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Abstract 

Embedding a lithiated cobalt oxide spinel (Li2Co2O4; or LiCoO2) component or a nickel-

substituted LiCo1-xNixO2 analogue in structurally-integrated cathodes such as xLi2MnO3·(1-

x)LiM’O2 (M’ = Ni/Co/Mn) has been recently proposed as an approach to advance the 

performance of lithium-ion batteries (LIBs). Here, we first revisit the phase stability and 

electrochemical performance of LiCoO2 synthesized at different temperatures using density 

functional theory (DFT) calculations. Consistent with previous studies, we find that the 

occurrence of low- and high-temperature structures (i.e., cubic-lithiated-spinel LT-LiCoO2; or, 

Li2Co2O4 (Fd3�m) vs. trigonal-layered HT-LiCoO2 (R3�m), respectively) can be explained by a 

small difference in free energy between these two compounds. Additionally, the observed 

voltage profile of a Li/LiCoO2 cell for both cubic and trigonal phases of LiCoO2, as well as 

the migration barrier for lithium diffusion from an octahedral (Oh) site to a tetrahedral site (Td) 

in Fd3�m LT-Li1-xCoO2 have been calculated to help understand the complex electrochemical 

charge/discharge processes. A search of LiCoxM1-xO2 lithiated-spinel (M = Ni or Mn) 

structures and compositions is conducted to extend the exploration of the chemical space of 

Li-Co-Mn-Ni-O electrode materials. We predict a new lithiated-spinel material, 

LiNi0.8125Co0.1875O2 (Fd3�m), with a composition close to that of commercial, layered 

LiNi0.8Co0.15Al0.05O2 (NCA), that may have potential for exploitation in structurally-

integrated, layered-spinel cathodes for next-generation lithium-ion batteries. 
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I. INTRODUCTION 

In 1991, Sony introduced the first commercial lithium-ion battery (LIB), with carbon 

serving as the anode and a layered lithium cobalt oxide (LiCoO2) as the cathode. Today, 

LiCoO2 is still the predominant cathode material used in LIB products that power portable 

electronic devices. LiCoO2 (LCO) has been synthesized both as a layered R3�m structure (HT-

LCO) at high temperatures (~900 °C) and as a cubic Fd3�m structure (LT-LCO) at lower 

temperature (~400 °C).1-13 Nearly two decades ago, Wolverton and Zunger demonstrated, 

using the first-principles full-potential linearized augmented plane-wave (FP-LAPW) method 

within the local density approximation (LDA), that the T = 0 K ground state structure of 

LiCoO2 is the layered R3�m structure (i.e., HT-LCO);2 but, the calculated energy difference 

between the layered- and cubic-structures of LiCoO2 is very small (~0.01 eV/formula unit).2,3 

There have been substantial efforts to further investigate the thermodynamic phase stability 

of the LixCoO2 system (for HT-LCO) using density functional theory (DFT) calculations 

within LDA4-6 to explain experimentally observed phase transformations during redox 

reactions of LixCoO2 (0 ≤ x ≤ 1) electrodes. Early theoretical studies predicted that the 

composition Li0.5CoO2 energetically prefers the spinel structure over a layered structure,3,7 

and there is a thermodynamic driving force for transformation of the layered compounds to a 

spinel (near x = 0.5) during electrochemical reactions. This prediction3,7 was subsequently 

verified by transmission electron microscopy studies of HT-LCO electrodes that were 

subjected to extensive cycling.8,9 Furthermore, Choi et al.10 have shown that a LiCo2O4 spinel 

structure can be also synthesized by chemically extracting lithium from LT-LiCoO2 (i.e., 

Fd3�m LT-LCO; or, Li2Co2O4) at room temperature and have tested the electrochemical 

profile of both LT- and HT-LCO cathode materials. 

These early pioneering studies1-13 opened up an opportunity to better understand LiCoO2 

phase stability, particularly by focusing on the electrochemical performance of LiCoO2 
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cathodes over long-term cycling. However, there have been long-standing discrepancies 

between the DFT calculated and experimental properties of R3�m LixCoO2 system cathodes, 

e.g., structural lattice parameters upon delithiation and average voltage. These discrepancies 

have been significantly clarified in a recent computational study,14 where the inclusion of van 

der Waals (vdW) interactions in DFT calculations helped account for the weak dispersion 

forces that bind the layers, especially for the delithiated phase of R3�m LixCoO2 cathode 

materials. 

In a recent experimental study, Long et al. suggested that embedding a small amount of a 

cobalt-containing spinel component in structurally-integrated ‘layered-layered-spinel’ (LLS) 

electrode materials might significantly enhance their electrochemical properties.15 This study 

prompted a reinvestigation of lithiated spinel LT-LiCoO2 (or, Li2Co2O4) and LT-LiCo1-xNixO2 

(0 < x ≤ 0.2) systems by Lee et al.16, with the argument that a lithiated cobalt oxide spinel 

component in a LLS electrode would be more beneficial than a manganese oxide spinel in 

terms of both delivered voltage and cycling stability – i.e., ~3.6 V vs. Li/Li+ for Li1-xCoO2 (0 

≤ x ≤ 0.5) compared with ~2.9 V for Li2Mn2O4 and the lower mobility of cobalt ions relative 

to manganese ions in a close-packed oxygen array, respectively.16 

Here, we revisit the phase stability of a cubic (Fd3�m) lithiated-spinel LiCoO2 structure (i.e., 

LT-LCO; or, Li2Co2O4) and a trigonal (R3�m) layered LiCoO2 (i.e., HT-LCO) using first-

principles calculations within the generalized gradient approximation (GGA) with the 

Hubbard U correction (GGA + U) scheme, as well as by employing vdW-inclusive 

functionals when necessary. Our findings can be summarized as follows: i) a very small free 

energy difference between the cubic Fd3�m spinel (LT-LCO) phase and the trigonal R3�m 

layered (HT-LCO) phase explains the co-existence of both phases in Ref. [16] at 

low/moderate temperatures, ii) a favorable lithium ion migration from an octahedral to a 

tetrahedral site occurs in LT-LCO during electrochemical charging, confirmed by both DFT 
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and ex situ X-ray diffraction analysis, and iii) a structural search within Li-Co-Mn-Ni-O 

chemical space predicts a possible LiCo0.1875Ni0.8125O2, over-lithiated spinel oxide. Our DFT 

study provides an opportunity to understand and improve existing LIB technology by 

exploiting cobalt- and nickel-based spinel oxide materials in structurally integrated, layered-

spinel electrodes. 

II. METHODS 

All DFT calculations were carried out within the Vienna Ab-initio Simulation Package 

(VASP) using projected augmented wave (PAW) pseudo-potentials and the Perdew-Burke-

Ernzerhof (PBE) exchange-correlation functional of the generalized gradient approximation 

(GGA).17-19 We used Dudarev’s rotationally invariant DFT + U approach to treat the 3d 

electrons of Co, Mn, and Ni ions.20 The U values of 3.3, 3.8, and 6.4 eV were used for Co, 

Mn, and Ni, respectively. The Heyd-Scuseria-Ernzerhof (HSE) screened hybrid density 

functional HSE06 calculations21,22 were also performed for a comparison with GGA + U 

voltages (see Section II.B and Table 2 below). We used a cutoff energy of 520 eV for the 

plane-wave basis set in all calculations. We used k-point meshes up to 8,000 k-points per 

reciprocal atom (KPPRA) to obtain accurate total DFT energies (~4,000 KPPRA for HSE 

calculations). Unless noted, all atomic positions were relaxed with symmetry-broken DFT 

calculations to fully capture the local variations of Li-O, Co-O, and Ni-O polyhedral clusters. 

VESTA23 was used to visualize the crystal structures. 

A. Structure Prediction and Free Energy. Structure prediction calculations were performed 

using the minima hopping method (MHM)24,25 to explore the ground state and other low 

energy polymorphs of LiCoO2. The MHM implements a reliable algorithm to explore the 

potential energy surface by efficiently sampling low-lying local minima using consecutive, 

short molecular dynamics (MD) escape steps followed by local geometry optimizations.26-29 
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The Bell-Evans-Polanyi principle is exploited by aligning the initial MD velocities along 

soft-mode directions in order to accelerate the search.30,31 The vibrational entropy and 

Helmholtz free energy of the Fd3�m and R3�m structures were calculated with the PHONOPY 

code32 within the harmonic approximation. 

B. Delithiation. A previous DFT study by Aykol et al.14 suggested that initializing DFT 

calculation with different magnetic moments (0 to 5 µB for Co) can result in energies up to 

~130 meV/atom higher than the ground state, due to the existence of both low- and high-spin 

states of Co. It was also determined that assigning low-spin Co3+ (t2g
6eg

0) with no magnetic 

moment (0 µB) and low-spin Co4+ (t2g
5eg

0) with a magnetic moment of 1 µB results in the 

lowest energy solution for Li0.5CoO2 with an UCo value of 3.3 eV.14 Consistent with a 

previous study,14 we observe that assigning moments of 0 µB and 1 µB to Co3+ and Co4+, 

respectively, usually resulted in the low energy solutions (by up to ~30 meV/atom) after 

being allowed to relax to self-consistency during DFT calculation. We also find that the ‘final’ 

resulting magnetic moments always end up being close to the assigned ‘initial’ magnetic 

moments, e.g., ~0 µB and ~1 µB for Co3+ and Co4+, respectively, for a number of LixCoO2 

systems tested in the current work. For calculation of energetics during the delithiation 

process, we treat the Co closest to a lithium vacancy to be 4+, and we confirmed that this 

indeed results in energetically more favorable solutions, up to ~5 meV/atom lower in energy 

than any other possible arrangement. We considered Fd3�m LT-LCO supercells consisting of 

16 formula units (f.u.) for all our delithiation calculations. The unique Li sites within the 

supercells were identified using symmetry determining algorithms implemented in the 

Materials INTerface suite (MINT) package, freely available for download at 

https://github.com/materials/mint.33 We removed the most weakly-bound Li atom at each 

composition, starting from Li16Co16O32 to Li8Co16O32 (i.e., carrying out a dilute limit voltage 
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calculation). We calculated the energy difference between over-lithiated Li16Co16O32 spinel 

(all lithium ions in the octahedral sites) and Li8Co16O32 spinel (all lithium ions in the 

tetrahedral sites) in order to obtain the average voltage of the two-phase reaction: 2LiCoO2 

→ LiCo2O4 + Li+ + e-. We monitored the changes in the cathode structure (i.e., lattice 

parameters) and its oxidation states (i.e., Bader charge analysis) in all DFT calculations. 

C. Li
+
 Migration in Fd��m LT-LCO. The climbing image nudged elastic band (ci-NEB) 

method34,35 was used to find the minimum energy barrier between the octahedral (Oh) and 

tetrahedral (Td) Li+ sites in Fd3�m Li1-xCoO2 structures, at compositions of Li10Co16O32 and 

Li8Co16O32. These two compositions, close to LiCo2O4 spinel (i.e., all Li atoms occupying Td 

sites), were chosen to investigate the energetic landscape of lithium migrations from Oh to Td 

in the Fd3�m Li1-xCoO2 systems. 

D. Ex Situ X-ray Diffraction. The preparation of LT-LiCo0.9Ni0.1O2 cathode materials is 

described elsewhere.16 Ex situ X-ray diffraction (XRD) analysis of the cycled electrodes 

collected at different states of charge/discharge was carried out at beamline 11-BM of the 

Advanced Photon Source in the Argonne National Laboratory to investigate the Li+ ion 

migration tendencies (Oh ↔ Td) in the LT-phase. 

E. Structural Search. We used the structure generating algorithms implemented in the Enum 

package36-38 to construct possible mixing configurations of transition metal (TM) atoms in the 

cubic Fd3�m and layered R3�m Li16Co16-xMxO32 structures (up to 64 total atoms in the supercell; 

M = Ni or Mn; 0 ≤ x ≤ 16) – a total of 531 structures for Fd3�m and 2,250 structures for R3�m, 

respectively. We calculated the electrostatic energies of all such structures using MINT,33 and 

further calculated the three structures with the lowest electrostatic energy at each composition 

within the previously described DFT formalism using GGA + U. Furthermore, all ground 
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state phases available in the chemical space of Li-Co-Mn-Ni-O (i.e., reference chemical 

potentials) in the Open Quantum Materials Database (OQMD)39,40 were recalculated with 

consistent DFT settings. In addition, we included ‘normal’ Li(Co1-xMx)2O4 spinel oxides (M 

= Mn and Co; 0 ≤ x ≤ 1), LiNi0.5Mn1.5O4, LiNiMnO4, LiNi0.333Co0.333Mn0.333O2, 

LiCo0.67Mn0.33O2,  LiCo0.17Ni0.83O2, LiMn0.5Ni0.5O2, LiMn0.33Ni0.66O2, LiMn0.14Ni0.86O2, 

Li(Ni0.31Co0.19Mn0.5)2O4, and Li(Co0.31Ni0.19Mn0.5)2O4 phases for the thermodynamic stability 

assessment in the Li-Co-Mn-Ni-O system. 

III. RESULTS AND DISCUSSIONS 

A. Structure 

1) LT- & HT-LCO. Figures 1a-b show the relaxed structures of Fd3�m LiCoO2 cubic spinel 

(LT-LCO; or, Li2Co2O4) and R3�m layered LiCoO2 (HT-LCO) from GGA + U calculations. 

The lattice parameters determined from GGA + U scheme are provided in Table 1. In a 

previous study by Lee et al.16, a sample of LiCoO2 powder prepared at 400 °C for 6 days 

(denoted as ‘LT-phase’) was analyzed using high-resolution synchrotron X-ray diffraction 

and high-resolution transmission electron microscopy. Their results suggested that the ‘LT-

phase’ powder contains both Fd3�m and R3�m LiCoO2 structures. We believe that the synthesis 

of Fd3�m LT-LCO (or ‘LT Phase’ consisting both Fd3�m and R3�m) at low temperatures16 is due 

to sluggish kinetics, while at high heat-treatment temperatures, fast kinetics enable the system 

to reach thermodynamic equilibrium to form the layered structure (HT-LCO).3 In other words, 

the very small difference in energies of the competing polymorphs (Table 1), at least in part, 

can explain the co-existence of both Fd3�m and R3�m phases in the LT-phase powders prepared 

in Ref. [16]. 

Wolverton and Zunger previously reported that the calculated energy difference between 

Fd3�m spinel LiCoO2 (LT-LCO; or, Li2Co2O4) and R3�m layered LiCoO2 (HT-LCO) is very 
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small (i.e., ~2 meV/atom; or, ~8 meV/f.u.) within DFT calculations based on LDA and FP-

LAPW.2,3 In this current work, our GGA + U results agree with these previous calculations 

with a high degree of quantitative precision, even though the DFT method is different (i.e., 

FP-LAPW vs. planewave) and the exchange correlation functional is different (i.e., LDA vs. 

PBE). Here, we consistently find that the energy difference between the layered- and cubic-

LiCoO2 is very small at ~2 meV/atom (without vdW corrections), where the layered LiCoO2 

is lower in energy. 

We performed additional DFT calculations incorporating opt-type (optPBE) van der Waals 

density functionals (vdW-DF)14,41-43 to both Fd3�m and R3�m LiCoO2 structures; and, we find 

that the energy difference between the two phases is not significantly affected by including 

the vdW-DF. Previous studies14 have shown that vdW corrections are essential for accurately 

predicting the structural properties (e.g., lattice parameters, interlayer spacing, and crystal 

volume) of R3�m LixCoO2 at x < 0.5; however, at x = 1, the fully-lithiated R3�m LiCoO2, these 

structural properties were only slightly improved by accounting for dispersion interactions. 

Overall, our theoretical study confirms that the layered compound is always lower in energy 

regardless of the inclusion of vdW correction. This finding is also consistent with the earlier 

experimental result suggesting that the lithiated-spinel synthesized at low temperatures 

slowly transforms to a more thermodynamically stable layered LiCoO2.
44 

Lastly, to ensure that Fd3�m and R3�m LiCoO2 phases are energetically the most stable 

structures at the composition, we used the minima hopping method (MHM)24,25 to survey the 

potential energy landscape of LiCoO2 (up to 16 atoms supercell). Here, we used both Fd3�m 

and R3�m LiCoO2 phases as the seed structures for the MHM runs. As shown in Figure 1c, 

Fd3�m and R3�m LiCoO2 phases are indeed the two lowest energy polymorphs among the 122 

unique configurations sampled, where the MHM did not find any other structure lower in 
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10 

energy. The structure next lowest in energy belongs to a hexagonal space group (P3�m1) with 

the ABAB stacking sequence; however, it is ~35 meV/atom higher in energy than the Fd3�m 

and R3�m polymorphs. 

2) Free Energy of LiCoO2. So far, we have only described the zero K energetics of the 

relevant phases. Since the R3�m and Fd3�m structures are energetically nearly degenerate, the 

vibrational entropy may significantly affect the stability of the Fd3�m and R3�m LiCoO2 

structures at finite temperatures.45 Since both Fd3�m and R3�m LiCoO2 structures are ordered, 

the free energy (F) then can be calculated by including the vibrational entropy: F = E0 – TSvib, 

where E0, Svib, and T are the internal DFT energy of LiCoO2 determined within GGA + U, the 

vibrational entropy (GGA + U calculated), and temperature, respectively. Figure 2 shows the 

difference in the free energy between Fd3�m LT-LCO and R3�m HT-LCO, which is extremely 

competitive between 0 and 1,500 K. However, Figure 2 also shows that HT-LCO is the 

ground state structure of LiCoO2 system at all temperatures. We tested the above behavior of 

free energy with temperature using opt-type vdW corrections,14,41-43 however, they did not 

affect the main conclusion that R3�m HT-LCO is always more stable than Fd3�m LT-LCO at all 

temperatures. Since the difference in free energies of the two phases is very small at all 

temperatures, it suggests that the Fd3�m LiCoO2 (or, Li2Co2O4) phase can be formed at low 

and medium temperatures. At higher temperatures, we expect the system to find the 

equilibrium state (where kinetics are also faster) to observe the R3�m HT-LCO phase. In 

conclusion, our theoretical calculations are consistent with the previous experimental 

observations (and previous calculations).1-3,8-13,44 We further discuss the stability of the Fd3�m 

phase with Ni substitution16 in the supporting information (SI, Section S1). 

B. Electrochemical Properties of LT-LCO and HT-LCO 

1) Layered vs. Cubic DFT Voltages. Figure 3a shows a conventional Fd3�m LiCoO2 supercell 
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11 

consisting of 16 f.u.; and Figure 3b shows Li0.5CoO2 (or, LiCo2O4 spinel) all Li+ ions 

occupying the tetrahedral 8a sites. The layered R3�m LiCoO2 structure is shown in Figure 1b. 

The calculated GGA + U (UCo = 3.3 eV) voltages of R3�m HT-LCO and Fd3�m LT-LCO 

charged to Li0.5CoO2 are found to be 3.58 and 3.31 V (vs. Li/Li+), respectively. In addition, 

Table 2 provides a summary of the DFT (and HSE) calculated voltages of R3�m and Fd3�m 

LiCoO2 charged to Li0.5CoO2 and CoO2 and the comparison with experiments.3,14,11,16,46 We 

observe that the most accurate voltage of R3�m LiCoO2 cathodes can be predicted when using 

the opt-type vdW corrections.14,41-43 In the case of Fd3�m LiCoO2 cathode, either LDA3 or 

GGA + U (UCo = 5 eV) scheme can closely predict the experimental voltages11,16,46. The 

HSE06 results slightly overestimate the experimental voltages in all cases. The experimental 

charge/discharge voltage vs. capacity curves of synthesized LiCoO2 powders at 400 °C in Ref. 

[16] are provided in Figure 4, reported to contain both Fd3�m and R3�m phases within a single 

powder sample. 

As seen from Table 2, our GGA (with or without +U and/or vdW correction) and HSE06 

calculation results indicate that Li+ ion extraction from the octahedral (Oh) sites of Fd3�m LT-

LCO (Figure 3a) resulting in Fd3�m LiCo2O4 spinel shown in Figure 3b (i.e., structure with all 

Li+ ion migrations from Oh to Td; Fd3�m LiCoO2 → Fd3�m Li0.5CoO2) occurs at a lower 

voltage than Li+ ion extractions from the layered R3�m HT-LCO (shown in Figure 1b), in good 

agreement with the electrochemistry data shown in Figure 4. We note that the extraction of 

Li+ ion from a tetrahedral (Td) site of LiCo2O4 (Figure 3b) toward Li1-xCo2O4 occurs at ~0.9 

V higher than Li+ extraction from Oh sites.16 We further discuss the mechanisms of Li+ ion 

extraction by constructing a LT-/HT-LCO interface model in the SI (Section S2). 

2) Delithiation of Fd��m LT-LCO and Li
+
 Migration Kinetics. In Figure 4, we observe a 

voltage hysteresis at 3.7 V (charging) and 3.5 V (discharging) for the Fd3�m LT-LCO 
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component, but not for the R3�m HT-LCO component (i.e., both charging and discharging 

plateaus can be found at 3.9 V). As mentioned in Section III.B.1), the calculated DFT voltage 

between LT-LCO (Li2Co2O4) and LiCo2O4 (also, see Figures 5a and 5d), where lithium ions 

occupy all the octahedral (Oh) sites and tetrahedral (Td) sites in Li2Co2O4 and LiCo2O4, 

respectively, is 3.31 V. From here on we will refer to this DFT voltage of 3.31 V as the 

“equilibrium DFT voltage” of the following charging reaction: 2Li(16c)CoO2 → Li(8a)Co2O4 + 

Li+ + e-. 

We carefully studied the preference of Li+ ion occupations between Oh vs. Td sites during 

delithiation of the Fd3�m LT-LiCoO2 (or, Li2Co2O4) cathode. While the M-O framework 

remains the same in the Fd3�m LT-LiCoO2 (or, Li2Co2O4) and LiCo2O4 spinel structures, the 

occupancy of Li+ ions changes from Oh to Td sites during the charging process. Therefore, 

starting from the supercell shown in Figure 5a (i.e., Li16Co16O32), the lowest energy lithium 

vacancies were successively created (i.e., removed one Li at a time, and we tested all Li 

positions for each cell to find the lowest energy Li to be removed), until the composition of 

Li8Co16O32 was reached (Figure 5c). From our calculations of the charging cycle, we find that 

lithium ion migration from an Oh site to an adjacent Td site becomes energetically favorable 

(with no barrier) only at a composition of Li11Co16O32 (i.e., with all the other 10 lithium ions 

still occupying Oh sites, as shown in Figure 5b). We repeated the above procedure (i.e., create 

the energetically most favorable lithium vacancy in the lowest energy Li16-xCo16O32 structure), 

and find a Li8Co16O32 structure that contains 50% of lithium ions at Td sites and the other 50% 

of lithium ions at Oh sites (Figure 5c). In other words, in each delithiation step Li11Co16O32 

onward, one more of the remaining lithium atoms in the Oh sites migrates to an adjacent Td 

site until the composition of Li8Co16O32 is reached (shown in Figure 5c, with 4 Li+ in Td and 

4 Li+ in Oh). The difference between the energy of the ground state Li(8a)Co2O4 spinel 

structure with all lithium atoms occupying 8a Td sites (Figure 5d; {Li8}(8a)Co16O32) and the 
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{Li0.5}(8a){Li0.5}(16c)Co2O4 structure (Figure 5c; {Li4}(8a){Li4}(16c)Co16O32) is ~33 meV/atom. 

The calculated DFT voltage between Li(16c)CoO2 in Figure 5a (i.e., {Li16}(16c)Co16O32) and 

{Li0.5}(8a){Li0.5}(16c)Co2O4 in Figure 5c (i.e., {Li4}(8a){Li4}(16c)Co16O) is 3.54 V (that is, ~0.2 

V higher than the equilibrium DFT voltage; please refer to Refs. [47-49] for the rationale 

behind using the metastable phase on the (de-)lithiation reactions). We note that phases other 

than the lowest-energy ones that we report in this work could be further computed in order to 

identify a number of metastable phases at each composition, but it is likely that such higher-

energy metastable phases would only increase the voltage hysteresis beyond 0.2 V. Thus, we 

believe that the formation of metastable {Li0.5}(8a){Li0.5}(16c)Co2O4 phase shown in Figure 5c 

could directly contribute to an increased overpotential of ~0.2 V during the charging cycle of 

Fd3�m LT-LCO component (see Figure 4); however, it is also possible that other existing 

structural complexities within composite cathodes such as intergrown layered/spinel domains 

and/or residual TM ions in the lithium layer16 also play important roles in impeding lithium 

ion kinetics in the system. The existence of metastable phases during charging cycles has 

been previously observed in a number of systems in both experimental and theoretical 

studies.50-53 During discharge cycles, on the other hand, a sufficient number of lower energy 

vacant Oh sites are available, where lithium ions can be inserted. The discharge process may 

then follow the ‘equilibrium’ reaction pathway (i.e., Li(8a)Co2O4 + Li+ + e-→ 2Li(16c)CoO2). 

For selected Fd3�m Li1-xCoO2 structures, we investigated the energy barrier for Li+ ion 

migration using the nudged elastic band (NEB) method, where we placed one Li atom from 

Oh site to an adjacent Td site. Figure 6 shows the calculated NEB energy barriers for Li+ 

migration at compositions of Li10Co16O32 and Li8Co16O32. The barrier for Li+ migration is 

found to be small in both structures (~0.15 eV). However, the relative energy difference 

before and after Li+ ion migration (or the “thermodynamic driving force”) in Li8Co16O32 is 

calculated to be much larger than in Li10Co16O32 (−0.175 eV/Li+ vs. −0.003 eV/Li+). In fact, 
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once one of the Li+ in Oh site migrates to an adjacent Td site in the metastable Li8Co16O32 

structure (found in Figure 5c), all the remaining Li+ ions in Oh sites migrate to the adjacent Td 

sites, as shown in Figure 6b. In the subsquent section, we will monitor the Li+ ion migration 

(Oh vs. Td) as a function of state-of-charge via ex situ X-ray diffraction analysis to further 

understand the Li+ migration kinetics in Fd3�m Li1-xCoO2. 

3) Ex situ X-ray Diffraction Analysis on Fd��m LT-LiCo0.9Ni0.1O2. In this section, we 

monitor the evolution of the X-ray diffraction (XRD) pattern of a LT-LiCo0.9Ni0.1O2 cathode 

during the 1st charge/discharge cycling. Because the prepared sample (LT-LiCo0.9Ni0.1O2) has 

a predominantly lithiated-spinel character (see Ref. [16]), we choose this as a model system 

to investigate the Li+ migration tendencies in the Fd3�m phase of LiCoO2 (or, Li2Co2O4). 

Figure 7a shows the simulated XRD patterns of Fd3�m overlithiated LiCoO2 spinel (i.e., 

Li2Co2O4) and Fd3�m LiCo2O4 spinel oxide. We observe that the simulated XRD patterns are 

quite similar to each other, except that the peak intensity ratio of (113)/(004) can help 

distinguish the structural differences between the two cubic structures (i.e., lithium ions 

occupying 16c Oh and 8a Td sites in Li2Co2O4 and LiCo2O4, respectively; see Section S3 in 

SI for further discussions). Figure 7b shows the electrochemical profiles for the 1st cycle of 

Li/LT-LiCo0.9Ni0.1O2 cell, where we collect the XRD patterns at various states-of-charge (see 

Figures 7c-d). The ratios of (113)/(004) XRD peak intensities for various potentials of Li/LT-

LiCo0.9Ni0.1O2 cell are summarized in Table 3. From our results, we can observed that the 

I(113)/I(004) ratio is almost the same at the beginning and at the end of the charge/discharge runs, 

at (1) and (6), respectively. More interestingly, the I(113)/I(004) ratio is found to be very close at 

(2) and (5). At point (2), the majority of lithium ions occupying the 16c Oh sites of Fd3�m Li2-

xCo2O4 phase should already be extracted from the cathode materials. At point (5), most of 

the lithium ions are being inserted back to the Oh sites in the Fd3�m phase. This qualitatively 
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implies that many remaining lithium ions in the Fd3�m phase are still occupying the 16c Oh 

sites instead of the 8a Td sites at point (2), which contributes to an increased overpotential 

during the charging cycle, as discussed in Figure 5. Our DFT results in Figure 6 show that Li 

ions will start migrating once there is a local region of concentration that is Li-deficient. At 

point (3), the I(113)/I(004) ratio reaches the highest value indicating that the Li+ ions in the 

Fd3�m phase are mostly occupying the Td sites (while our cathode sample contains Li+ ions 

occupying the Oh sites in the �3�m phase). Once the Li/LT-LiCo0.9Ni0.1O2 cell is discharged, 

the ratio of I(113)/I(004) quickly drops at point (4) suggesting that some of the Td Li ions are 

also moving into the Oh sites. 

Combining this experimental observation with the calculated results in Figures 5–6, we 

conclude the following: i) The barrier for Li+ ion migration from Oh to Td site during the 

charging cycle, i.e., when Fd3�m LiCoO2 (or, Li2Co2O4) is delithiated, is quite low; however, 

the thermodynamic driving force is not large until sufficient delithiation has occurred. ii) 

Near the chemical composition of LiCo2O4 (i.e., normal spinel), Li+ ion migration from Oh 

and Td is favorable in terms of both thermodynamics and kinetics, i.e., the barrier to 

migration is low and the thermodynamic driving force is large. iii) Depending on the relative 

fractions of lithium ions occupying Oh vs. Td sites at intermediate compositions, a small 

overpotential (~0.2 V) can occur during the charging process. iv) During the discharge, there 

are sufficient Oh sites available for Li+ ion insertion and migration (but, the migration energy 

from Td to Oh would be very high near the chemical composition of LiCo2O4). v) The Li+ ions 

at Td sites will migrate to the adjacent Oh sites as the lithiation continues and the barrier 

becomes low (see Figure 6a). 

C. Exploring the Chemical Space of Li-Co-Mn-Ni-O 

Overcoming the current limitations of lithium-rich cathode materials such as xLi2MnO3·(1-
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x)LiMO2 (M = Ni, Co, Mn) layered-layered materials54-60 by including a third component 

(spinel or overlithiated spinel)15,16,43 is being investigated as a possible means to meet the 

energy density requirements for the next generation advanced lithium-ion batteries. Over the 

past two decades, substitution of Ni and/or Mn for Co and controlling their chemical 

compositions has been identified as one path to improve and optimize the electrochemical 

performance of electrode materials. The implementation of a practical lithium-ion cell 

containing the layered LiNixCoyMnzO2 (x + y + z = 1) cathode materials has been pursued for 

the development of durable and affordable large-scale batteries. However, there have been 

few studies of the structure and energetics of possible phases in the the Li-Co-Mn/Ni-O space. 

For example, Bhattacharya et al.61 studied quaternary ‘normal’ spinel oxides (AB2O4) using 

DFT and found that Co-Mn and Co-Ni ordering in the spinel structure is favored, resulting in 

stable LiCoMnO4 and LiCoNiO4 quarternary compounds. Delithiated versions of these 

compounds do not show an energetic tendency for cation migration (e.g., inverse spinel 

formation), thus making a topotactic reaction upon delithiation possible, i.e., the crystal 

structure remains intact upon delthiation. Another recent experimental study62 has explored a 

number of metastable quaternary Li(Ni1-y-zMnyCoz)2O4 ‘normal’ spinel compounds by a low-

temperature synthesis approach. However, none of above-mentioned studies have considered 

the overlithiated spinel Fd3�m phases. Here, we have examined the substitution of Mn or Ni 

on the Co site of both cubic Fd3�m and layered R3�m lithium cobalt oxide structures, i.e., 

Li16Co16-xMxO32 (where, M = Mn or Ni; 0 ≤ x ≤ 16), sampling a wide range of compositions 

and exhaustively searching through all geometric configurations at each composition (see 

Refs. [47-49] and Section S4 in SI for further details on generating Li16Co16-xMxO32 structures, 

the accuracy of choosing low energy structures from the calculated electrostatic energies in 

comparison to the DFT level calculations, and their statistical validations). 
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Figure 8a displays the calculated ground state DFT formation energy (∆Hf) of LiCoxM1-xO2 

(M = Mn or Ni; and 0 ≤ x ≤ 1) sampled uniformly through the composition space. Here, the 

DFT formation energy of a generic LiMO2 compound is defined as the following: ∆Hf 

(LiCoxM1-xO2) = E0(LiCoxM1-xO2) – µLi – xµCo – (1-x)µM – 2µO, where E0(LiCoxM1-xO2) is the 

calculated DFT total energy of LiCoxM1-xO2 and µi (i = Li, Co, M, O) is the chemical 

potential of component i. As discussed in the earlier sections, the energy difference between 

Fd3�m and R3�m structures at each composition is almost negligible. Further, the calculated 

∆Hf of LiCoxM1-xO2 varies almost linearly between the end-members, LiCoO2 and LiMO2 (M 

= Mn or Ni) in Figure 8a. 

The mixing tendency of two cathode components, here, LiCoO2 and LiMO2 (M = Mn or 

Ni) can be obtained using: ∆Emix = E0(LiCoxM1-xO2) – {xE0(LiCoO2) + (1–x)E0(LiMO2)}, 

where E0(LiCoxM1-xO2), E0(LiCoO2), and E0(LiMO2) are the calculated DFT total energies of 

either Fd3�m or R3�m LiCoxM1-xO2, LiCoO2, and LiMO2 (M = Mn or Ni), respectively. A 

slightly negative ∆Emix (i.e., –25 to 0 meV/site) indicates a weak preference for ordering, 

which could be overcome by configurational entropy at elevated temperatures to form a 

solid-solution. A significantly more negative ∆Emix (i.e., <–25 meV/site) usually leads to the 

formation of an ordered compound. In contrast, a slightly positive ∆Emix (i.e., 0 to 25 

meV/site) hints at a weak preference to phase separate; again, a configurational entropy could 

form solid-solutions at elevated temperatures. Lastly, a significantly positive ∆Emix (i.e., >25 

meV/site) usually results in a two-phase miscibility gap. From Figure 8b, it can be observed 

that Mn substitution in either Fd3�m or R3�m LiCoxMn1-xO2 is only favorable at dilute 

concentrations of Mn (x > 0.9). In fact, the mixing of Mn and Co on the Co sublattice in the 

LCO structure becomes increasingly unfavorable toward equiatomic compositions of Mn and 

Co. On the other hand, as seen in Figure 8c, the mixing of Ni and Co on the Co sublattice is 

generally favorable at all compositions. In fact, the energy of mixing becomes increasingly 
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negative (up to ~−100 meV/site) towards equiatomic compositions of Ni and Co, hence 

compositions close to LiCo0.5Ni0.5O2 are likely to form ordered compounds. 

While the calculated ∆Emix can provide new insights on mixing between the two end-

members, LiCoO2 and LiMO2, we further investigate the thermodynamic stabilities of 

LiCoxMn1-xO2 against all other known phases in the quaternary space currently in the Open 

Quantum Materials Database (OQMD).39,40 Large thermodynamic databases such as the 

OQMD, which include the energies and phase stabilities of most currently known crystalline 

compounds in the ICSD, and hypothetical compounds based on decorations of prototype 

structures,39,40,63 have been previously used to predict new battery materials64-67. The metric 

of thermodynamic stability of a compound is given by its distance to the so-called convex 

hull of all phases within the respective phase space. A compound is thermodynamically stable 

if it lies on the convex hull of its chemical space (i.e., a hull distance of 0 meV/atom). 

Strongly stable compounds are likely to be synthesizable, and those that are “nearly stable” 

(i.e., that lie close to the convex hull, with a hull distance of <~25 meV/atom, corresponding 

to kBT at room temperature to account for the thermal effects) can be possibly synthesized 

experimentally.39,40,64-67 In Figure 9, we have calculated the thermodynamic phase stability of 

all LiCoxM1-xO2 compounds vs. all other compounds present within Li-Co-Mn-Ni-O chemical 

space (the set of thermodynamically stable compounds in this pentenary space is represented 

as a graph in Figure S4). 

Figure 9a shows that Mn substitution on the Co sublattice can lead to nearly stable 

compounds for both R3�m and Fd3�m structures for x < 0.3 and x > 0.7 in LiCoxMn1-xO2. On 

the other hand, in the case of LiCoxNi1-xO2, all compositions are predicted to be stable or 

nearly stable (within ~10–15 meV/atom of the convex hull; see Figure 9b). Further, two 

compounds at compositions LiCo0.5Ni0.5O2 (layered) and LiCo0.1875Ni0.8125O2 (spinel-based) 

are found to lie on the convex hull. The former, LiCo0.5Ni0.5O2, has already been synthesized 
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as a layered R3�m structure in experiment.68,69 The latter lithiated-spinel based compound, 

LiCo0.1875Ni0.8125O2 (having lattice parameters of a = b = c = ~8.2 Å and α = β = λ = 90° 

according to our DFT calculations; See Figure S5 in SI), with a composition similar to that of 

the commercially-available R3�m LiNi0.8Co0.15Al0.05O2 (NCA) layered cathode materials, is 

hereby proposed for further experimental testing, in addition to the previously explored 

LiCo1-xNixO2 (0 ≤ x ≤ 0.5) system16. 

IV. CONCLUSIONS 

We used a DFT-based theoretical approach to investigate the phase stability of lithium 

cobalt oxide in cubic vs. layered forms, and found that two phases are extremely competitive 

in terms of free energy. While the R3�m layered LiCoO2 is predicted to be the ground state 

structure at all temperatures, the Fd3�m cubic-lithiated spinel structure is predicted to be 

accessible at low temperatures due to the sluggish kinetics. We have carefully examined the 

electrochemical performance of both Fd3�m and R3�m LiCoO2 cathode material, and further 

studied the kinetics of lithium migration during the charging cycle in LT-LiCoO2 (or, 

Li2Co2O4) by calculating migration barriers and analyzing the ex situ X-ray diffractions. 

Lastly, we explored the Li-Co-Mn-Ni-O chemical space to search for a new LiCoxM1-xO2 (M 

= Mn or Ni; 0 ≤ x ≤ 1) quaternary cathode material that can be synthesized experimentally. 

Our analysis shows that Fd3�m LiCo0.1875Ni0.8125O2, close to the chemical composition of 

layered LiNi0.8Co0.15Al0.05O2 (NCA) is predicted to be thermodynamically stable, and many 

other Mn- and Ni-substituted LiCoxM1-xO2 cathode materials can also be accessed 

experimentally (i.e., being close to the convex hull with a hull distance of <~25 meV/atom). 

These predicted materials may be of interest either as single cathodes or integrated within 

composite cathodes such as layered-layered electrodes for advanced next-generation LIB 

applications. 
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FIGURES AND TABLES 

 

Figure 1. The crystal structures of: (a) Fd3�m spinel LiCoO2 (LT-LCO; or, Li2Co2O4) and (b) 

R3�m layered LiCoO2 (HT-LCO). (c) The relative energy scale of LiCofO2 polymorphs 

(calculated within GGA + U), where all LiCoO2 crystal structures are generated using the 

minima hopping method (MHM)24,25. Crystal structure prediction using MHM runs confirms 

that both Fd3�m and R3�m LiCoO2 phases are indeed the two lowest energy LiCoO2 

polymorphs with a significant energy gap to the next higher energy polymorph. 

 

 

Figure 2. Calculated free energy difference between R3�m and Fd3�m LiCoO2, suggesting that 

the R3�m structure becomes increasingly more stable than Fd3�m LiCoO2 (or, Li2Co2O4) at 

higher temperatures. 
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Figure 3. The crystal structures of: (a) over-lithiated Fd3�m LT-LiCoO2 (or, Li2Co2O4) and (b) 

spinel Fd3�m Li0.5CoO2 (LiCo2O4 ‘normal’ spinel). Lithium ions occupy 16c octahedral sites 

and 8a tetrahedral sites in Li2Co2O4 (panel a) and LiCo2O4 (panel b), respectively. 

 

 

Figure 4. Experimental voltage vs. capacity curves for LiCoO2 synthesized at 400 °C 

composed of both Fd3�m and R3�m phases. First, we observe the charging and discharging 

plateaus of Fd3�m phase at 3.7 and 3.5 V, respectively (indicated by the purple arrows). The 

redox reaction of R3�m phase occurs at 3.9 V (indicated by the green arrows). Adapted with 

permission from Ref. [16] (ACS Appl. Mater. Interfaces 8, 41, 27720-27729). Copyright 

(2017) American Chemical Society. 
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Figure 5. The crystal structures of: (a) Fd3�m LT-LCO {Li16}(16c)Co16O32, where Li+ ions 

occupy all the at 16c octahedral (Oh) sites, (b) {Li1}(8a){Li10}(16c)Co16O32, where one Li+ 

occupies an 8a tetrahedral (Td) site, and all other Li+ ions occupy the 16c octahedral sites, (c) 

{Li4}(8a){Li4}(16c)Co16O32, where 50% of Li+ ions occupy the Td and the other 50% occupy the 

Oh, and (d) Fd3�m ‘normal’ {Li8}(8a)Co16O32 spinel, where Li+ ions occupy all the 8a 

tetrahedral (Td) sites. All of the other intermediate compositions between panel a and c (i.e., 

Li15Co16O32, Li14Co16O32, Li13Co16O32, Li12Co16O32, Li10Co16O32, Li9Co16O32) are not shown 

for purposes of brevity. Our DFT calculations indicate that the {Li4}(8a){Li4}(16c)Co16O32 

phase could result in an increased overpotential of ~0.2 V during the charging cycle of LT-

LCO. However, other structural factors such as interfacial resistances and disorders in Li/TM 

layers may also contribute to the observed hysteresis. 
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Figure 6. The barrier for Li+ ion migration, calculated using the nudged elastic band (NEB) 

method energy barrier calculations of Li+ ion migration in: (a) Li10Co16O32 and (b) 

Li8Co16O32 (or LiCo2O4). Only Li-O polyhedral clusters are shown for clarity. For panel (b), 

we observe that all Li atoms relax spontaneously into Td sites, even we only move one Oh Li 

into the adjacent Td site. 
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Figure 7. (a) The calculated X-ray diffraction (XRD) patterns of: LT-LiCoO2 (i.e., Li2Co2O4) 

and LiCo2O4 spinel compounds. (b) Experimental voltage vs. capacity curves for LT-

LiCo0.9Ni0.1O2 synthesized at 400 °C,16 where the cathode sample is mainly composed of 

Fd3�m LT-phase (please note that the layered phase still exists in the sample: see Ref. [16]). 

The ex situ XRD patterns of LT-LiCo0.9Ni0.1O2 during charging (panel c) and discharging 

(panel d) are shown. The XRD peak intensity ratios of (113)/(004) during the 

charge/discharge runs (i.e., panels c and d, respectively) are provided in Table 3. 
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Figure 8. (a) The calculated DFT formation energies of LiCoxM1-xO2 (M = Mn or Ni; 0 ≤ x ≤ 

1) in both Fd3�m and R3�m structures. The mixing energies of: (b) Mn and (c) Ni on the Co 

sublattice of LiCoxM1-xO2. 

 

  

Figure 9. The convex hull analysis of Fd3�m and R3�m LiCoxM1-xO2 (0 ≤ x ≤ 1) for (a) M = 

Mn and (b) M = Ni, where stable (i.e., on the hull) and nearly-stable (i.e., within 25 

meV/atom of the hull corresponding to kBT at room temperature) compounds are identified. 

Please see Figure S5 in SI for the calculated XRD pattern and crystal structure of the ‘stable’ 

LiCo0.1875Ni0.8125O2 compound, predicted in panel b. 
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Table 1. The structural properties of LT-LCO and HT-LCO obtained from GGA + U 

calculations. The space group after the relaxation is identified with MINT.33 We observe a 

very small difference in the calculated energies between Fd3�m spinel LiCoO2 (i.e., LT-LCO; 

or, Li2Co2O4) and R3�m layered LiCoO2 (HT-LCO). 

Structure Space Group a [Å] c [Å] c/a E0,GGA+U [eV/f.u.] 

LT-LCO Fd3�m 8.0644 (a = b = c) n/a n/a -22.740 

HT-LCO R3�m 2.8398 14.1473 4.98 -22.748 

 

 

Table 2. The summary of the calculated vs. experimental voltages of LT-LCO (Fd3�m) and 

HT-LCO (R3�m) from LiCoO2 → Li0.5CoO2 (Li1 to Li0.5) and LiCoO2 → CoO2 (Li1 to Li0). 

Voltage [V vs. Li/Li+] Fd��m  

(Li1 to Li0.5) 

Fd��m  

(Li1 to Li0) 

R��m 

(Li1 to Li0.5) 

R��m 

(Li1 to Li0) 

LDA3 3.50 3.91 3.37 3.78 

GGAa,14 2.61 3.41 3.0 3.3 

GGA + U (UCo = 3.3 eV)a 3.31 3.89 3.58 3.80 

GGA + U (UCo = 5 eV)a,14 3.41 4.02 3.6 3.8 

optPBE + U (UCo = 4 eV)a,14 3.16 3.71 3.9 4.1 

HSE06a,14 3.95 4.66 4.2 4.5 

Charge (exp.)11,16,46 3.7 ≥4.3 3.9 4.1 

Discharge (exp.)11,16,46 3.3 ~3.6 3.9 3.8 
a
 This work. 

 

 

Table 3. The XRD peak intensity ratio of (113)/(004) at various state-of-charge of 

LiNi0.1Co0.9O2 cathode materials, mainly composed of Fd3�m phase.16 The higher values of 

I(113)/I(004) directly indicate that more lithium ions are occupying the Td sites of Fd3�m phase 

(i.e., I(113)/I(004) = 1.1). The lower values of I(113)/I(004) indicate that more lithium ions are 

occupying the Oh sites (see Figure 7a). For further discussions, please see Section S3 in SI. 

State-of-charge in Figure 7b (1) (2) (3) (4) (5) (6) 

x in Li1-xMO2 0 0.30 0.55 0.49 0.21 0.10 

I(113)/I(004) 0.44 0.53 0.75 0.64 0.51 0.45 
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