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Herein we reported the synthesis and lithium storage performance of mesoporous CozO4 microrod
from a Co-based metal-organic framework (MOF). Firstly, Co-based MOF with rod-shape was
synthesized by a solvothermal method. Secondly, porous Co3zO, microrod was synthesized through
high-temperature thermolysis of Co-based MOF in the air. Pure phase structure and microrod
morphology are investigated through XRD and SEM/TEM analysis. The rod with a length of 1~2 um
and a width of about 100 nm, respectively, was composed of clustered Co3zO4 nanoparticles with sizes
in the range of 20-30 nm. The porous Co30,4 material with micro/nanostructure shows superior lithium
storage performance. The capacity of Cos04 electrode retained 762 mAh g™ after 100 cycles at a rate
of 0.1 A g*. Even when cycled at a current density of 3 A g™, a comparable capacity of 450 mAh g*
could be achieved. The improved electrochemical performance might be attributed to the 1D porous
micro-/nanostructure, which provides a shorter transfer path for Li* and the alleviation of the
mechanical stress induced by volume change during repeated charge-discharge cycles.
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1. INTRODUCTION

Lithium-ion batteries (LIBs) are currently the most promising power source for a wide
application of portable electronic devices [1-2]. Graphite, the commercially used anode materials for
LIBs, is limited by its lower theoretical capacity (372 mAh g*) and is not able to meet the demand of
LIBs that are developing toward higher energy and power density, which in this case can expand
applications in electrical and hybrid electrical vehicles. Cobalt oxide (Co30,), an important member of
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the transitional metal oxide family, is considered to be a promising candidate to substitute conventional
graphite anode for the next generation LIBs due to its high theoretical capacity (892 mAh g™), ease of
fabrication and environmental benignity [3-5]. Upon a charge-discharge process, however, the Co304
substitute suffers from large volume variation and subsequently particle break, which may lead to
capacity fading and poor cycling performance. Additionally, the lower conductivity of Co3O,4 also
causes an added performance degradation, especially to be cycled at a higher current density [6-7]. To
address this problem, one effective way is to synthesize micro/nano hierarchical structures composed
of nanoparticles, which can combine with the advantages of both nanoparticles and micrometer-sized
assemblies [8-10]. Among them, porous microrods assembled by nanoparticles can provide short
diffusion paths for electron/ion transfer, which is favorable to the enhancement of Li storage
performance. Particularly, porous micro-/nanostructures can not only benefit to prevent the
pulverization of active materials, but also can buffer the volume change in the process of charging and
discharging.

Recently, some coordination polymers with metal-organic frameworks (CPs, also named
MOFs) have been selected to generate porous nanostructural materials. For example, highly porous
carbon for supercapacitors was synthesized by using a Zn-based MOFs as sacrificial templates and
carbon precursors [11-12]. Very recently, spindle-like mesoporous a-Fe,O3 for high-rate lithium
batteries was prepared by a two-step calcination of a Fe-MOF (MIL-88) [13]; porous Co3O4 hollow
dodecahedra with excellent lithium storage performance has been fabricated through controllable
calcination of a Co-based MOF [14]. The advantage of MOF as template or precursor is that they can
offer unique metal-organic framework architecture, regular shape and porosity. To date, Co304 with
porous micro/nanostructures such as hollow spheres, nanoneedles, nanosheets and some other specific
morphology have been synthesized through various methods [15-18]. However, there has been limited
success in finding a facile and reliable method for the synthesis of Co30,4 porous microrods with high
specific capacity and high rate performance.

Herein, we report a synthesis of Co30,4 porous microrods composed of uniform nanoparticles
from Co-based MOFs. Firstly, rod-like Co-MOF crystal formulated as
[(CH3)2NH,][Co3(BTC)(HCOO)4(H,0)]-H,O (BTC=1,3,5-benzenetricarboxylate) was synthesized by
a solvothermal method based on reported works [19]. Secondly, mesoporous Co3O4 microrods were
successfully prepared from the Co-based MOF through a one-step solid-state calcination procedure.
This strategy is facile and reproducible. More importantly, when tested as anode material, the porous
Co304 microrod exhibits improved electrochemical performance.

2. EXPERIMENTAL SECTION

All chemicals are commercially available and used without further purification.

2.1 Synthesis of Co-based MOF crystal

Co-based MOF crystals were synthesized by a modified solvothermal method from literature
[19]. CoCl,-6H,0 (0.931 g) and 1,3,5-benzenetricarboxylic acid (HsBTC) (0.274 g) were dissolved in
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mixed solvents including 10 mL H,O and 5 mL DMF and magnetically stirred for 0.5 h. The solution
was then transferred to a 30 mL Teflon-lined stainless steel autoclave, which was heated gradually to
120 °C at a rate of 10 °C h™ and maintained at this temperature for 5 days. After cooling down to room
temperature at a rate of 2 °C h, the product was collected by centrifugation, washed with distilled
water and DMF three times, then dried in a vacuum oven at 60 °C for 12 h.

2.2 Preparation of porous CozO,4 microrod

The resultant Co-based MOF powder was placed in a tube furnace under air gas flow, heated to
550 °C with a heating rate of 4 °C min™, and maintained at this temperature for 2 h. After calcination,
the furnace cooled to room temperature naturally. Finally, the black power of Co304 microrods was
obtained.

2.3 Characterization

The crystal phase of the synthesized samples was characterized with an X-ray powder
diffractometer (Bruker D8 advance) with Cu Ka radiation (A = 1.5406 A). The thermogravimetry (TG)
analysis was performed on a thermogravimetry analyzer (NETZSCH STA 409) under an air flow at 10
°C min™ from 50 to 800 °C. An X-ray photoelectron spectrum was taken on an Amicus X-ray
photoelectron spectrometer using an Al Ka X-ray as excitation source and choosing C 1s (284.6 eV) as
the reference line. The morphology and composition of the samples was studied by a field emission
scanning electron microscope (FESEM, Hitachi S4800) and transmission electron microscopy with an
accelerating voltage of 200 kV (TEM, JEOL JEM-2100), respectively. Energy-dispersive spectroscopy
(EDS) analysis was taken by the energy dispersive X-ray spectrophotometre attached to the Hitachi
S4800. The nitrogen adsorption/desorption isotherm were measured with an ASAP 2010
(Micromeritics Instruments) surface area and pore size analyzer.

2.4 Electrochemical Measurements

Electrochemical measurements were carried out at room temperature on a coin-type half-cell
configuration. The working electrode was prepared by the slurry coating procedure. The working
electrodes were prepared by mixing 70 wt% active material, 20 wt% carbon black, and 10 wt% PVDF
in N-methyl pyrrolidinone (NMP). The slurries were then spread uniformly on a Cu foil current
collector and dried under vacuum at 110 °C for 12 h. Test cells were assembled in an argon-filled
glove box using Li foil as the counter and reference electrode and polypropylene (PP) film as a
separator. 1 mol L™ LiPFs solution in a 1:1 (V:V) mixture of ethylene carbonate (EC) and dimethyl
carbonate (DMC) was used as an electrolyte. The coin cells were tested on a LAND CT2001A
multichannel battery test system with a galvanostatic charge and discharge range between 0.01 and 3 V
(vs Li/Li*). The CV measurements were carried out with a scan rate of 0.1 mV s and recorded on an
electrochemical workstation (CHI660C).
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3. RESULTS AND DISCUSSION

The schematic illustration for the synthesis of porous Co3O,4 microrods is shown in Scheme. 1.
First, the Co-MOF with rod-like morphology was synthesized by coordination of Co*" with HsBTC
under the solvothermal condition. A subsequent one-step thermal conversion process of the prepared
Co-MOF precursor directly results in the formation of porous Co3O4 microrods.
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Scheme 1. Schematic illustration for the synthesis of porous CozO,4 microrods based on Co-based
MOF
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Figure 1. FESEM image (a), experimental with simulated PXRD patterns (b) and TG curve (c) of as-
synthesized Co-MOF, (d) PXRD pattern of as-prepared CosO,4 microrods
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The formation of a rod-like Co-MOF was confirmed by the FESEM and PXRD, as shown in
Fig. 1. The size and morphological features of as-prepared Co-MOF were investigated by field-
emission scanning electron mircoscopy (FESEM). It can be clearly seen from Fig. 1(a) that the as-
synthesized Co-MOF predominantly consists of uniform microrods with their typical size in the range
of 1-2 um in length and 100-300 nm in width. Fig. 1(b) presents the power XRD pattern of the Co-
based MOF and its simulated results, which was obtained with data analysis tool Mercury based on the
crystallographic data of CCDC No. 724747. All the diffraction peaks of the synthesized Co-based
MOF in the 26 range of 5-70° match well with the simulated pattern. This result indicates that the Co-
MOF synthesized here is identical with reported work [19]. The thermal stability of the as-synthesized
Co-MOF was investigated by thermogravimetric analysis (TGA) under temperatures ranging from 50
to 800 °C (Fig. 1(c)). The resulting TGA curve was comprised of two main thermal events: firstly, the
initial weight loss of about 10.9 % up to 220 °C mainly due to the elimination of free (CH3),NH, and
water molecules. The observed values match well with the calculated value (10.48%). Secondly, the
weight loss of about 51.6 % occurred from 220 °C to 500 °C, which is attributed to the decomposition
of metal-organic framework and the formation of Co3O,4. On the basis of performed TGA results, the
resultant Co30,4 materials could be synthesized by one-step calcination process for the as-synthesized
Co-MOF at 550 °C. To verify the crystal structure and phase purity of the decomposed product, its
powder XRD pattern was examined and the result was shown in Fig. 1(d). All the diffraction peaks can
be indexed to a pure phase spinel Co3O,4 with a face-centered cubic structure (JCPDS card No. 43-
1003, space group: Fd3m, lattice constant a = 8.084 A). No other peaks of impurities were observed,
suggesting that the product is of high purity.

780.1 eV (Co 2p,) N
1(a) 1(b) £ o
i 8&
3 7953 ¢V (Co2p,) 2
s &
2 £z
172} 177}
g > 2
= = o)
g
(2]
3 3 5
770 780 790 800 810 0 200 400 600 800 1000
Binding Energy (eV) Binding Energy (eV)

Figure 2. Co 2p (a) and wide scan (b) XPS spectra of Co304 microrod

Further evidence on the purity and composition of the Co304 sample was investigated by X-ray
photoelectron spectroscopy (XPS). The binding energies obtained in the XPS analysis were calibrated
for specimen charging by referencing the C 1s peak to 284.80 eV. Fig. 2(a) shows the spectra of Co 2p
of the sample, and two peaks centered at 780.1 and 795.3 eV, corresponding to the Co 2psz;, and Co
2p12. The gap between the peaks is about 15.2 eV (spin orbit splitting), which also correspond to the
standard Co30, spectra. The peaks at 284.8, 530.2, 782.6, 780.8, and 796 eV in Fig. 2(b) are indexed
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to characteristic peaks of C 1s, O 1s, Co 2pzs3, and Co 2py,. The major peak of O 1s observed in Fig.
(2b) is 530.2 eV, which also corresponds to the standard Co3O4 spectra.

Fig. 3(a) and 3(b) shows the panoramic view of obtained Co3zO, products from different
magnified FESEM images. It demonstrates that the microrod shape of precursor does not change after
calcination. The Co30,4 products still retain the rod-like morphology of the Co-MOF crystals.
However, the size is reduced due to the removal of organic moieties during the pyrolysis process.
Additionally, the images reveal that the surfaces of Co3;0,4 nanorods are extraordinary rough compared
to the precursor because of the large amount of weight loss. Meanwhile, the energy dispersive
spectroscopy (EDS) analysis results shown in Fig. 3(c) suggest that only Co and O components are
present (Au, C and Si came from the conductive glue and the substrate of silicon chip). More details of
the microstructure are investigated by TEM images (Figure 3(d) and 3(e)).

Figure 3. FESEM images (a), (b), EDS spectrum (c), TEM images (d), (), HRTEM images (f), (9),
and SAED pattern (h) of Co3O4 microrods
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The results indicate that the Co3O4 microrods are composed of numerous nanoparticles with a
size in the range of 20-30 nm. The microrods have rough surfaces and form porous networks due to the
interconnection of nanoparticles, which are in accordance with the SEM observation. The length of
each rod is estimated to be 1~2 um with a diameter of approximately 200 nm. Both the small
nanoparticles and the pores are critical to the enhanced electrochemical performance of this material,
and will be further discussed later. It is common that carbonaceous species in the MOF structure
transform to amorphous carbon in the process of thermal treatment, which may as well contribute to
the electrochemical performance. For the inspection of carbon residual in the CozO4 microrod, high-
resolution TEM images (Fig. 3(f) and 3(g)) were taken near the rod edge of Co30,4 samples. It can be
seen that there is no obvious amorphous carbon layer was found in the sample. Furthermore, selected
area electron diffraction (SAED) pattern for the sample reveals good crystallinity nature of Coz0,
nanostructure (Fig. 3(h)). The results further confirm the as-synthesized product is pure cobalt oxide.
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Figure 4. Nitrogen adsorption/desorption isotherms of Co30,4 nanorods and corresponding BJH size
distribution plots (inset)

To evaluate the porous nature of CosO, micro-/nanostructure, nitrogen isothermal
absorption/desorption measurements were carried out. The N, absorption/desorption isotherms and the
corresponding Barrett-Joyner-Halenda (BJH) pore size distribution plot is shown in Fig. 4. The
isotherm curves exhibit a typical type IV with a hysteresis loop at a relative pressure of 0.42-1.0,
representing the mesoporous structure. The generation of these pores could be ascribed to the
successive release and loss of CO, and H,O during the thermal decomposition of precursors. The BET
specific surface area of the Co304 microrods was measured to be 23.78 m? g and the average pore
size is measured to be around 13 nm.
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To explore the advantages of the porous CosO4 microrods, we studied their electrochemical
properties as anode material for LIBs. Firstly, we performed the initial three consecutive cyclic
voltammetry (CV) curves of the CosO, electrode at a scan rate of 0.1 mV s, as shown in Fig. 5(a). In
the first cathodic scan, there was an intense reduction peak located at 0.9 V, corresponding to the
initial reduction of Co3O, to metallic Co accompanying the formation of amorphous Li,O.
Additionally, another weak peak appears at about 1.2 V, which is due to the formation of solid
electrolyte interphase (SEI) film and the associated electrolyte decomposition [20-22]. Meanwhile, in
the first anodic scan, a broad peak was located at about 2.1 V, which is ascribed to the oxidation of
metallic Co to Co3O,4 and the decomposition of Li,O. From the second cycle, the reduction peak shifts
to a higher potential of about 1.13 V, while there is not much deviation in the oxidation peak position.
The well-overlapped curves of the successive cycles indicate a good reversibility of electrochemical
reactions. The reversible electrochemical reaction can be summarized as follows:

Co304 + 8Li" + 8¢ 24Li,0 + 3Co 1)

Fig. 5(b) shows the initial three charge-discharge voltage curves at a current density of 100 mA
g™ with a voltage of 0.01-3.0 V, which is consistent with typical charge-discharge voltage curves of
Co304. The initial discharge and charge capacities are found to be 1307.8 and 1031 mAh g*,
respectively, leading to a relative low irreversible capacity loss of 21.2%. The irreversible capacity loss
of 276.8 mAh g is noted during the first cycle, which parallels CV measurements. The columbic
efficiency of first cycle is 78.8%, which is higher than those recently reported by others [18,23-24].
The phenomenon of irreversible capacity loss is normal for the conversion type anode materials and
the reasons are mainly ascribed to irreversible Li consummation originating from inevitable formation
of SEI film at the electrolyte interface and decomposition of electrolytes [25-26].
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Figure 5. CV curves (a), charge-discharge curves (b), cycling life (c), and rate capabilities of prepared
Co30y electrode (d)
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The discharge capacity versus cycle number of the Co304 electrode at a current density of 100
mA g* is shown in Fig. 5(c). The initial discharge capacity is 1347.4 mAh g™*. During the subsequent
10 cycles, the capacity of the electrode experiences a gradual rise, which could be attributed to the
reversible formation of a gel-like layer by electrolyte decomposition at low potentials or further
lithium storage as a result of interface reaction in the process of activation and stabilization of the
electrode [27-28]. After these cycles, the capacity gradually levels off and keeps much more stable.
The columbic efficiency can be steadily maintained at 95%. At the end of 100 cycles, a stable capacity
of about 762 mAh g™ can be retained, which is much higher than that of the commercial graphite
anodes (372 mAh g*) and those of reported CosO, nanostructures [29-31]. The improved reversible
specific capacity and the superior cycle performance of the Co30,4 electrode may be attributed to the
mesoporous micro-/nanostructure of CosO, nanorods, since their interior space can alleviate the
mechanical stress induced by the volume change during the electrochemical reaction, thus leading to a
high efficiency of the lithiation and delithiation process.

In addition to high specific capacity and excellent cyclability, the rate capability is also one of
the most important factors for practical application of electrode materials. Fig. 5(d) compares the rate
capabilities (at various densities from 0.1 A g™* to 3 A g™*) of the Co30, electrode. It can be found that
the discharge and charge capacities remain stable and decrease regularly with an increased rate. This
decrease could be mainly attributed to less participation of the active material as only the surface of the
active material is involved in the electrochemical reaction [32]. The discharge reversible capacities at
0.1,0.2, 0.5 and 1 A-g" are about 1307.8, 1016.2, 920.9 and 800.9 mAh g™, respectively. Even at a
high current density of 3 A g™, the discharge capacity of 450 mAh g™ was still retained, implying the
excellent rate capability of the Co3O4 electrode. Interestingly, when the current density is decreased
from 3 A gt to 0.1 A g™, the discharge capacity can be recovered to about 1009.7 mAh g, which
reveals that the porous CosO, microrod electrode has excellent electrochemical reversibility and
structural stability.

We believe that the excellent electrochemical performance is strongly related to the unique
micro-/nanostructure of porous CozO4 microrods with a variety of favorable features. First, the 1D
structure of Coz04 microrods ensures fast electronic transport and provides shorter pathways for Li*
ions insertion/extraction, which enhances the reaction kinetics of Co30, at different rates. Second,
nanocrystals could provide more grain boundaries for lithium insertion, which is favorable to obtain an
ultrahigh reversible capacity [33]. Third, the porous structures could enhance the contact area between
the electrode and electrolyte, allowing better penetration of the electrolyte, and accommodate the large
volume change induced by lithium insertion/extraction, thereby enhancing the cycling stability.

4. CONCLUSION

In summary, porous CozO,4 microrods have been synthesized through a facile thermolysis route
from MOFs, which involves the synthesis of Co-based MOF with rod-like morphology by a
solvothermal method and subsequent thermal treatment. Benefiting from their unique structural
features, the porous CosO4 microrods exhibit high lithium storage capacities and excellent cycling
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performance when used as anode materials for LIBs. It delivers a reversible capacity of 762 mAh g™ at
a current density of 100 mA g™ after 100 cycles; the cycling reversible capacity can keep 450 mAh g*
even at a high current density of 3 A g™. Significantly, the facile solid-state thermolysis route from
MOF precursor can be easily extended to other porous metal oxides materials with well-defined
morphologies and structures, which may hold great promise for the construction of advanced
electrodes in energy storage and conversion.
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