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Oxygen-defective Co3O4 for pseudo-capacitive lithium storage 
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H I G H L I G H T S  

� Oxygen-defective Co3O4 anode was prepared via a facile coordination strategy. 
� Phase and morphology evolution of Co3O4 were revealed by ex-situ characterization. 
� Lithium storage in Co3O4 is dominated by a pseudo-capacitance controlled process.  
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A B S T R A C T   

Transition metal oxide is widely studied type of high-capacity anode material for lithium ion batteries. Herein, 
oxygen-defective cobalt oxide with attractive lithium storage performance is prepared via a two-step strategy. 
Experimental results shows that there is certain amount of oxygen vacancies in Co3O4. Reversible conversion 
between metallic Co and CoO during the charge-discharge process was revealed by ex-situ XRD. Reversible 
morphology evolution is also confirmed by the ex-situ FE-SEM. The oxygen-defective Co3O4 anode shows 
attractive stability and rate performance. It possesses a discharge capacity of 1006 mAh∙g� 1 in the first cycle, 
with a high initial Coulombic efficiency of 73.9%. A reversible capacity of 896 mAh∙g� 1 can be maintained after 
200 cycles at 250 mA g� 1. It could even stably operate at an elevated current density of 5000 mA g� 1 for 500 
times. Further kinetic analysis reveals that pseudo-capacitance plays a dominant role in the lithium storage of 
oxygen-defective Co3O4. Existence of oxygen vacancies could not only facilitate Liþ migration but also enhance 
electric conductivity to a certain extent, resulting in improved lithium storage performance.   

1. Introduction 

The increasing popularity of mobile electrical devices and hybrid 
electric vehicles in recent years has greatly spurred record-breaking 
innovations in energy conversion storage technology. As the most pop
ular energy storage device, lithium ion battery (LIB) has constantly been 
a research hotspot in the previous several decades. Although LIBs 
possess a series of advantages such as attractive cycling stability and 
operating safety, challenges still do exist. For example, energy density of 
LIBs using graphite as anode is going to reach its ceiling [1–3]. In 
addition, the power density of LIBs is far from satisfying as well. Thus, 
improvement in energy density and power density of LIBs is urgently 
needed [4]. Although metallic lithium (Li) anode has recently captured a 
lot attention, the related research is still in its infancy stage. Due to 
ultra-high theoretical lithium storage capacity, alloying-type anodes 
such as silicon (Si), tin oxide (SnO2) and their derivatives have also 

aroused enormous interest. The huge volume expansion ratio, however, 
is an inevitable challenge, which would seriously hinder the cycling 
stability [5]. Although some strategies such as carbon coating, designing 
hollow structures have been put forward to overcome the above issue. 
Generally, this objective could only be realized at the expense of relative 
complicated procedures and low volume energy density [6–10]. 

Recently, some researcher have shifted their focus on conversion 
reaction anodes, which have moderate capacity and volume expansion 
ratio [11–13]. Due to reversible conversion between zero oxidation state 
metallic atom and higher oxidation state metal oxide, conversion 
mechanism anodes have higher lithium storage capacity than interca
lation anodes. In addition, the volume expansion ratio of conversion 
anodes is generally smaller than that of alloying anodes. As a typical 
kind of conversion anode, transition metal oxides (TMOs) have captured 
much attention due to low cost and attractive electrochemical properties 
[14]. Among various TMO anodes, cubic nickel oxide (NiO) and spinel 
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cobalt oxide (Co3O4) have been widely studied. Theoretical lithium 
storage capacity of cubic NiO and spinel Co3O4 is 718 and 890 mAh g� 1, 
which is much higher than that of graphite anode [15,16]. Although NiO 
and Co3O4 have attractive lithium storage capacities, their volume 
expansion could not go unnoticed. In order to alleviate the issue 
mentioned above, various micro/nanostructures of NiO have been 
designed. Nanostructured NiO such as nanoparticle [16–19], nanosheets 
[20–23], nano octahedrons [24] and hollow spheres [25–31] prepared 
by different methods showed attractive electrochemical performance. 
For example, the hollow NiO octahedrons prepared through Kirkendall 
effect by the Park group could have a high reversible capacity of 
1234 mAh g� 1 at 1000 mA g� 1 after 150 cycles [24]. These yolk-shell 
NiO microspheres modified by graphene quantum dots showed supe
rior performance. It could stably cycle for 250 times at 100 mA g� 1 with 
a capacity of 1081 mAh g� 1 [28]. A range of Co3O4 structures such as 
nanowires [32,33], nanoparticles [34–38], nanosheets [39–43], nano
tubes [44–46], hollow dodecahedra [47–49] and hollow spheres 
[50–53] have also been prepared via various methods. The Zhen group 
fabricated Co3O4 nanotube anode via a template-free strategy. Multi
functional Co3O4 nanotube could stably cycle for 50 times at 100 mA g� 1 

with a capacity of 1081 mAh g� 1 [44]. Selecting ZIF-67 as precursor, the 
Mai group prepared yolk-shell Co3O4/C composites with outstanding 
lithium and sodium storage capacity [49]. The composite anode could 
retain a reversible capacity of 1100 mAh g� 1 at 200 mA g� 1 after 120 
cycles. All these examples demonstrated that NiO and Co3O4 could be 
used as promising anode materials for high performance LIBs. 

Metal organic frameworks (MOFs) and their derivatives are two 
important families of functional energy storage and conversion mate
rials. Their high porosity, versatile functionalities, controllable chemical 
compositions and diverse structures offer immense possibilities in the 
search for adequate electrode materials for rechargeable batteries [54]. 
The Kim group reported preparation of NiO nanoparticle via the com
bustion of MOF precursor [15]. The Li group fabricated a unique 
flower-like Co3O4/C hybrid using novel cobalt-based MOFs as precursor 
[38]. The MOF-derived anode possesses a capacity of 671 mAh g� 1 at a 
high current density of 1000 mA g� 1. 

Herein, MOF-derived Co3O4 with certain amount of oxygen va
cancies was prepared via a two-step strategy. The as-prepared oxygen- 
defective Co3O4 anode showed attractive electrochemical performance. 

In addition, pseudo-capacitance was found to make a major contribution 
to the overall lithium storage capacity. The oxygen-defective Co3O4 
demonstrated as a promising anode for high performance LIBs. 

2. Experimental section 

2.1. Preparation of oxygen-defective NiO and Co3O4 

The oxygen-defective NiO and Co3O4 were prepared via an initial 
room temperature incubation and a subsequent thermal treatment in air 
atmosphere. Typically, 10 mmol nickel acetate (Ni(Ac)2∙4H2O) and 
2.0 g hexadecyl trimethyl ammonium bromide (CTAB) was sequently 
dissolved in a 60 mL mixed solution of deionized water and ethanol 
absolute (DI H2O:Eth ¼ 1:1 v:v). Then, a 60 mL mixture of DI H2O and 
Eth (v:v ¼ 1:1) containing 2.0 g trimesic acid (H3BTC) was dropwise 
added into the above solution under magnetic stirring. Light green floc 
was obtained after a 15-min stirring. The mixture was then incubated at 
room temperature for 24 h. After repeated rinse with DI H2O and 
ethanol, a light green filter cake was obtained. The intermediate was 
then vacuum dried at 60 �C for 12 h before thermal treatment. Loading 
in a ceramic boat, the NiO intermediate was annealed at 350 �C for 2 h in 
air, with a ramping rate of 1 �C min� 1. The light green color turned into 
black after annealing. The as-obtained sample was labeled as NiO. And 
Co3O4 was prepared via a similar procedure, in which Ni(Ac)2 was 
replaced with cobalt acetate (Co(Ac)2). These final products were grin
ded into powder for further test and characterization. 

2.2. Characterization 

X-ray diffraction (XRD) patterns were collected on a Rigaku Ultima 
IV Diffractometer with a Cu Kα source. Scanning electronic microscope 
(SEM) images were obtained on a Carl ZEISS SUPRA 55 microscope. 
Transmission electron microscopy (TEM), high resolution transmission 
electronic microscope (HR-TEM) images and element mapping were 
measured on FEI Talaos F200S equipped with an energy dispersive X-ray 
spectrum (EDS) analyzer. X-ray photoelectron spectroscopy (XPS) were 
tested with a PHI-1600 spectrometer with Al Ka radiation. All binding 
energies were referenced to C1s peak at 284.8 eV. 

The content of oxygen vacancies (δ) was measured by the iodimetry 

Fig. 1. Schematic illustration for preparation of NiO and Co3O4 nanosheets.  
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based oxidation-reduction titrations. In a typical process, an accurately 
weighed sample in a 250 mL conical flask was dispersed in 10 mL of KI 
aqueous solution (70 mg mL� 1) under the protection of N2 atmosphere. 
Then 7 mL of HCl solution (6 mol L� 1) and 50 mL of H2O was added to 
the dispersion. A starch indicator and a Na2S2O3 solution with calibra
tion concentration (C) were used to titrate the mixture above. The ox
ygen vacancies (δ) could be calculated according to the following 
equations.  

Co3O4-δ þ (8-2δ)Hþ þ (2-2δ)I� → 3Co2þ þ (4-δ)H2O þ (1-δ)I2            (1)  

(1-δ)I2 þ (2-2δ)S2O3
2- → (1-δ)S4O6

2- þ (2-2δ)I� (2) 

Thus, the molar ratio (n) of Co3O4-δ and S2O3
2- could be calculated as  

n(Co3O4-δ):n(S2O3
2-) ¼ 1:(2-2δ)                                                           (3)  

That is, m:(240.8–16δ) ¼CV/(2-2δ)                                                    (4) 

where, m is the mass of as-measured sample, C is the concentration of 
Na2S2O3 solution, V is the volume of Na2S2O3 consumed in the titration. 

2.3. Electrochemical measurements 

The NiO and Co3O4 were ball-milled into slurry with Super P and 
poly-vinylidene fluoride (PVDF) powder using N-methyl-2-pyrrolidone 

(NMP) as solvent. The mass ratio of active species, conductive agent and 
binder was 6:2:2. The slurry was then coated on copper (Cu) foil with a 
thickness of 50 μm by a thin film applicator. Slurry-coated Cu foil was 
vacuum dried at 60 �C for 12 h and cut into circular discs with a diam
eter of 1.6 cm CR2016 coin cells were assembled in an argon filled glove 
box, with metallic lithium foil as counter electrode and Celgard 2500 
polypropylene membrane as the separator. Lithium hexa
fluorophosphate solution (LiPF6, 1.0 mol L� 1) in a mixture of ethylene 
carbonate, dimethyl carbonate, and ethyl methyl carbonate (EC, DMC, 
EMC v/v/v ¼ 1:1:1) was used as the electrolyte. Galvanostatic discharge- 
charge (GDC) and long-term cycling stability test were performed on 
Neware battery test system within a potential range from 0.01 to 3.0 V 
(vs. Li/Liþ). Cyclic voltammetry (CV) and electrochemical impedance 
spectroscopy (AC-EIS) measurement were carried out on a CHI660E 
electrochemical workstation. AC-EIS curves was measured with a 10 mV 
voltage amplitude in a frequency range of 0.01 Hz–100 kHz. 

3. Results and discussion 

As illustrated in Fig. 1, NiO and Co3O4 nanosheets were prepared via 
a two-step procedure. In the first step, transition metal ions (Ni2þ, Co2þ) 
were evenly dispersed in a mixed solvent in the existence of CTAB as 
surfactant. Addition of H3BTC would trigger an immediate coordinative 
reaction between metal ions and organic ligand. Under the assistance of 

Fig. 2. Characterizations of NiO and Co3O4 by XRD and XPS. (a) XRD patterns of NiO and Co3O4; (b) Survey spectrum of NiO; (c) Survey spectrum of Co3O4 (d)–(f) 
XPS spectra of NiO; (g)–(i) XPS spectra of Co3O4. 
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constant stirring, these ligand units were evenly coordinated with metal 
ions. After a 24-h incubation at room temperature, coordinative in
termediates were obtained. Subsequent thermal treatment in air atmo
sphere would initiate the thermal decomposition of transition metal- 
organic ligand coordinative intermediates. With the conversion of 
organic component into gaseous carbon oxide and dehydration of MOF 
intermediates, the Ni-BTC and Co-BTC were converted into NiO and 
Co3O4, respectively. 

XRD and XPS characterization were applied to determine the 
component of these as-prepared samples. The corresponding XRD pat
terns and XPS spectra were presented in Fig. 2. 

As revealed in Fig. 2a, both the NiO and Co3O4 showed their own 
distinct characteristic diffraction peaks in the scanning range. A series of 
peaks were observed at 37.4, 43.4, 63.2, 75.3 and 79.8� in the XRD 
pattern of NiO, corresponding to the (111), (200), (220), (311) and 
(222) planes of cubic NiO (JCPDS NO. 44-1159). The Co3O4 showed a 
series of peaks well-fitted with the (111), (220), (311), (222), (400), 
(422), (511) and (440) planes of cubic spinel Co3O4 (JCPDS NO. 42- 
1467). Thus, these final samples were determined as NiO and Co3O4 
according to analysis of XRD patterns. Further component analysis of 
NiO and Co3O4 was accomplished by XPS. As displayed in Fig. 2b and c, 
signals of Ni, O, C elements and Co, O, C elements were detected in 
survey spectra of NiO and Co3O4, respectively. For the Ni 2p peaks in 

Table 1 
Oxygen vacancies (δ) in as-prepared samples.  

Sample m (g) C (mol L� 1) V (mL) δ 

NiO 0.0508 0.02 20.3 0.025 
Co3O4 0.0512 0.02 16 0.243  

Fig. 3. FE-SEM images of transition metal-BTC intermediate and their derived metal oxide. (a)–(b) NiO intermediate; (c)–(d) NiO; (e)–(f) Co3O4 intermediate; (g)– 
(h) Co3O4. 
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NiO, peaks at 855.5eV (Ni 2p3/2) and 873.8 eV (Ni 2p1/2) were related to 
Ni2þ, peaks at 853.3 eV (Ni 2p3/2) and 870.7 eV (Ni 2p1/2) were related 
to Ni3þ. Energy separation between the Ni 2p1/2 and Ni 2p3/2 peak was 
measured to be 20.3 eV. The O 1s peaks of NiO shown in Fig. 2e consists 
of an intense peak and an obvious shoulder peak. Further fitting 
revealed that the O 1s spectrum could actually be splitted into a pair of 
peaks. Peak at 529.3 and 531.1 eV is related to the Ni–O bond (lattice 
oxygen reconstructed), and C––O interaction, respectively [24]. The C 1s 
profile can be splitted into three peaks at 284.6, 285.8 and 288.1 eV, 
which could be attributed to graphite-like carbon (C–C), C–OH bond and 
C––O bond, respectively [15]. The Co 2p profile of Co3O4 was shown in 
Fig. 2g, peaks at 781.4 eV (Co 2p3/2) and 797.9 eV (Co 2p1/2) are related 
to Co2þ, peaks at 779.3 eV (Co 2p3/2) and 796.5 eV (Co 2p1/2) are related 
Co3þ [55]. Energy separation between Co 2p1/2 and Co 2p3/2 was 
measured to be about 15.1 eV. The O 1s profile in Co3O4 is obviously 

different from that in NiO, with a weaker shoulder peak at around 
531.5 eV, which is ascribed to defects with low oxygen coordination 
(oxygen vacancy). The other two peaks at 529.6 and 530.3 eV can be 
ascribed to lattice oxygen (Co–O bond) [56]. The appearance of XPS 
peak at 531.5 eV indicates the existence of oxygen vacancy in Co3O4. 
The C 1s profile of Co3O4 shows no obvious difference from that of NiO. 
The XPS spectra analysis indicated both NiO and Co3O4 have certain 
amount of oxygen vacancies in their structure. And the Co3O4 might 
have a higher oxygen vacancy density than the NiO. Previous reports 
have confirmed that oxygen vacancies in metal oxides is beneficial to the 
electrochemical performance [60]. Introduction of oxygen vacancies 
would break charge equilibrium, resulting in formation of a local 
bulit-in electric field. This electric field would alter the charge transfer 
pathway, facilitating lithium ions (Liþ) diffusion and electron transfer in 
electrode [68]. Thus, oxygen-defective NiO and Co3O4 could be used as 

Fig. 4. TEM, SAED and EDS mapping images of the as-prepared samples. (a)–(b) TEM image of NiO; (c) SAED pattern of NiO; (d)–(f) EDS mapping images of NiO; 
(g)–(h) TEM image of Co3O4; (i) SAED pattern of Co3O4; (j)–(l) EDS mapping images of NiO. 
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promising anode materials for LIBs. 
In order to quantitatively study the relative content of oxygen va

cancies, the oxygen non-stoichiometry was measured by iodometry at 
25 �C [57]. Detailed oxygen vacancies (δ) of the NiO and Co3O4 was 
summarized in Table 1, where NiO has a much lower oxygen vacancy 
content than Co3O4. 

Morphology feature of MOF intermediates and their derived metal 

oxides were revealed by FE-SEM. Fig. 3 shows typical morphology of Ni- 
BTC, NiO, Co-BTC and Co3O4. As revealed in Fig. 3a–b, Ni-BTC shows 
rod-like morphology with smooth surface. Average width of these rods 
was measured to be about 250 nm. Some obvious changes in 
morphology could be observed after thermal treatment in air atmo
sphere (See Fig. 3c–d). Surface roughness of NiO is found to be larger 
than the Ni-BTC, as some wrinkles could be found on the surface of NiO. 

Fig. 5. Electrochemical performance tests of NiO and Co3O4 anode. (a) CV curves of NiO at a scan rate of 0.25 mV s� 1; (b) GCD curve of NiO at a current density of 
250 mA g� 1; (c) CV curves of Co3O4 at a scan rate of 0.25 mV s� 1; (d) GCD curve of Co3O4 at a current density of 250 mA g� 1; (e) Rate capabilities of NiO and Co3O4; 
(f) 200-cycle GCD test curves of NiO and Co3O4 anode at a low current density of 250 mA g� 1. 
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The Co-BTC shows a similar rod-like morphology to that of the Ni-BTC. 
The average width of Co-BTC, however, is much larger than Ni-BTC. 
More pronounced change in morphology occurred during the thermal 
treatment of Co-BTC. Surface roughness of Co3O4 is obviously higher 
than that of NiO, as some irregular-shaped pores could be found on the 
Co3O4 surface. Formation of these pores may result from release of gases 
generated by combustion of organic component during the annealing 
process. Sheet-like Co3O4 was found to be constructed by large amount 
of nanoparticles. 

A more detailed structural investigation of NiO and Co3O4 was 
realized by TEM. As shown in Fig. 4a, NiO nanosheets is constructed by 
numerous nanoparticles. Adjacent subunits were densely stacked, 
forming an interconnected network. The HR-TEM image shown in 
Fig. 4b revealed these nanoparticles have an average diameter about 
20 nm. Inter-planar distance of NiO was measured to be about 0.244 nm, 
corresponding to the (311) plane of cubic NiO. Coaxial diffraction rings 
indicated NiO is polycrystalline in nature. From the core to outer shell 
shown in Fig. 4c, diffraction rings corresponding to (111), (200), (220), 
(311) and (222) plane of cubic NiO could be observed. EDS mapping 
images revealed Ni and Co element were evenly distributed in the NiO. It 
is universally accepted that uniform component distribution is beneficial 
to cycling stability due to identical expansion coefficient [58]. The 
Co3O4 nanosheet is made up of nanoparticle units as well. Pore size 
between adjacent units is found to be larger than that in NiO. Average 
distance between adjacent plane is measured to be 0.246 nm, corre
sponding to the (311) plane of cubic spinel Co3O4. The Co3O4 is also 
polycrystalline, as diffraction rings related to (220), (311), (400), (411) 
and (440) plane of cubic Co3O4 could be detected in SAED patterns. 
Uniformly distributed Co and O elements indicated the Co3O4 has a 
homogeneous composition, which enables Co3O4 to be a stable electrode 
material. Detailed element content reports shown in Fig. S1 also 
confirmed existence of oxygen vacancies in NiO and Co3O4. 

Electrochemical performance of NiO and Co3O4 were investigated by 
CV test and GCD test in a potential range from 0.01 to 3.0 V. Fig. 5a 
shows CV curves of the NiO at a scan rate of 0.25 mV s� 1. A pair of 
reduction peaks at 1.05 and 0.5 V were observed in the first cathodic 
scan, which could be attributed to reduction of NiO to metallic Ni and 
formation of solid electrolyte interphase (SEI) film [18]. There are three 
peaks at 1.0, 1.38 and 1.9 V related to oxidation of Ni0 to NiO in the first 
anodic scan. In the following scans, reduction peaks shifted to higher 
potentials while oxidation peaks remained unchanged. As shown in 
Fig. 5b, GCD curves of NiO were featured with clear slopes, which 
indicated the existence of polarization in electrode material [58]. Initial 
CV and GCD curves did not overlap well, which means NiO electrode 
had not get stabilized yet. The Co3O4 showed more pronounced redox 
peaks and charge-discharge plateaus. A strong peak and a weaker 
shoulder peak could be observed in the first cathodic scan. The main 
peak at 0.79 V is acsribed to the reduction of Co3O4 to metallic Co, and 
the shoulder peak at 0.63 V is related to the formation of SEI. The strong 
peak at 2.06 V during the first anodic scan is attributed to oxidation of 
metallic Co to CoO [35]. Reduction peak shifted to 1.10 V in following 
scans, which is generally interpreted as reduction of CoO to metallic Co 
[59–64]. The redox peaks of Co3O4 kept unchanged in following scans, 
indicating good cycling stability. Compared with NiO, the Co3O4 shows 
more pronounced charge/discharge plateaus in the test potential range. 
In order to compare the rate performance of NiO and Co3O4, both anodes 
were tested under various current densities ranging from 250 to 
2000 mA g� 1. As shown in Fig. 5e, Co3O4 showed obviously higher rate 
performance than NiO. Average reversible capacity of the Co3O4 at 250, 
500, 1000 and 2000 mA g� 1 is calculated to be 783, 735, 660 and 
556 mAh g� 1, respectively. Corresponding rate capacity of NiO is 405, 
360, 293, 227 mAh g� 1, which is much lower than Co3O4. Attractive rate 
performance of Co3O4 could be attributed to these following reasons. (1) 
Co3O4 has a higher intrinsic electrical conductivity than NiO; (2) Co3O4 
possesses a higher oxygen vacancy density than NiO, which enables 
Co3O4 enhanced charge transfer. Initial specific discharge and charge 

capacity of Co3O4 and NiO is 1006-744 and 1027-537 mA h g� 1 at 
250 mA g� 1 (See Fig. 5f). Initial coulombic efficiency (ICE) of Co3O4 and 
NiO is calculated to be 73.91% and 52.27%, respectively. Irreversible 
capacity loss (ICL) in the first cycle is believed to originate from the 
formation of SEI film, during which some of Liþions would be irre
versibly consumed [46]. Both Co3O4 and NiO showed initial discharge 
capacity slightly higher than their theoretical value, which may result 
from extra lithium storage at oxygen vacancy sites [60]. After a 
200-cycle GCD test at 250 mA g� 1, Co3O4 could still maintain a high 
capacity of 896 mAh g� 1. The NiO anode showed inferior stability than 
Co3O4, only a reversible capacity of 303 mAh g� 1 could be remained. 

A further comparison of cycling stability was conducted by testing 
the NiO and Co3O4 anodes at higher current densities (See Fig. S2). Both 
NiO and Co3O4 anodes were pre-tested at a current density of 
250 mA g� 1 for 20 cycles before cycling test. As shown in Fig. S2a, the 
Co3O4 anode could reversibly deliver a discharge capacity of 
453 mAh g� 1 at 2000 mA g� 1 after 200 cycles. The corresponding ca
pacity retention of Co3O4 is calculated to be 80.7%. Reversible capacity 
of the NiO anode gradually decreased from 294 to 219 mAh g� 1, with a 
relative low capacity retention of 74.5%. With the increase of current 
density, capacity retention of the electrode would decrease accordingly 
[43]. The Co3O4 anode could maintain a capacity of 250 mAh g� 1 at a 
high current density of 5 A g� 1, with a capacity retention of 68.1%. With 
a lower pristine value of 199 mAh g� 1, reversible capacity of NiO 
gradually went down to 123 mAh g� 1 after 500 cycles. Obviously, the 
Co3O4 has higher cycling stability than the NiO anode. Performance 
comparison tables were presented in Tab S1–S2. 

In order to clarify the Liþ ions storage kinetic of these as-prepared 
anodes, CV curves of NiO and Co3O4 were collected at various scan 
rates. Fig. S3a shows the CV curves of NiO at different scan rates from 
0.25 to 1.50 mV s� 1. As the gradual increase of scan rate, the main 
reduction peak shifted to lower potential while the main oxidation peak 
moved toward the opposite direction. The CV curves of Co3O4 showed 
similar trend to the NiO upon the variation on current density (See 
Fig. S3d). 

Based on the assumption that current (i) obeys a power-law rela
tionship with scan rate (v), as shown in Eq (1) [49]. 

i ¼ avb (5)  

where a is a constant. b value could be obtained from linear relationship 
of log i and log v, as shown in Eq (2). 

log i¼ log aþ b log v (6) 

By plotting log i vs log v, b values of cathodic and anodic peaks could 
be obtained. It is generally accepted that the b value reflects energy 
storage features of electrode materials. There are two well-defined 
conditions: b ¼ 0.5 and b ¼ 1.0. In the case of b ¼ 0.5, electrochemical 
energy was stored via a faradaic intercalation process. In the case of 
b ¼ 1.0, current exhibits a capacitive response [65]. As shown in 
Fig. S3b, b values of cathodic and anodic peaks in NiO were calculated to 
be 0.514 and 0.408, indicating a diffusion dominated Liþ ion storage. 
The b values of Co3O4 were 0.619 and 0.644 in cathodic and anodic scan 
(See Fig. S3e). Both the b value of cathodic and anodic peaks fall in a 
range between 0.5 and 1.0, implying Liþ ions storage in Co3O4 is mainly 
controlled by pseudocapacitive process. Unidentical Liþ ions storage 
kinetics may be a key reason for the difference between cycling stability 
and rate performance of NiO and Co3O4 anode. As pseudocapacitive Liþ

ions storage mainly took place on surface region of electrode, it has 
higher rate performance [67]. Kinetic analysis revealed that pseudoca
pacitive plays a dominant role in lithium storage of Co3O4. 

In order to figure out the contribution ratio of capacitance, rela
tionship in Eq (1) was further divided into two parts corresponding to 
capacitive (k1v) and diffusion-controlled effects (k2v1=2), as follows. 

i¼ k1 þ k2v1=2 (7) 
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where k1 and k2 are constants for a given potential. 
In order to simplify analytical process, Eq (3) was rearranged as 

follows. 

iðVÞ
�

v1=2 ¼ k1v1=2 þ k2 (8) 

By plotting i/v1/2 vs v1/2, k1 is determined as slope, and k2 is deter
mined as intercept; thus capacitive and diffusion contributions can be 
obtained [66]. As scan rate gradually levelled up, an increasing capac
itive contribution ratio could be observed in both NiO and Co3O4. In 
consistence with the kinetic analysis result, Liþ ions storage in the NiO is 
dominated by diffusion controlled process. By contrast, the pseudoca
pacitance plays a dominant role in Liþ ion storage in the Co3O4. Pseu
docapacitive process could contribute a capacity as high as 81.83% of 
the overall capacity at a high scan rate of 1.50 mV s� 1. Thus, superior 
performance of the Co3O4 anode may arise from these following reasons: 
(1) larger pore size between adjacent units could effectively buffer 
volume expansion during lithiation; (2) higher oxygen vacancy density 
could facilitate the charge transfer and provide more active sites for 
pseudocapacitive Liþ ions storage [43]. 

As previously reported, conversion mechanism of spinel Co3O4 has 
been proposed [68,69]. Although some oxygen vacancies were intro
duced into the Co3O4 crystal structure, the overall spinel skeleton 
remained unchanged. Thus, it is anticipated that oxygen-defective 
Co3O4 anode should have analogous lithiation/delithiation process to 
those defect-free Co3O4. Hence, conversion mechanism of the Co3O4 was 
confirmed by ex-situ XRD and ex-situ FE-SEM. The detailed ex-situ XRD 
patterns and FE-SEM images were shown in Fig. 6. 

As shown in Fig. 6a, ex-situ XRD patterns of the Co3O4 anode at 
different charge/discharge states were collected. An obvious diffraction 

Fig. 6. Ex-situ XRD patterns and FE-SEM images of Co3O4 anode at different charge/discharge states during the initial cycle. (a) Ex-situ XRD patterns; (b) Energy 
storage mechanisms of Co3O4 at different charge/discharge states; (c) Ex-situ FE-SEM images at different states. 

Table 2 
Electrochemical lithiation/delithiation process of Co3O4.  

Process Chemical equation Mechanism 

Discharge S1 Co3O4 þ xLiþ þ xe� → LixCo3O4 Intercalation 
S2 LixCo3O4 þ (2-x)Liþ þ (2-x)e� → 3CoO þ Li2O Conversion  

CoO þ 2Liþ þ2e� → Co þ Li2O  
Charge S3 Co þ Li2O → LixCoO þ (2-x)Liþ þ (2-x)e- Inverse 

conversion 
S4 LixCoO → CoO þ xLiþ þxe- De-intercalation  
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peak related to cubic spinel Co3O4 (marked in black cycle) was observed 
on the fresh electrode. Pristine Co3O4 is reduced to CoO when the 
electrode was discharged to 0.8 V, with weaker characteristic peak 
shifted to higher 2θ value. As the lithiation proceed to 0.6 V, diffraction 
peak related to CoO disappeared, while the peak related to metallic Co0 

emerged. When the electrode was further lithiated to 0.01 V, the 
diffraction pattern showed no obvious change. Diffraction peak related 
to CoO re-emerged as electrode was charged back to 2.1 V, indicating 
metallic Co is oxidized into CoO. When the electrode was further deli
thiated to 3.0 V, no signal related to Co3O4 could be detected, while 
diffraction peak of CoO remain unchanged. This phenomenon matched 
with other previous reports, where reduction of Co3O4 to metallic Co is 
irreversible, while conversion between metallic Co and CoO is reversible 
[68,69]. Thus, according to analysis of ex-situ XRD and previous reports, 
a four-stage lithiation/delithion reaction mechanism was put forward. 
As illustrated in Fig. 6b, certain amount of Liþ ions were intercalated 
into Co3O4 in the first stage, forming LixCo3O4 phase with partially 
disordered rocksalt structure [70]. The volume change of electrode 
material is ignorable in this stage due to its intercalation nature. As more 
Liþ ion were inserted into the electrode, incoming Liþ ions would react 
with LixCo3O4 via conversion mechanism to generate CoO and Li2O. The 
CoO would be further reduced to metallic Co at a lower discharge po
tential. The majority of lithium storage capacity and volume expansion 
originate from the second stage of conversion reaction. The subsequent 
delithiation would proceed via an inverse conversion and dein
tercalation mechanism, during which metallic Co would be oxidized into 
CoO. Thus, a detailed four-stage lithiation/delithiation mechanism of 
Co3O4 was presented in Table 2. 

Morphology evolution of the Co3O4 electrode during the first lith
iation delithiation cycle was observed by ex-situ FE-SEM. The enlarged 
ex-situ FE-SEM images could be found in Fig. S5. As shown in Fig. 6c, 
sheet-like Co3O4 could easily be observed on the fresh electrode. Some 
aggregates could be found when the electrode was discharged to 0.8 V. 
Surface of nanosheets were covered with a layer of transparent SEI thin 
film. More aggregates and thicker SEI film could be found as the elec
trode was further lithiated to 0.6 V. When the electrode was discharged 
to 0.01 V, an obvious crack appeared which might originate from the 
lithiation-induced stress. Although the Co3O4 electrode experienced 
large volume expansion, the majority of nanosheets did not break down. 
During the subsequent charge process, these lithiation-induce cracks 
completely disappeared. Sheet-like morphology was found to be 
recovered when the electrode was charged to 2.1 V. Some residual SEI 
thin film could still be observed on the surface of active species. When 
charged to 3.0 V, morphology of the electrode could almost completely 
recovered to its pristine state. Reversible morphology evolution revealed 
by ex-situ FE-SEM confirmed considerable stability of the Co3O4 anode. 

Previous reports have confirmed that the resistance and morphology 
of electrode would change a lot after repeated charge-discharge cycles 
[20]. Thus, in order to investigate the variations on resistance, 

corresponding Nyquist plots of NiO and Co3O4 anode were collected by 
AC-EIS. Typically, Nyquist plots consisted of a semicircle in the 
high-to-middle frequency region and a slope line in low-frequency re
gion [43]. The high frequency semicircle (Rf) is ascribed to SEI layer 
resistance and dielectric relaxation capacitance. The middle frequency 
semicircle (Rct) is related to charger transfer resistance and double-layer 
capacitance. The slope line at low frequency represents Liþ ions diffu
sion process in electrode materials. Fig. 7 shows the Nyquist plots and 
FE-SEM images of the NiO and Co3O4 after 500 cycles. 

As shown in Fig. 7a, fresh NiO anode showed a larger semicircle (Rf) 
than Co3O4 at high frequency region, indicating a higher SEI-related 
resistance. This is in well consistent with the result of GCD test, in 
which the NiO anode had a lower initial Coulombic efficiency. Relative 
small particle size in NiO may trigger more side reaction between NiO 
and the electrolyte, resulting in an excess formation of SEI film. A higher 
instinct electrical conductivity of Co3O4 may also lead to a lower Rct 
than the NiO anode. As revealed by a steeper slope line in low frequency 
region, the Co3O4 is also found to have a lower interfacial diffusion 
resistance than NiO. Comparing with fresh electrodes, both the NiO and 
Co3O4 had significantly lower resistance after a 500-cycle GCD test. 
Sharp decrease in resistance could be attributed to the gradual activa
tion of electrode during repeated charge-discharge cycles [16]. Due to 
improved interfacial contact, value of Rct in NiO and Co3O4 is much 
smaller than their pristine state. Both NiO and Co3O4 could maintain 
their original morphology feature after 500 cycles. Clear boundaries 
between active species and additive agents could not be observed any 
more at the end of cycling test. Disappearance of these boundaries could 
also confirm improvement of interfacial contact, which matches with 
the result revealed by EIS spectra. Some cracks could be observed on the 
NiO, which may originate from stress accumulation during repeated 
cycles. The Co3O4 has a smoother surface than NiO, indicating a higher 
stability. 

4. Conclusion 

In conclusion, oxygen-defective Co3O4 with attractive electro
chemical performance was successfully prepared via a MOF-derived 
strategy. Ex-situ XRD revealed reversible conversion between metallic 
Co0 and CoO during the charge-discharge process. Reversible 
morphology evolution was confirmed by ex-situ FE-SEM. The lithium 
storage capacity of NiO was dominated by a diffusion controlled process, 
while the lithium ions storage in Co3O4 was governed by a pseudo- 
capacitance controlled process. The oxygen-defective Co3O4 demon
strated as a promising anode for LIBs. 
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