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Bulk, surface and Li adsorbed models calculated by density functional theory (DFT)

1. Bulk models

To further discover why reaction pathway changes under different particle size, density-

functional theory (DFT) calculations are performed. Because reaction pathways of both Co3O4 

MPs and Co3O4 NPs obeserved by in situ XRD analyses on Figure 1 contain LiCo3O4 phase 

(intercalation phase), we study the conversion reaction after LiCo3O4 phase depending on 

different particle size and employed the atomic structure of LiCo3O4 from the Materials Project, 

not Co3O4 spinel structure. According to a previous study [36], octahedral interstial sites of 

Co3O4 spinel should be occupied by Co ions when the Li ions inserted and the Li intercalated 

Co3O4 structure be tetralgonal rocksalt (Space group: Cmmm) that has lattice constant, a and b 

are 8.362 Å and c is 8.746 Å. 

2. Surface models

Because this strucuture is composed of Li+ and Co3+ layer and Co2+ layer which is 

anisotropic along c-axis, the cleaved surface plane can be 5 types of planes: (001), (100), (110), 

(101) and (111). We determined the representitive surface model as the most stable (001) plane, 

Li-O-Co termination and thickness of nine layers converged by surface energy as function of 

the number of layers (Figure S15). The surface energy,  was calculated by following equation, 𝛾

𝛾 =
1

2𝐴[𝐸 𝑠𝑙𝑎𝑏
𝐿𝑖𝑥𝐶𝑜𝑦𝑂𝑧

‒
𝑁𝐶𝑜

3
𝐸 𝑏𝑢𝑙𝑘

𝐿𝑖𝐶𝑜3𝑂4
‒ (𝑁𝑂 ‒

4
3

𝑁𝐶𝑜)𝜇𝑂 ‒ (𝑁𝐿𝑖 ‒
1
3

𝑁𝐶𝑜)𝜇𝐿𝑖]
where and  are the total energy of slab and bulk;  is the surface area; and 
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are the number of atoms and the chemical potential of i species respectively. The surface 𝜇𝑖 

model consists of 36 atoms and 16.895 Å and vacuum was inserted more than 26 Å to avoid 



overlap between periodic images. The structures was relaxed by fixing center layer to consider 

bulk region.We then studied the structural and electrochemical properties of LiCo3O4 upon the 

lithiation process after intercalation step, starting from one Li atom adsorped on LiCo3O4 (001) 

surface. We empolyed the surface model including 80 atoms which was enlarged from 17.483 

Å2 to 69.930 Å2 surface area to avoid too high concentration of adsorbed ion density and 

removed four layers in bottom to reduce the computational cost. 

3. Li-adsorbed models

Then we found 8 kinds of Li adsorption sites in the supercell that can be classified by top 

(T1, T2, T3), bridge (B1, B2) and hollow (H1, H2, H3) sites (Figure S16). The adsorption 

structures was relaxed by using DFT energy and the adsorption energy was calculated by 

following equation (Table S2).As a result, Li ion located on bridge sites (B1 and B2) moves to 

hollow site (H2 and H1) respectively resulting that the bridge site is unstable and Li ion can 

not stay in there. On the other hands, the adsorption of Li ion on LiCo3O4 surface is favorable 

because adsorption energy of top and hollow sites are negative. Especially, the hollow sites are 

most stable and should be occupied first when Li ion adsorbed.

To describe high concentration of Li ion adsorption, we reduced cell size to 36 atoms 

allocated in 17.48 Å2 surface area and the adsorbed structure was relaxed by fixing bottom 

layer to be considered as bulk resulting in lithiated Co3O4 (001) structure (Fig. 3d)
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Fig.S1 Low magnification SEM image of Co3O4 NISP. 



Fig. S2. XRD pattern of Co3O4 NISP, acquired from first pattern of in situ XRD experiment. 

Note that strong peak in 43.3 degree is from Cu foil. 
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Fig. S3 (a) Nitrogen adsorption-desorption isotherms and (b) pore size distribution graph of 

Co3O4 NISP.  



Fig. S4. Schematic illustration of in situ XRD experiment. 

 



 

Fig. S5. In situ XRD patterns Co3O4 NISP in range of 10 to 55 degree. 



Fig. S6. (a) HAADF-STEM image of Co3O4 NISP at 100% of SOC. (b) EELS spectrum from 

the surface of Co3O4 NISP. The ratio between L3 and L2 was 3.36, indicating Co0+. (c) EELS 

spectrum from inner part of Co3O4 NISP. The ratio was 2.54, indicating 1/3 Co2+ and 2/3 Co3+. 

The scale bar in (a) is 500 nm. 



Fig. S7. (a) TEM image of Co3O4 NISP at 100% of SOC. (b) Magnified TEM image of (a), 

showing Co nanoparticles are present in nanograins. 
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Fig. S8. Low magnification SEM image of Co3O4 NP.



Fig. S9. XRD pattern of Co3O4 NP acquire from first pattern of in situ XRD experiment. Note 

that strong peak in 43.3 and 50.3 degree are from Cu foil. 
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Fig. S10. (a) Nitrogen adsorption-desorption isotherms and (b) pore size distribution graph of 

Co3O4 NP.



Fig. S11. In situ XRD patterns Co3O4 NP in range of 10 to 55 degree. 



 

Fig. S12. (a) HAADF-STEM image and (b) EELS spectrum of Co3O4 NP after 1st cycle of 

lithiation. The ratio between L3 and L2 peak is 3.21, indicating electronic state of Co0+. The 

scale bar in (a) is 100 nm. 



Fig. S13. EELS spectrum confirming the presence of CoO on the surface of Co3O4 NISP, 

having the peak ratio of 4.55. 



Fig. S14. Ex situ XPS analysis of (a) Li and (b) O for Co3O4 NISP after 1st cycle of lithiation. 

Ex situ XPS analysis of (c) Li and (d) O for Co3O4 NP after 1st cycle of lithiation.



Fig. S15. Surface energies of the LiCo3O4 (001), (100), (101), (110) and (111) surfaces as a 

function of the number of layers.



Fig. S16. Top view of eight possible Li adsorption sites on the (001) surface: Top sites (T1, 

T2, T3), bridge sites (B1, B2), and hollow sites (H1, H2, H3). 



Fig. S17. (a) Cycle retention characteristics (at a current density of 500 mA g-1) and (b) rate 

capabilities (at current densities expressed in mA g-1) of Co3O4 NISP and Co3O4 NP. All units 

are expressed in terms of gravimetric capacity. 



Table S1. L3/L2 ratio of metallic Co and Co oxide [1]. 

L3/L2 ratio

Co3O4 2.42

CoO 4.51

Metallic Co 3.15



Table S2. Adsorption energies with respect to adsorption sites on (001) surface and each site 

before and after relaxation

Index Site

(before relaxation)

Site

(after relaxation)

Eads (eV)

T1 Top (Li) Top (Li) -0.36

T2 Top (Co) Top (Co) -1.08

T3 Top (O) Hollow (Li-O-Li-O) -1.95

B1 Bridge (Li-O) Hollow (Li-O-Li-O) -2.43

B2 Bridge (Co-O) Hollow (Li-O-Co-O) -1.02

H1 Hollow (Li-O-Co-O) Hollow (Li-O-Co-O) -2.38

H2 Hollow (Li-O-Li-O) Hollow (Li-O-Li-O) -0.29

H3 Hollow (Co-O-Co-O) Hollow (Co-O-Co-O) -1.92



Table S3. Tap density calculation of Co3O4 NP and NISP.

Particle size Tap density (g/cm3)

Co3O4 NP 0.5

Co3O4 NISP 4.195



Table S4. Comparison of electrochemical performance and tap density with other previous 

literatures.

Spinel type oxides Tap density 
(g cm-3)

Cycle retention Rate capabilities Ref

Li4Ti5O12-C 1.1 ~96 mAh cm-3 at 7.0 A g-1 
for 1000 cycles

103 mAh cm-3 at 14.0 A 
g-1

[2]

Li4Ti5O12 1.4 235.2 mAh cm-3 at 1.0 C
For 400 cycles*

169.4 mAh cm-3 at 5.0 
C*

[3]

ZnCo
2
O

4
1.48 1480 mAh cm-3 at 0.45 A 

g-1 for 70 cycles*
1406 mAh cm-3 at 0.9 A 

g-1 *
[4]

Fe3O4@CNT 1.22 1540.0 mAh cm-3 at 0.1 A 
g-1 for 125 cycles*

54.9 mAh cm-3 at 3.2 A 
g-1 *

[5]

CoMn2O4-S 1.73 1366.7 mAh cm-3 at 0.4 A 
g-1 for 100 cycles*

907.1 mAh cm-3 at 1.6 A 
g-1

[6]

NiFe2O4-S 1.33 ~900 mAh cm-3 at 0.1 C for 
200 cycles

674.6 mAh cm-3 at 2.0 
C*

[7]

ZnFe2O4 0.85 460.7 mAh cm-3 at 1.0 A g-

1 for 488 cycles*
277.1 mAh cm-3 at 1.5 A 

g-1 *
[8]

NiCo2O4-S 1.66 808.4 mAh cm-3 at 1.0 C 
for 1500 cycles

664 mAh cm-3 at 5.0 C [9]

Co3O4 NISP 4.195 2167.3 mAh cm-3 at 0.5 A 
g-1 for 150 cycles

611.7 mAh cm-3 at 5.0 A 
g-1

This 
Work
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