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a b s t r a c t

Poor cyclic stability and low rate capability are two severe stumbling blocks for Co3O4-based anodes due
to the insufficient structural stability of the electrode, difficult access of electrolyte to the electrode
interior as well as dense structure. In this respect, one-dimensional hierarchically porous Co3O4 nanorods
(HP-Co3O4 NR), which are constructed by interconnected nanoparticles, are successfully synthesized via
a facile hydrothermal method following calcination. In the architecture, (i) nanoparticle-decoration is
favorable to shorten the ions and charge diffusion distance, which improve the rate performance; (ii) the
hierarchically porous structure can sufficiently buffer the volume change during the extended cycling,
which is conducive to stable electrode structure and good cyclic stability; (iii) 1D porous nanorods ensure
more exposed active sites and the contact area of the electrolyte/electrode for lithium storage, which
endows the high reversible capacity. As a result, the HP-Co3O4 NR material exhibits high capacity
(628 mAh g�1 at 1 A g�1 after 350 cycles), exceptional rate capability (247 mAh g�1 at 6 A g�1) and long
cycle life (0.068% capacity decay per cycle after 600 cycles at 5 A g�1), simultaneously. Our results
indicate that the one-dimensional hierarchically porous nanoparticle-decorated nanorods structure is
beneficial for improving the cycling and rate performance.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Lithium ion batteries (LIBs) are vital for developing high per-
formance technologies, from consumer electronics, vehicles, to
smart grid scale energy storage [1,2]. Unfortunately, the state-of-
the-art graphite-based LIBs are plagued by low capacity, short
lifespan to meet the specific requirements [3,4]. As a result, well-
designed transition metal oxide, Co3O4, has aroused intensive
research interest as an appealing candidate electrode material for
LIBs because of its higher theory specific capacity (890 mAh g�1 vs.
372 mAh g�1 of conventional graphite) [5e11]. However, like other
transition metal oxides, inferior electrical conductivity and large
volumetric variation during cycling processes always result in
electrode pulverization, which is responsible for the poor rate
performance and capacity fading, thus hamper the practical

applications of Co3O4 as LIBs anode [12,13].
In this regard, considerable attentions have been paid to tackling

these issues. Typical strategy relies on an appropriate structure to
obey the following virtues: (i) sufficient space for volume change,
(ii) effective channel for fast Liþ ion transportation, (iii) high con-
ductivity for electron migration. Based on these considerations, the
combinationwith conductive carbon materials [14e16] and unique
Co3O4 nanostructure construction [17,18] were usually adopted.
Although the introduction of carbon materials can enhance the
conductivity of the electrode and alleviate the volume variation
during the charge/discharge processes, the specific capacity of
Co3O4 would be reduced due to the inactivity of the carbon as well
as the decreasing of mass ratio of Co3O4 in the electrode [19,20].
Furthermore, the incomplete protection of Co3O4 by carbon can
also be correlated to the unsatisfied performance.

As comparison, Co3O4 with unique architecture may be more
attractive. Various nanostructures including one-dimensional (1
D, e.g., nanorods, nanotube, nanowires and nanofibers) [21e24],
two-dimensional (2 D, nanosheets) [17,19], and three-dimensional
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(3 D, nanocubes) [25e28], have been explored to verify the above
assumption. Among them,1D nanostructures drawgreat attention
due to their short diffusion distance for ions/electrons. And they
can also alleviate the strain and accommodate volume expansion
upon the redox reactions, leading to the improved cyclic stability
and rate capacity. For example, Co3O4 nanowires prepared by Li
et al. exhibit 836 mAh g�1 at the current of 200 mA g�1 after three
cycles when adopted as anode for LIBs [24]. Porous Co3O4 nano-
tube has been prepared by using carbon nanotubes [29] or elec-
trospun polyacrylonitrile (PAN) nanofiber [21] as the template,
and the as-obtained samples displayed the reversible capacity of
1200mAh g�1 at a current density of 50 mA g�1 after 20 cycles and
856.4 mAh g�1 at the rate of 0.25 C after 60 cycles, respectively.
The literatures shown above demonstrate that the porous nano-
structure displays better electrochemical performance than that
of the solid one, indicating that hierarchically porous 1D nano-
structure is proposed as an effective structure because of more
electrochemical reaction sites and sufficient ion/electron diffusion
routes as well as effective ability to buffer the volumetric change
[22,30]. However, templates were used during the fabrication
processes in preceding studies which enhanced the intricacy of
the produce. Besides, the specific capacities were recorded at
relatively low current density [11,12,22,31e35] and the rate
capability as well as cyclic performance was limited [30,36e38],
which cannot sufficiently meet the practical requirements.
Therefore, using low cost produce method to design porous 1D
architecture of Co3O4 with high specific capacity and long cycle
life still remains challenge.

Herein, a simple template-freeself-assemblystrategywasadopted
to synthesize hierarchically porous 1D Co3O4 nanorods (HP-Co3O4
NR) by hydrothermal method. The as-prepared HP-Co3O4 NR are
composed of uniformnanorodswith the length of 30e40 mmstacked
by discontinuous nanoparticles with the diameter of 20e50 nm,
which can alleviate the resistance of the lithium diffusion and elec-
trons transport and enhance the contact area between electrode and
electrolyte, thus leading to high reversible capacity and good rate
performance. The hierarchically porous structure is formedmainly by
the release of CO2 and H2O and the decomposition of the precursor,
which can buffer the huge volume change during the repeated con-
version reactions, resulting in long cycling life. Merited by the large
specific surface area and abundant pores, the as-prepared HP-Co3O4
NR delivered excellent rate capability aswell as high specific capacity
(628and412mAhg�1 at thecurrent rateof 1 and5Ag�1 after 350and
600 cycles, respectively). In addition, the influences of reaction time
and NH4F reactant concentration on the morphology, especially on
the pore size distribution, were also investigated.

2. Experimental section

2.1. Materials synthesis

All the regents were purchased and directly used without further
purification. The typical synthetic procedure as shown in Scheme 1,
5 mM of hydrated cobalt nitrate (Co(NO3)2$6H2O), 5 mM of urea
(CO(NH2)2), 2 mM of ammonium fluoride (NH4F) were blended into
75 ml deionized water. After vigorous stirring for half hour, the
resulting solutionwas transferred into a 100ml Teflon-lined stainless
steel autoclave andmaintained at 120 �C for 6h. After cooling to room
temperature naturally, the obtained precipitates were washed with
anhydrous alcohol anddistilledwater several times, and thendried at
60 �C for6h. Finally, theprecursorwasannealed inArat600 �C for2h.
For comparison, a series of reference samples were prepared by
varyingNH4F reactant concentrations, the obtained sample remarked
as 1 mM-Co3O4, 1.5 mM-Co3O4, 2 mM-Co3O4 and 3 mM-Co3O4. In
addition, time-dependent morphological evolution of the HP-Co3O4

NR samples was investigated by collecting samples at different reac-
tion stages (4 h and 8 h), the samples named as 4 h-Co3O4, 6 h-Co3O4
and 8 h-Co3O4. The samples conducted under the condition of 2 mM
NH4Fand 6 hwere donated asHP-Co3O4 NR. The obtained precursors
and products were directly used for material characterizations and
battery performance evaluation.

2.2. Materials characterization

The as-obtained samples were characterized by powder X-ray
diffraction (XRD, D8 Advance), field emission scanning electron
microscopy (FESEM, JSM-7001F) and transmission electron micro-
scope (TEM, JEM-2010), physical adsorption of N2 at 77 K using an
automatic adsorption system (BET, ASAP 2020, Micromeritics), X-
ray photoelectron spectroscopy (XPS, PHI-5700ESCA) and thermal
gravimetric analysis (TGA) system (SDT Q600, TA Instrument).

2.3. Electrochemical measurement

All electrochemical measurements were executed by CR 2016
coin-type cells, which were conducted in an Ar-filled glove box
(<1 ppm of oxygen and water). The cells were composed of
working electrodes, lithium sheet as the counter electrode,
porous polypropylene film as a separator. The working electrodes
were consisted of acetylene black, polyvinylidene fluoride (PVDF)
binder, and active material in a weight ratio of 1:1:8 mixed with
N-methylpyrrolidone, then the mixture was coated on copper foil
current collectors with diameters of ca. 10 mm. Unless otherwise
noted, the specific capacity is calculated based on the total mass
of as-obtained materials. The active mass loading of cell is about
1.3e1.6 mg cm�2. The electrolyte used was 1 M LiPF6 in a 1:1 (V/
V) mixture of ethylene carbonate and dimethyl carbonate with
5 V% fluoroethylene carbonate. The cyclic voltammograms (CV)
was conducted at 0.1 mV s�1, which tested on CHI 660C
(Shanghai Chenhua Co. Ltd., China) within the voltage range of
3.0e0.01 V (vs. Li/Liþ). The cycle life and rate capability tests
were conducted on CT2001A battery program controlling test
system (LAND, Wuhan, China) in voltage window of 0.01e3.0 V
(vs. Li/Liþ).

Scheme 1. The synthetize of HP-Co3O4 NR.
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