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Preparation of Co3O4 electrode materials with 

different microstructures via pseudomorphic 

conversion of Co-based metal-organic frameworks 

Kyung Joo Lee,a‡ Tae-Hee Kim,b‡ Tae Kyung Kim,a Jae Hwa Lee,a Hyun-Kon 
Song,*,b and Hoi Ri Moon*,a  

To develop high-performance nanostructured metal oxide electrodes, it is important to 

understand the structural effects on electrochemical performances. Thus, the preparation of metal 

oxide materials which have well-tailored nanostructures is crucial for the studies. However, while 

the synthetic strategies to control the size of metal oxide nanoparticles are well-developed, the 

control of those higher level structures, namely microstructure, is not established very well. 

Herein, we present the synthesis of two kinds of Co3O4 nanomaterials through pseudomorphic 

conversion that the macroscopic morphologies of parent MOFs such as plate-like and rod-like 

shape were well-maintained. Both Co3O4 nanomaterials are composed of almost identical 10 nm-

sized primary nanocrystals, but those nanoporous secondary structures and macroscopic 

morphologies such as plate and rod shapes are different. Those Co3O4 nanomaterials were 

utilized as an electrode of lithium ion batteries (LIBs), and their electrochemical properties were 

comparatively studied. It was revealed that the different cyclability and rate capability are 

attributed to their different microstructures. Pseudo-monolithic integration of the primary and 

secondary structures at higher level was the governing factor to determine the electrochemical 

performances of the Co3O4. 

 

 

Introduction 

Metal-organic frameworks (MOFs) with diverse structures 

can be synthesized by introducing various building blocks and 

using different conditions.1 Since the structures of MOFs 

govern their intrinsic properties,2 much effort has been made to 

synthesize such materials for applications to gas storage and 

separation,3-4 sensing,5 and catalysis.6 Another emerging 

avenue of MOF research is aimed at utilizing  these materials 

for the synthesis of metal or metal oxide nanomaterials via 

thermolysis.7-11 Ordered metal clusters coordinated by organic 

linkers in MOF crystals can act as useful materials for the 

synthesis of uniformly small-sized and well-dispersed metal or 

metal oxide nanoparticles. Organic linkers not only prevent 

aggregation of nanoparticles during thermolysis, they also 

impart porosity to the resultant nanostructures after their 

removal.  

MOF-derived metal oxide nanocomposites are utilized as 

electrode materials for energy storage and conversion. The Cho 

group reported the use of MIF-88-Fe synthesis as a precursor 

for the synthesis of nanoporous spindle-like α-Fe2O3, which 

functions as an improved electrode material for lithium ion 

batteries (LIBs). This material was composed of 20 nm-sized  

Scheme 1. Scheme of pseudomorphic conversion of Co-MOFs. 

 

primary nanoparticles, resulting in a nanoporous secondary 

structure.9 Ogale et al. synthesized CuO nanostructures from a 

Cu-based MOF under an air atmosphere. The samples, which 

had a highly aggregated particulate morphology of ca. 40 nm 

CuO nanoparticles, displayed good electrochemical 

performances as an anode for LIBs.10 By pyrolyzing 

[Co3(NDC)3(DMF)4]n (NDC= 2,6-naphthalenedicarboxylate; 
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DMF= N,N-dimethylformamide), Xu et al. synthesized 

agglomerated secondary structures with an average diameter of 

around 250 nm, which contained primary Co3O4 nanoparticles 

with a size of about 25 nm. This agglomerated Co3O4 material 

exhibited enhanced capacities and cyclability as an electrode 

material for LIB.11 Examples such as these illustrate that the 

development of metal oxide nanostructures as electrode 

materials for LIBs has largely remained focused on the use of 

primary nanoparticles and their agglomerated particles.  

In addition to the effects of primary nanoparticles and 

secondary structures on electrochemical performances, it is 

worthwhile to investigate tertiary architectures between 10 to 

100 µm as the highest level, which correspond to macroscopic 

shapes. Electric and ionic pathways to redox-active sites of the 

primary particles are determined by the secondary structure.12-15  

Tight integration of the secondary structures is also crucial for 

enhanced charge transfer if other conductive agents are not 

present between the secondary agglomerates. Therefore, an 

important means of maximizing electrochemical performance 

involves the integration of secondary structures, which serves 

to influence tertiary structure. To the best of our knowledge, 

there are no reported comparison studies of metal oxide 

electrode materials having different macroscopic morphologies. 

Proper heat treatment of MOFs leads to pseudomorphic 

conversion with retention of the parent MOF morphology. In 

other words, metal oxide nanostructures composed of the same 

primary particles, but with different secondary or tertiary 

architecture, can be generated via pyrolysis of MOFs. By 

implementing this approach, the synthesis of two different 

MOFs comprising the same building blocks can provide an 

opportunity to study how macroscopic structure affects 

practical application. 

Herein, we report the synthesis of two kinds of Co3O4 

nanomaterials through pseudomorphic conversion wherein the 

macroscopic morphologies of parent MOFs were well-

maintained (Scheme 1). We successfully synthesized both 

plate-shaped ([Co3(BDC)3(DMF)4]n, p-MOF) and rod-shaped 

([Co(BDC)(DMSO)]n, r-MOF) Co-MOFs, which are 

constructed from the same Co2+ ions and 1,4-

benzenedicarboxylate (BDC) ligands. After optimized 

thermolysis, the Co-MOFs were transformed into Co3O4 

materials having plate-like (p-Co3O4) or rod-like (r-Co3O4) 

morphologies, respectively. The electrochemical performances 

of these Co3O4 materials as LIB electrodes were examined with 

the respect to metal oxide microstructure.  

 

Experimental section 

Materials and characterizations 

All chemicals and solvents were of reagent grade and used 

without further purification. Infrared spectra were recorded 

with a ThermoFisher Scientific iS10 FT-IR spectrometer. 

Elemental analyses (for C, H, N, S, and O) were performed 

using a Thermo Scientific Flash 2000 series CHNS/O analyzer.  

Thermogravimetric analysis (TGA) was performed under N2 (g) 

at a scan rate of 5 oC min-1, using a TGA Q50 from TA 

Instruments. Transmission electron microscope (TEM) images 

were obtained with a JEOL JEM-2100F microscope. X-ray 

powder diffraction (XRPD) data of as-synthesized MOFs were 

recorded at the Pohang Accelerator Laboratory, Korea. To 

obtain the XRPD patterns, the well-ground powders of as-

synthesized MOFs were loaded into the capillaries, respectively 

(diameter, 0.3 mm; wall thickness, 0.01 mm). Diffraction data 

were collected at room temperature with detector distance of 

180 mm and 60 s exposures using synchrotron radiation (λ = 

1.20024 Å) on an ADSC Quantum-210 detector at 2D SMC 

with a silicon (111) double-crystal monochromator (DCM). The 

ADS program16 was used for data collection, and the Fit2D17 

program was used to convert a two-dimensional diffraction 

image to a one-dimensional diffraction pattern. X-ray powder 

diffraction (XRPD) data of p-Co3O4 and r-Co3O4 were recorded 

on a Bruker D8 advance diffractometer at 40 kV and 40 mA 

and a Bruker D2 phaser diffractometer at 30 kV and 10 mA for 

Cu Kα (λ = 1.541 Å), with a step size of 0.02° in 2θ. N2 

sorption isotherms of p-Co3O4 and r-Co3O4 were obtained by 

BELSORP-max at 77 K. Prior to the adsorption measurements, 

both samples were evacuated (p < 10-5 mbar) at 200 oC for 6 h. 

The specific surface area was determined in the relative 

pressure range from 0.05 to 0.3 of the Brunauer-Emmett-Teller 

(BET) plot, and the total pore volume was calculated from the 

amount adsorbed at a relative pressure of about 0.98-0.99.  

Single-crystal X-ray crystallography 

Single crystals of p-MOF and r-MOF coated with paratone-N 

oil were mounted on a loop. Diffraction data of p-MOF were 

collected at 100 K with synchrotron radiation (λ = 0.70002 Å) 

on an ADSC Quantum-210 detector at 2D SMC with a 

silicon(111) DCM at the Pohang Accelerator Laboratory, Korea. 

The ADSC Q210 ADX program16 was used for data collection, 

and HKL3000sm (Ver. 703r)18 was used for cell refinement, 

reduction, and absorption correction. Diffraction data of r-MOF 

were collected at 173 K using a Rigaku R-aix Rapid II 

diffractometer (Mo Kα λ= 0.71073 Å), equipped with a 

diffraction camera system and an imaging plate. Full sphere 

data were collected for all crystals, and the raw data were 

processed and scaled using the RapidAuto software suite.19 The 

crystal structures of p-MOF and r-MOF were solved by direct 

methods and refined by full-matrix least-squares refinement 

using the SHELXL-97 computer program20 for p-MOF and 

SHELX-TL (Ver. 2008) program package21 for r-MOF. The 

positions of all non−hydrogen atoms were refined with 

anisotropic displacement factors. The hydrogen atoms were 

positioned geometrically using a riding model. Relevant 

crystallographic data and bond lengths (Å) and angles (°) for p-

MOF and r-MOF are summarized in Table S1-S4. 

Synthesis of plate-shaped Co-MOF ([Co3(BDC)3(DMF)4]n, p-

MOF) 
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H2BDC (29 mg, 0.17 mmol) and adipic acid (37 mg, 0.25 

mmol) were dissolved in DMF (3 mL), and mixed with a DMF 

solution (2 mL) of Co(NO3)2∙6H2O (99 mg, 0.34 mmol). The 

solution was sealed in a glass jar, heated to 100 oC for 24 h, and 

then cooled to room temperature. Purple plate-shaped crystals 

formed, which were filtered and washed briefly with fresh 

DMF. Yield: 51 mg (94% based on H2BDC). Anal. Calcd for 

Co3C36H40N4O16: C, 44.97; H, 4.19; N, 5.83. Found: C, 44.51; 

H, 4.55; N, 6.44. FT-IR (KBr, cm-1): νO-H, 3417(br); νC-

H(aromatic), 3072(w); νC=O(DMF), 1650(s); νO-C=O(carboxylate), 1609, 

1385(s); νC=C(aromatic ring), 1502(w). 

Synthesis of rod-shaped Co-MOF ([Co(BDC)(DMSO)]n, r-MOF) 

Co(NO3)2∙6H2O (99 mg, 0.34 mmol) was dissolved in DMF (2 

mL), and mixed with a DMSO (3 mL) solution of H2BDC (40 

mg, 0.24 mmol). The solution was kept in a glass-jar at 120 oC 

for 24 h, and then cooled to room temperature. Pink rod-shaped 

crystals formed, which were filtered, and washed briefly with 

fresh DMSO. Yield: 44 mg (60% based on H2BDC). Anal. 

Calcd for Co1C10H10S1O5: C, 39.88; H, 3.35; N, 0.00; S, 10.65. 

Found: C, 39.88; H, 3.33; N, 0.06; S, 11.84. FT-IR (KBr, cm-1): 

νO-H, 3431(br); νC-H(aromatic), 3073, 3016(w); νO-C=O(carboxylate), 

1579, 1392(s); νC=C(aromatic ring), 1498(w); νS=O(coordinating DMSO), 

943(s). 

Synthesis of plate-shaped Co3O4 (p-Co3O4) 

As-synthesized p-MOF (1.02 g) was heated at a rate of 5 oC 

min-1 under N2 (g) flow of 50 mL min-1. The material was 

maintained at the target temperature of 440 oC for 12 h. After 

cooling to room temperature, the second heat treatment to 

completely transform into Co3O4 was performed under O2 (g) 

flow of 0.1 L min-1 and heated at a rate of 5 oC min-1. The 

material was maintained at the target temperature of 350 oC for 

1 h. After cooling to room temperature, black solid (0.245 g) 

was obtained. 

Synthesis of rod-shaped Co3O4 (r-Co3O4) 

As-synthesized r-MOF (0.83 g) was heated at a rate of 5 oC 

min-1 under N2 (g)  flow of 50 mL min-1. The material was 

maintained at the target temperature of 500 oC of 1 h. After 

cooling to room temperature, the second heat treatment 

completely transform into Co3O4 was performed under O2 (g)  

flow of 0.1 L min-1 and heated at a rate of 5 oC min-1. After 

reaching the target temperature of 500 oC, the material was 

maintained at that temperature for 1 h. After cooling to room 

temperature, black solid (0.20 g) was obtained. 

Electrochemical measurements 

The electrochemical properties of p-Co3O4 and r-Co3O4 were 

characterized using coin-type cells (CR2032) assembled in an 

Ar-filled glove box. The electrodes were fabricated by mixing 

the cobalt oxide powders (p-Co3O4 or r-Co3O4) with 

polyvinylidene fluoride (PVDF) as a binder and with Super P as 

a conducting agent at a weight ratio of 8:1:1 in N-methyl-2-

pyrrolidinone solvent. The slurry was cast onto Cu foil and then 

dried in a vacuum oven at 120 oC for 2 h. A piece of polyolefin 

membrane, used as a separator was placed between a piece of 

electrode and Li metal, used as a counter electrode. Cell 

assembly is visually described in Fig. S1. A 1 M solution of 

LiPF6 in a mixture of ethylene carbonate (EC) and diethyl 

carbonate (DEC) at 1:1 v/v was used as an electrolyte. All of 

the assembled coin cells were initially lithiated to 0.001 V at 

0.1C and then delithiated up to 3 V at the same rate. The 

conditions for the following galvanostatic lithiation and 

delithiation were indicated in figure captions in electrochemical 

tests for measuring cyclability and rate capability. 1C was 

defined as 890 mA g-1, considering the theoretical capacity 

calculated based on the conversion reaction of Co3O4 into Co 

and LiO2 (890 mAh g-1). 

 

Results and Discussion 

To synthesize two different MOFs composed of the same 

building blocks for the comparative studies, Co2+ and BDC 

ligands were reacted under different conditions. Previous 

reports showed that the solvothermal reaction of Co2+ ions and 

BDC ligands in amide solutions produced mainly the anionic 

MOF structures possessing protonated dimethylamines 

counterions.22-24 The group of Yaghi reported a MOF structure 

composed Co2+ and BDC,25 but the reaction conditions 

employed produced a mixture of products, which required a 

physical separation process in order to obtain a pure phase. In 

the present work, we successfully optimized the synthetic 

conditions for two MOFs composed of Co2+ and BDC ligands 

having either plate-like and rod-like crystal morphologies. 

 

 

Fig. 1 Single-crystal X-ray structure of p-MOF. (a) The SBU of 

the Co3(COO)6 cluster. (b) 2D layered structure of p-MOF. (c) 

3D structure formed by staking of the 2D layers. Colour 

scheme: Co, purple; C, grey; O, red; N, blue. 

Page 3 of 9 Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t



ARTICLE Journal Name 

4 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012 

Fig. 2 Single-crystal X-ray structure of r-MOF. (a) The SBU of 

the Co-O chain. (b) The bc plane of the 3D network, which is 

constructed by association of the SBUs and BDC ligands. 

Colour scheme: Co, pink; C, grey; O, red; S, yellow. 

 

 

The purple plate-shaped MOF (p-MOF) crystals of 

[Co3(BDC)3(DMF)4]n, were synthesized from a DMF solution 

of Co(NO3)2·6H2O and two kinds of ligands, H2BDC and adipic 

acid via a solvothermal reaction. As shown in Fig. 1a and Fig. 

S2, adipic acid was not contained within the structure of p-

MOF, and might instead act as a structure-directing agent for 

the formation of p-MOF. The same reaction performed without 

adipic acid yielded a mixture of purple microcrystals and 

powdery products, which were not appropriate for X-ray 

structural analysis. The p-MOF possesses two 

crystallographically independent cobalt atoms in distorted 

octahedral and distorted trigonal bipyramidal coordination 

geometries. Two 5-coordinate Co2+ ions and one 6-coordinate 

Co2+ ion form a Co3(COO)6 cluster as a secondary building unit 

(SBU) by coordination with BDC ligands. Since two ends of 

the Co3 cluster are terminated by coordinated DMF molecules, 

the SBUs are interconnected by BDC ligands resulting in 2D 

layers extended in the (10-1) plane (Fig. 1b), which are 

infinitely stacked in the [101] direction (Fig. 1c). The X-ray 

powder diffraction (XRPD) pattern of p-MOF showed good 

agreement with the simulated pattern (Fig. S3). In the TGA 

trace of the as-synthesized p-MOF under N2 atmosphere (Fig. 

S4), the four coordinating DMF molecules per formula 

([Co3(BDC)3(DMF)4]n) were removed over the range 80-350 
oC, and decomposition of p-MOF ensued above ~440 oC. 

Rod-shaped MOF (r-MOF) crystals of [Co(BDC)(DMSO)]n 

were prepared by heating a solution of Co(NO3)2·6H2O and 

H2BDC in a mixture of DMF and DMSO at 120 oC. Fig. 2 

shows the crystallographic structure of r-MOF, which has same 

coordination mode as [Co(BDC)(DMF)]n reported by Yaghi 

group, except for the presence of coordinating solvent 

molecules.25 r-MOF has two crystallographically independent 

cobalt atoms in distorted octahedral coordination geometries. 

Each of the Co2+ ions are coordinated by six oxygen atoms, of 

which four are provided by the BDC ligands while two are 

provided by DMSO molecules (Fig. 2a and Fig. S5). The 

infinite metal-ligand coordination generates one-dimensional  

 

Fig. 3 (a) Simulated crystal morphology and crystallographic 

facets of p-MOF, and (b) a SEM image of the actual crystals. (c) 

Simulated crystal morphology and crystallographic facets of r-

MOF, and (d) a SEM image of the actual crystals. 

 

 

Co-O chains along the a axis, which are bridged with four 

neighboring chains by BDC ligands in four different directions 

to form a 3D framework (Fig. 2b). The XRPD pattern of r-

MOF was coincident with the simulated pattern (Fig. S6). In the 

TGA trace of the as-synthesized r-MOF (Fig. S7), the single 

coordinating DMSO molecule per formula unit 

([Co(BDC)(DMSO)]n) is liberated between 250 oC and 330 oC, 

and decomposition of r-MOF occurs above ~500 oC. 

To understand the different crystal shapes of p- and r-MOF, 

their crystal morphologies were simulated using the Bravais-

Friedel-Donnay-Harker (BFDH) model with single crystal X-

ray diffraction data.26 As shown in Fig. 3a, the (10-1) plane of 

p-MOF corresponding to a 2D layer is placed on the board side 

of the crystal, and the layers are stacked in the [101] direction, 

parallel to the thinnest edge of the crystal. Thus, the actual 

crystal morphology of p-MOF shows good agreement with the 

simulation results as evidenced by scanning electron 

microscope (SEM) images (Fig. 3b); due to the weak 

interaction between layers, the plates easily flake off (Fig. 3b, 

inset). In a similar way, the simulated crystal morphology of r-

MOF shows the same rod-type structure as was observed 

experimentally (Figs. 3c and d). The SBU of Co-O chains 

oriented along the a axis run parallel to the longest edge of the 

crystal, resulting in their elongated rod-shape.  

We then investigated the pseudomorphic conversion 

reactions of Co-MOFs into cobalt oxides. Based on the TGA 

results, p-MOF was first heated under N2 (g) flow of 50 mL 

min-1 at 440 oC and maintained at this temperature for 24 h. The 

XRPD pattern of the resultant material enabled our 

identification of its structure as a mixture of cubic cobalt metal 

and cubic cobalt monoxide (CoO), which is coincident with 

JCPDS file Nos. 71-4651 and 65-2902, respectively (Fig. S8). 

To generate cobalt oxide with higher oxidation state, Co3O4,  
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Fig. 4 XRPD patterns of p- and r-Co3O4 and JCPDS file of 

Co3O4 as a reference. 

 

which has a higher theoretical battery capacity of 890 mAh g-1, 

we carried out sequential heat treatments under an oxidizing 

environment.8 The second pyrolysis step under O2 (g) flow of 

0.1 L min-1 at 350 oC for 1 h successfully afforded pure Co3O4 

(Figs. 4 and S8). Similarly, r-MOF was converted to pure phase 

of Co3O4 with an initial heat treatment under N2 (g) flow of 50 

mL min-1 at 500 oC, followed by a second pyrolysis step under 

O2 (g) flow of 0.1 L min-1 at 500 oC for 1 h (Figs. 4 and S9). 

The XRPD patterns of the Co3O4 indicated that the MOF-

driven resultant solids corresponded to the single-phase cubic 

Co3O4 with JCPDS file no. 71-4921. The elemental analysis 

revealed that no organic residue remained within both plate-

shaped and rod-shaped Co3O4 samples. 

The textural properties of p- and r-Co3O4, such as primary 

nanoparticles, second structures, and tertiary architectures were 

carefully investigated by SEM and TEM (Fig. 5). A comparison 

of SEM images depicting tertiary architectures of p- and r-

Co3O4 show the same morphologies as those of the parent 

MOFs, revealing that this process is a pseudomorphic 

conversion (Figs. 3b and d, and Figs. 5a and c). Since organic 

components in MOFs are decomposed and liberated from the 

solid crystals during conversion, cracks on the crystal surfaces 

were observed, but the external plate-like and rod-like 

morphologies remained. High magnification SEM and TEM 

images provide detailed structural information for p-Co3O4 and 

r-Co3O4. As shown in TEM images (Figs. 5b and e), primary 

particles of Co3O4 in both materials are observed as ca. 10 nm-

sized nanocrystals, which are in agreement with the results 

estimated by applying the Debye-Scherrer equation to the (311) 

reflection (diameters of 11 nm for both). Within p-Co3O4 and r-

Co3O4 nearly identical primary particles are agglomerated to 

form the secondary structures (100 to 300 nm), which finally 

construct the macroscopic tertiary architectures (more intimate 

illustration is shown in Fig. S10). As shown in Figs. 5c and f, 

while p-Co3O4 was composed of the secondary particles 

without the integrity between primary particles, the secondary 

particles of r-Co3O4 were monolithically well-integrated or 

connected to each other. In order to assess the porosity of the p-

Co3O4 and r-Co3O4 structures, which is determined by 

secondary and tertiary structures, nitrogen adsorption-

desorption measurements were conducted. As shown in Fig. 

S11, p-Co3O4 and r-Co3O4 showed typical type IV isotherms 

with H3 hysteresis, indicating the presence of mesopores. The 

Brunauer-Emmett-Teller (BET) surface areas for p-Co3O4 and 

r-Co3O4 were 57 m2 g-1 and 12 m2 g-1, and the total pore 

volumes were 0.28 cc g-1 and 0.08 cc g-1, respectively. The 

porosity difference between p- and r-Co3O4 is attributed to 

differing assemblage densities of primary Co3O4 nanocrystals 

as mentioned above. Consequently, compared with r-Co3O4, the 

higher surface area and porosity of p-Co3O4 imply a looser 

packing of nanoparticles in each plate in addition to spacing 

between the stacked plates. The pore size distribution curves 

analysed by the nonlocal density functional theory (NLDFT) 

algorithm also supported these explanations. While mesopores 

in p-Co3O4 are broadly distributed from 2 to 26 nm, r-Co3O4 

possesses narrow pores ranging from 2 to 8 nm.  
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 The dependency of electrochemical characteristics on our 

Co3O4 nanostructures was investigated (Fig. 6). As previously 

mentioned, the structures of our Co3O4 can be interpreted as 

multi-leveled. Primary particles of around 10 nm are similar for 

both p-Co3O4 and r-Co3O4, but in terms of their secondary and 

tertiary architectures, the cobalt oxides showed different 

degrees of assemblage as well as macroscopic shapes such as 

stacked plates or independent rods. Therefore, the 

morphological determinants of electrochemical performance 

can be described in terms of secondary structures and 

macroscopic, tertiary architectures. 

Both cobalt oxides were lithiated by the same 

electrochemistry of the conversion reaction. During the initial 

lithiation caused by the negative potential shift, solvent 

molecules of electrolyte decompose to form a solid electrolyte 

interface (SEI) layer at 1.2 V for both Co3O4 (Figs. 6a and b). 

The conversion reaction of Co3O4 to Co metal embedded in the 

Li2O matrix then proceeded at a well-defined reduction 

potential (1 V), which is responsible for the electrochemically 

reversible capacities. Additional capacities were delivered due 

to the pseudocapacitance of the gel-like polymer films formed 

at the potential-decreasing region after the conversion 

reactions.27 Therefore, capacities of Co3O4 have often been 

overestimated at values larger than the theoretical capacity of 

Co3O4, calculated only on the basis of its conversion reaction 

(890 mAh g-1). During the subsequent delithiation, reverse 

reactions proceed, including pseudocapacitance discharging and 

backward conversion reactions. Size-confined Co metal 

particles catalytically decompose Li2O during the backward 

conversion reaction, forming Co3O4.
28 Therefore, a capacity 

loss is involved between lithiation and delithiation at the first 

cycle due to the irreversible SEI formation reaction. However, 

the reversibility of the conversion reaction is guaranteed after 

the second cycle, showing coulombic efficiency higher than 

95 %. 

 Even if very similar electrochemical behaviors were 

observed during the initial cycles, the measured stability and 

kinetics of p- and r-Co3O4 were significantly different. The p-

Co3O4 showed unstable capacity retention with a capacity 

increase up to the 10th cycle followed by a dramatic decrease up 

to 20th cycle (Fig. 6c). Conversely, its rod-shaped counterpart 

(r-Co3O4) was observed to be much more stable, providing an 

enhanced cyclability (Fig. 6d): ~800 mAh g-1 with r-Co3O4 

versus less than 300 mAh g-1 with p-Co3O4 at the 100th cycle. In 

addition to the cycle stability, the kinetics of the conversion 

reaction of r-Co3O4 was superior to that of p-Co3O4 (Figs. 6e 

and f). The plate-shaped cobalt oxide did not deliver a 

meaningful capacity at discharge rates faster than 2C: less than 

100 mAh g-1 with p-Co3O4 versus ~400 mAh g-1 with r-Co3O4 

at 2C. In terms of capacity recovery after rate-variable tests, the 

rod-shaped oxides were also favored, showing the same 

capacity at 0.1C. 

Difference of cyclability and rate capability is attributed to 

the different architectures at higher levels in p- and r-Co3O4 as 

identified by microscopies and nitrogen sorption studies 

previously (also see Fig. S12). During the conversion reaction, 

gel-like polymers are formed around metal/Li2O nanoparticles. 

The insulating polymer layers could isolate the active mass 

from electric pathways if the oxide particles were not 

interconnected.29 p-Co3O4 is considered to be the case. 

However, the interconnected network of active mass in r-Co3O4 

(pseudo-monolithic structure) prevents the isolation from 
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electric pathways. The importance of the pseudo-monolithic 

integrity for stable and kinetically fast performances is 

supported by other works. Cyclability of nanoparticular metal 

oxides was inferior to that of microsized counterparts.29,30 Lu et 

al. showed that the electrochemical performances, especially 

cyclability, were improved as Co3O4 particles were 

monolithically integrated from a physical agglomerate to nano-

clusters and further macro-porous platelets.31 In addition to the 

reason mentioned above in terms of the primary and secondary 

levels of morphology, there is every possibility that the spacing 

between stacked plates in p-Co3O4 (as the tertiary-level 

structure) provide reaction surface on which the gel-like 

polymer layers are formed during lithiation. A macroscopic 

portion of plates located within the body of stacks could be 

isolated from electric pathways due to development of the 

insulating polymer films because the inner plates are not the 

pseudo-monolithic extension of exterior plates. 

Conclusions 

In conclusion, we successfully synthesized two kinds of Co3O4 

nanomaterials through pseudomorphic conversion of two Co-

based MOFs, which are constructed with same building blocks. 

Both Co3O4 nanomaterials are composed of almost identical 10 

nm-sized primary nanocrystals, but those nanoporous 

secondary structures and macroscopic morphologies such as 

plate and rod shapes are different, respectively. These different 

higher level architectures of Co3O4 were examined by nitrogen 

sorption, TEM, and SEM analyses.  p- and r-Co3O4 materials 

were utilized as an electrode of LIB,  and their electrochemical 

properties were comparatively studied. It was revealed that the 

different cyclability and rate capability is attributed to their 

different microstructures. Present study can provide the idea of 

development of electrode materials in LIBs from the point of 

view of higher level architectures. 
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Pseudomorphic conversion of MOFs resulted in the controlled preparation of Co3O4 nanoparticles with 

different microstructures, which showed different electrochemical properties.
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