 2019
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Hollow nanomaterials have attracted considerable attention
owing to their unique structural characteristics (eg., large
specific surface area, high porosity, etc.) and physicochemical
properties (eg., superior chemical and thermal stability, high
reactivity, etc.), and they exhibit promising applications in
catalysis,* sensing,”" and energy storage.>* Especially in LIBs,
a hollow structure can effectively buffer the volumetric
expansion/contraction during the lithiation/delithiation
process, thus improving the electrochemical perfor-
mance.*>?*%*" So far, most hollow nanostructures have been
prepared via a template method or the Kirkendall-diffusion
process in solution phases.”® Recently, solid-to-hollow trans-
formation has been observed under ambient atmosphere in in
situ transmission electron microscopy (TEM) studies.””® For
example, Yu et al. observed the phase/shape evolutions from
solid Ni nanoparticles to hollow NiO nanoparticles under
ambient pressure.* Xia et al. also observed the oxidation of Ni-
Fe bimetallic nanoparticles into hollow oxides via in situ TEM.>®
Herein, we demonstrate the ambient oxidation of solid Co
nanoparticles into hollow Co;04 nanoparticles in electrospun
(carbon) nanofibers, through a facile strategy of electrospinning
and subsequent annealing in air. The novel hierarchical
assembly of hollow Co;0, nanoparticles in a fibrous structure
with controlled carbon content can be readily engineered by
adjusting the oxidation temperature/time. When used as anode
materials for LIBs, the fibrous products exhibited high specific
capacity and superior cycling stability due to their unique
hollow nanostructure, the carbon hybridization, and the novel
hierarchical nanoparticle-nanofiber assembly.
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Fig. 1a schematically illustrates the syntheses of the Co
nanoparticles encapsulated in carbon nanofibers (denoted as
Co@C) and the hollow Co;0, nanoparticle assembled nano-
fibers (denoted as Co;O, nanofibers in short) via electro-
spinning and subsequent annealing. In a typical synthesis,
cobalt(u) acetate (Co(Ac),), dicyandiamide (DCD, C,H,N,), and
polyacrylonitrile (PAN) were used as the Co source, additive and
carbon source, respectively, which were dissolved in N,N-
dimethylformamide (DMF) serving as the electrospinning
precursor solution. Thus the Co(Ac),/DCD/PAN precursor
nanofibers (Fig. S1f) can be easily prepared via a facile elec-
trospinning route. Then, the Co@C nanofibers were obtained
by annealing the electrospun Co(Ac),/DCD/PAN nanofibers at
700 °C under an Ar atmosphere for 2 h. During this step, PAN
was carbonized into carbon, serving as a reducing agent to
reduce Co(Ac), into metallic Co nanoparticles. In the third step
of oxidation of Co@C nanofibers under ambient atmosphere,
the solid Co nanoparticles were converted into hollow Co;0,
nanoparticles under a low annealing temperature in air. Note
that nanosized Co particles with high activity easily burn,
producing higher energy to ignite carbon nanofibers and thus
resulting in the formation of porous Co;0, nanofibers. In the
XRD patterns of Co@C nanofibers, three diffraction peaks
located at 44.2, 51.5, and 75.8° can be well indexed to the (111),
(200), and (220) planes of the cubic Co (JCPDS no. 15-0806),
respectively. However, the three typical peaks belonging to Co
metal completely disappear after annealing in air. Instead, all
diffraction peaks in the Co;0,4 nanofibers can be attributed to
the cubic Co;0, phase (JCPDS no. 43-1003).

(b) ——Co,0,: JCPDS No. 43-1003
—— Co: JCPDS No. 15-0806

Fig.1 (a) Schematic illustration of the synthesis of fibrous CozO4 with a hollow and porous structure from the electrospun Co(Ac),/DCD/PAN
and Co@C nanofibers by annealing under different conditions. (b) XRD patterns of the as-prepared Co@C and CosO4 nanofibers. (c and d) SEM,
(e) TEM and (f) HRTEM images of the as-prepared Co@C nanofibers. (g and h) SEM, (i) TEM and (j) HRTEM images of the as-prepared CozO4

nanofibers.
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The morphological and microstructural characteristics of
the Co@C and Co;0, nanofibers were examined via scanning
electron microscopy (SEM) and transmission electron micros-
copy (TEM) analyses. Fig. 1c and d show the SEM images of the
Co@C nanofibers, which exhibit lengths of tens of micrometers
and an average diameter of around 200 nm. Combined with the
TEM image (Fig. le), it can be apparently observed that
numerous Co nanoparticles are either homogeneously
embedded into the carbon nanofibers or anchored on the
surface regions. As shown in the HRTEM image (Fig. 1f), the
carbon nanofibers show obvious graphitic crystallization, and
the lattice fringes with a d spacing of 0.34 nm correspond to the
(002) plane of hexagonal graphite.**** Besides, the embedded
Co nanoparticles with a size of tens of nanometers show
a lattice spacing of 0.2 nm, which can be indexed to the (111)
reflections of the cubic Co phase (inset of Fig. 1f). After
annealing in air (Fig. 1g-i), the as-prepared Co;0, still shows
a well-preserved fibrous morphology with lengths of several to
tens of micrometers and an average diameter of around 200 nm.
Interestingly, the Co;0, nanofibers are assembled by numerous
smaller nanoparticles with a clear hollow interior (Fig. 1i and j).
As shown in the HRTEM image (Fig. 1j), the lattice fringes with
d spacings of 0.47, 0.28, and 0.24 nm can be well indexed to the
(111), (220), and (311) planes of the Co;0, phase, respectively,
indicating the polycrystalline nature of the hollow Coz;0,
nanoparticles.

Raman spectroscopy and thermogravimetric analysis (TGA)
were performed to trace the carbon evolution. Fig. 2a compares
the Raman spectra of Co@C and Co;O, nanofibers. In the
Raman spectrum of Co@C nanofibers, two apparent peaks at
approximately 1337 and 1596 cm ™" are observed, corresponding
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to the amorphous/defective carbon species (D peak) and the
ordered graphitic carbon species (G peak), respectively. The I,/
I intensity ratio for the Co@C nanofibers was around 1.48,
indicating the disordered carbon structure.** Notably, both
peaks corresponding to the carbon disappear in the Co;0,
nanofibers, indicating the complete combustion of carbon
matrices after annealing in air. Instead, the newly emerged
peaks located at 191.3, 466.1, 511.8 and 674.2 cm™~ ' can be well
assigned to the Fég, Eg, Fﬁg and A;; modes of Coz0,, respectively,
which relate to the expansion and contraction vibration modes
of Co-O bonds.*® In addition, the TGA analysis further confirms
that the carbon was lost after annealing Co@C nanofibers in air.
Interestingly, the TGA curve of Co@C nanofibers shows an
abrupt weight loss at around 275 °C, indicating that the
oxidation of Co into Coz0, is pretty fast. According to the
chemical reaction (inset in Fig. 2b), the carbon content in the
Co@C nanofibers can be calculated to be as high as ~64.0 wt%.
The specific surface area and the pore structures of the Co@C
and Coz;0, nanofibers were investigated using N, adsorption—-
desorption isotherms (Fig. 2¢ and d). The Co@C nanofibers
possess a high specific surface area of 420.5 m*> g~ ' with an
average pore size of 5.6 nm and a pore volume of 0.55 cm® g™ %,
which is beneficial for the oxidation reaction. In contrast, the
Co30, nanofibers show a decreased specific surface area of 63.5
m?® g~ but an increased average pore size of 20.4 nm and a pore
volume of 0.35 cm® g~'. Note that the average pore size is
consistent with the pore size of the hollow Co;0, nanoparticles,
which further confirms the solid-hollow conversion.

The chemical compositions and the chemical states of the
Co@C and Co;0, nanofibers were examined by XPS analysis
(Fig. S27). As shown in Fig. 2e, the core-level Co 2p;/, and 2p3,
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Fig. 2

(@) Raman spectra, (b) TGA curves, (c) N, sorption isotherms, and (d) pore size distribution plots for the Co@C and CozO4 nanofibers. (e

and f) High-resolution XPS spectra of (e) Co 2p and (f) O 1s for the CozO4 nanofibers.
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peaks are clearly observed in the Co 2p spectrum at around
794.7 and 779.5 eV, respectively. Besides, two satellite peaks for
the 2py, and 2p;., levels locate at approximately 804.0 and
788.7 eV, respectively. These peaks are the typical characteris-
tics for Co30,4 nanostructures.* As revealed by the deconvoluted
peaks of Co 2p, both Co®>" and Co®" are present in the Co;0,4
nanofibers (Fig. 2e), and the cobalt content with the Co**
valence state can be roughly estimated as ~37%. Fig. 2f shows
the deconvoluted O 1s XPS spectrum, where three oxygen
contributions can be revealed. The peak at ~529.7 eV is typical
for metal-oxygen bonds, while the peak at ~531.2 eV arises
from oxygen vacancy defects as well as surface adsorbed oxygen
species (eg., uncoordinated lattice oxygen and hydroxyls). The
peak at ~532.9 eV may be ascribed to the physi-/chemisorbed
water at the surface region.**

In order to explore the structural evolution of the solid to
hollow transition in the nanofibers, time/temperature-
dependent experiments were also performed by appropriately
annealing the Co@C nanofibers under ambient atmosphere
(Fig. 3). Interestingly, even when annealing the Co@C nano-
fibers at 300 °C for 15 min (Fig. 3a and b), hollow nanospheres
were produced and embedded within the carbon nanofibers, in
which the carbon content is ~32 wt% (Fig. S31). With increasing
the reaction time, the carbon content decreases gradually as
revealed by the TGA analysis (Fig. S3at), which greatly affects
the lithium storage performance of the resultant products
(Fig. S3b¥). After annealing in air at 300 °C for 3 h, the carbon
content was decreased to ~10 wt%, and the hollow Co;0,
nanoparticles can be clearly observed at the interfacial region
(Fig. 3c and d), which may be related to the sufficient oxygen
contact and the thus resulting fast reaction rate.

The electrochemical properties of the Co@C and Coz;0,
nanofibers as anode materials for LIBs were investigated using
lithium foil as the counter electrode. Fig. 4a shows the first five
cyclic voltammetry (CV) curves of the Co;0, nanofibers at a scan
rate of 0.2 mV s~ * (Fig. S47). In the initial cathodic scan, a weak

Fig. 3 TEM images for the intermediate products obtained by
annealing Co@C nanofibers at 300 °C in air for different time dura-
tions. (a and b) 15 min; (c and d) 3 h.

This journal is © The Royal Society of Chemistry 2019
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reduction peak located at ~1.1 V can be observed, which is
attributed to the formation of intermediate Li,C030, (C0o30, +
xLi" — Li,Co;0,).* Besides, there is also a sharp cathodic peak
observed at ~0.8 V, which is associated with the conversion of
ionic Co to metallic Co (Li,C03;04 + (8 — x)Li" — 3Co + 4Li,0)
and the formation of a solid electrolyte interphase (SEI) film.*®
In the first anodic scan, the peak at around 2.1V is attributed to
the oxidation of metallic Co into Co;0,4, which agrees well with
other Co;04 materials (3Co + 4Li,0 — Co3;0, + 8Li" + 8¢7).” In
addition, from the second CV cycle onward, the cathodic peaks
slightly shift and split into two broad peaks at about 0.95 and
1.15 V, respectively. This may be related to the activation
process and the structure reorganization of the electrode
materials after Li' insertion/extraction in the first cycle.’”
Moreover, the CV curves overlap very well in the subsequent CV
cycles, suggesting the good cycling stability and superior
reversibility during the Li" insertion/extraction processes.

The charge storage mechanism was further studied by CV
analysis, and Fig. 4b shows the CV curves of the Co;0, electrode
at different scan rates ranging from 0.1 to 1.0 mV s . It is
observed that there are two cathodic peaks between 0.95 and
1.31 V at a lower scan rate of 0.1 mV s~ !, which gradually merge
into one broad peak with increasing the scan rate from 0.1 to
1.0 mV s~ ', suggesting the kinetics limitation arising from the
limited relaxation time for a stepwise phase evolution during the
rapid scanning.*® According to the formula i = av” (i is the peak
current and v is the scan rate in a CV curve), the lithium storage
mechanism can be revealed by analyzing the relationship
between the peak current and the scan rate. The value of b relies
on the solvated ion storage mechanism (b = 0.5 means a diffu-
sion-controlled process, while » = 1 means a pseudocapacitive
process).* Fig. 4c shows the corresponding log-log relationship
between the peak current and scan rate with a linear relation, and
the b values for the prominent anodic peak and cathodic peak are
calculated as 0.64 and 0.68, respectively, indicating that the
electrochemical reaction in the Coz;0, electrode is diffusion-
controlled but also with pseudocapacitive behaviors.

Fig. 4d shows the galvanostatic charge-discharge profiles of
the Co30, electrode in the voltage range of 0.01-3.0 V at
200 mA g~ . The initial specific discharge/charge capacities are
1383.3/922.3 mA h g~', with an initial coulombic efficiency
(ICE) of 66.7%, and the irreversible capacity loss of the Co;0,
electrode may mainly result from the formation of the SEI film.
Notably, both the discharge/charge capacities successively
increase with increasing cycle number, which indicates the
gradual activation of the electrode materials. This phenom-
enon is quite common in the transition metal compound-
based anodes as revealed in the previous literature.?**°*?
Such a capacity increase upon cycling can be ascribed to the
successive electrode activation and the thus resulting exposure
of more active sites after repeated lithium insertion/extraction.
Moreover, the in situ generated transition metal nanograins
during the conversion reaction can catalyze the decomposition
of the electrolyte and result in the formation of a polymer/gel-
like film, which can provide additional lithium storage
capacity with the actual capacity far beyond the theoretical

value.****
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Fig. 4 Electrochemical properties of the Co@C and CozO,4 nanofibers. (a) CV curves at 0.2 mV s7%, (b) CV curves of the CozO4 electrode at
different scan rates and (c) the corresponding log—log relationship between the peak current and scan rate. (d) Discharge—charge profiles at
200 mA g~ for the Coz0,4 nanofibers; (e) rate performance at different current densities and (f) cycling performance at 200 mA g~* for Co@C and
Co304 nanofibers. (g) Long-term cycling performance with corresponding coulombic efficiencies of optimized Coz04/C nanofibers obtained by

annealing Co@C nanofibers at 300 °C in air for 3 h.

Fig. 4e compares the rate performance of Co@C and Co;0,
nanofibers at different current densities. The discharge capac-
ities for the Co;0, electrode are 1206.8, 1254.1, 1147.8, 933.6
and 658.6 mA h g~ ' each after 10 cycles at current densities of
100, 200, 500, 1000 and 2000 mA g~ ', respectively, which are
correspondingly higher than those of the Co@C electrode.
When recovering the current density to 100 mA g’l, the Co;0,
electrode even delivers a discharge capacity as high as
~1424.0 mA h g~ ' after additional 20 cycles. Electrochemical
impedance spectroscopy (EIS) analysis reveals that both Co@C
and Coz0, electrodes exhibit a small charge transfer resistance
and high lithium diffusion rate (Fig. S51), which is beneficial for
the high rate capability. Moreover, Fig. 4f displays the cycling
performance of the Co@C and Co;0, electrodes at a current
density of 200 mA g~ . The Co@C and Co;0, electrodes exhibit
reversible specific capacities of ~820.5 and ~1491.5 mA h g*
after 180 cycles, respectively. Note that the theoretical capacity
of Co;0, is widely regarded as 890 mA h g '1*3%%% the

3028 | J. Mater. Chem. A, 2019, 7, 3024-3030

extremely high reversible lithium storage capacity of Co;0,
nanofibers could be attributed to the in situ formation of
a polymer/gel-like film on the transition metal oxide anode,
which provides a high pseudocapacitive capacity contribution
in the low voltage region.***

As shown in Fig. 4f, the discharge/charge capacities of the
Co;0, nanofiber electrode start to decrease in the long-term
cycling after 180 cycles, which may relate to the electrode
pulverization owing to the absence of buffering carbon
matrices, as they were completely combusted when annealing
the Co@C nanofibers at 400 °C. As discussed above, the
carbon matrices can be maintained by lowering the annealing
temperature and shortening the annealing time in air. As
a consequence, an optimized Co;0,/C nanofiber electrode was
obtained by engineering the relative contents of Co;0,4 and C,
which displayed superior cycling stability (Fig. 4g), delivering
a high reversible capacity of ~871.5mA h g~ after 500 cycles
at 200 mA g '. Notably, the reported Co;0,4(/C) nanofiber

This journal is © The Royal Society of Chemistry 2019
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electrodes showed better cycling performance than most of
the previously reported electrodes (Table S17).'»3¢°0->3
Especially, it's worth mentioning that the addition of DCD to
the electrospinning precursor solution plays a vital role in the
microstructures of the Co@C nanofibers (Fig. S61) as well as the
lithium storage performance of the resulting Co;O4 nanofibers.
For comparison, the counterpart Co;O, nanofibers were also
obtained under the same reaction conditions but without the
introduction of DCD (Fig. S71), and they still exhibited the
morphology of hollow Co;0, nanoparticle assembled nanofibers
but with low porosity. When used as an anode for LIBs, the as-
prepared Coz;0O, nanofibers with no DCD introduced also
showed superior cycling/rate performance but with a relatively
lower reversible capacity, delivering a discharge capacity of
~891.0 mA h g~ after 200 cycles at 200 mA g~ (Fig. S87). More
importantly, the current synthetic strategy can be generally
applied to the fabrication of Ni and Ni-Co based hollow oxide
nanoparticle assembled nanofibers (Fig. S9 and 10t), and all of
them showed superior lithium storage performance (Fig. S117).

Conclusions

In summary, we demonstrated the facile synthesis of a novel
hierarchical hybrid nanostructure of hollow Co030,
nanoparticle-assembled nanofibers with controllable carbon
content via electrospinning and subsequent annealing. The
time/temperature-dependent structure evolution experiments
clearly revealed the ambient oxidation of Co nanoparticles
into hollow Co3;0, counterparts, which were hierarchically
assembled in the electrospun (carbon) nanofibers, and the
carbon content can be readily controlled by adjusting the
oxidation temperature/time. When examined as anodes for
LIBs, the hollow Co;0, nanoparticle-assembled nanofibers
with no presence of carbon delivered the highest reversible
capacity of 1491.5 mA h g~ " after 180 cycles at a current density
of 200 mA g, but they showed inferior long-term cycling
stability. Notably, the optimized Co3;0,/C nanofibers with
~10 wt% carbon content exhibited a reversible capacity of
~871.5 mA h g~ " after 500 cycles at 200 mA g™, demonstrating
the excellent long-term cycling stability. Such a superior
lithium storage performance of the Co30,4(/C) nanofibers can
be attributed to their unique multidimensional hierarchical
hybrid structure. The hollow Co;0, nanoparticle assembled
nanofibers with a porous structure and carbon hybridization
can greatly shorten the lithium diffusion length, facilitate
electrolyte/charge transport, and efficiently buffer the volu-
metric expansion and contraction upon repeated lithiation
and delithiation processes. More importantly, the current
strategy can also be applied to the synthesis of other transition
metal (eg., Ni, Ni-Co, etc.) oxides, which is promising for the
design of novel high-performance nanostructured electrode
materials for electrochemical energy storage and conversion
applications.
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