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ABSTRACT: Transition metal oxides such as Co3O4 and NiO
are of significant interest as conversion anode materials for
lithium-ion batteries (LIBs), due to their remarkably high
theoretical capacities and low cost. While many previous
experiments have found that the charge/discharge reactions of
Co3O4 and NiO can be highly reversible, detailed information
about the mechanisms of these reactions, such as the origin of
the voltage hysteresis (>1.0 V) between the charge/discharge
cycles, is still poorly understood. In this work, we develop and
utilize a new computational mechanistic approach that helps
elucidate the hysteresis and nonequilibrium reaction pathways
associated with these conversion materials. We apply this
methodology to investigate a variety of lithiation reaction
pathways of Co3O4 and NiO by systematically exploring the
energetics of a large number of equilibrium and nonequilibrium LixCo3O4 (0 ≤ x ≤ 8) and LixNiO (0 ≤ x ≤ 2) structural
configurations using first-principles calculations. The overall value of the voltages from our nonequilibrium pathway is in much
better agreement with experimental lithiation than the calculated equilibrium voltage while the overall value of the latter
reasonably agrees with experimental delithiation. Hence, we propose the charge and discharge processes proceed through
equilibrium and nonequilibrium reaction paths, respectively, which contribute significantly to the experimentally observed voltage
hysteresis in Co3O4 and NiO. Additionally, we find a low-energy, lithiated intermediate phase (Li3Co3O4) with an oxygen
framework equal to that of the initial Co3O4 spinel phase. This intermediate phase represents the capacity threshold below which
limited volume expansion and better reversibility can be realized and above which reactions lead to structural degradation and
huge expansion.

1. INTRODUCTION

Lithium-ion batteries (LIBs) are one of the most prominent
electrochemical energy storage technologies, and can be used as
the power source in wide-ranging applications such as portable
electronic devices, and electric vehicles.1 There are three major
classes of electrode materials in Li-ion batteries: (i)
intercalation-type electrodes that preserve the crystal structure
framework upon lithiation/delithiation (e.g., LiCoO2, LiNiO2,
and LiFePO4),

2,3 (ii) alloying electrodes (e.g., Li/Si, Sn, etc.),4,5

and (iii) conversion-type electrode materials (e.g., Co3O4,
CoO, and NiO),6,7 where lithium ions (de)insert via a series of
chemical reactions, converting the original compound to a new
chemical phase. While intercalation-type electrode materials
have their advantages in terms of structural stability and the
associated fast and reversible Li+ diffusion within the host
structure, the constraint of preserving the crystal structure
limits the capacity to the number of available vacant sites that
can accommodate Li ions. In contrast, conversion-type
materials can achieve a significantly larger capacity by
overcoming this inherent structural limitation of intercalation
electrodes; however, they pose other problems such as limited

reversibility and voltage hysteresis. In these conversion-type
reactions, nonequilibrium phases often form during repeated
charging/discharging cycles, and these nonequilibrium path-
ways directly affect the electrochemical performance.8−10 A
phase transformation of these nonequilibrium phases to their
thermodynamically ground-state structures can occur sponta-
neously (as t → ∞); however, there may not be sufficient time
to allow transformations from nonequilibrium phases into their
equilibrium counterparts. The battery performance can be
greatly influenced by these nonequilibrium (de)lithiation
reactions, that could affect its capacity and cyclability, as well
as cause a voltage hysteresis.11−19 Also, because of the transient
nature of these nonequilibrium phases, it can be challenging to
identify and characterize them experimentally during electro-
chemical reactions.11,13

Many transition metal oxides (MOs) have been investigated
in the past as conversion electrodes,20,21 exhibiting different
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chemical reactions, electrochemical performance, and reversi-
bility. In this work, we investigate Co3O4 and NiO conversion-
type electrode materials that can achieve a very high reversible
capacity of >700 mA h/g.6 Co3O4 and NiO are observed to
lithiate at ∼1.1 and 0.7 V (vs Li/Li+), respectively, with a large
voltage hysteresis of >1.0 V during charge/discharge runs.6

While exceptional reversible reactivities of Co3O4 and NiO
have been achieved in previous experiments,6,7,22−26 the
underlying mechanism during the electrochemical process,
and the source of the large hysteresis, has not been fully
understood. During the lithiation of Co3O4, it was observed
that tetrahedral Co cations are displaced into neighboring
empty octahedral sites while incoming Li ions occupy the
remaining octahedral sites, producing an intermediate, rocksalt-
based, nonequilibrium phase with a partial disordered (Li/Co)
structure (i.e., LiCo3O4).

22,27 Further lithiation of LiCo3O4
leads to a slow extrusion of cobalt at the octahedral sites.22 The
structural evolution beyond that point (2 < x < 8, LixCo3O4) is
still unclear. The lithiation of NiO is initiated by a quick
saturation of near-surface electroactive sites, followed by
propagation of these lithiated phases (Li2O·Ni) into the bulk
with a “fingerlike” morphology.28 The conversion-reaction
decomposition of Co3O4 and NiO in the first cycle involves the
formation of amorphous/nanosized metal (e.g., Co and Ni,
respectively) and lithia (Li2O); no crystalline Co, Co3O4, Ni,
NiO, or Li2O were identified in fully lithiated samples. In
subsequent cycles, the amorphous/nanosized phases of the
electrode are preserved.29 It has been suggested that repeated
decomposition and the formation of lithia are facilitated by the
nanoscale dimensions and the catalytic activity of the transition
metal particles.25,30,31

The large voltage hysteresis (>1.0 V) between charge and
discharge voltage profiles causes low cycling efficiency of
conversion material electrodes and hinders their practical
applications. Many efforts have been made to obtain a
comprehensive understanding of the origins of the voltage
hysteresis. Several hypotheses were suggested based on
experimental and computational studies besides the well-
known ohmic drop (typically on the magnitude of 0.1 V).10

We summarize these hypotheses here: (1) Nano ef fect.
Nanosized phases, as mentioned above, have been forming
repeatedly during the electrochemical lithiation and delithiation
of transition metal oxides. The cohesive energy of nanoparticles
can be significantly lower than that of the bulk counterpart
which can thereby affect the reaction voltages.32 Doe et al.14

reported a voltage drop around 0.4 V upon lithiation, assessed
using a 1 nm spherical particle of bcc iron. However, we note
that the overall effect on the voltage hysteresis of a complete
cycle should be more limited since the nanosized phases are
formed on both lithiation and delithiation, and the voltage
variations due to nanostructuring would presumably affect the
charge/discharge voltage in the same direction. (2) Distinct
surface chemistries upon charge and discharge. Khatib et al.8 and
Meggiolaro et al.9 demonstrated that the surface reactions are
different between the lithiation and delithiation of CoP and
MgH2. The corresponding reaction energy difference contrib-
utes to the voltage hysteresis observed during the cycling of
CoP (0.41 V) and MgH2 (0.16 V). However, in the conversion
electrodes of the present study the magnitude of voltage
hysteresis is much larger, and it is unclear whether the surface
reaction mechanism can account for such a large hysteresis. (3)
Compositional inhomogeneity caused by kinetic limitation. Li et
al.10 and Wang et al.33 proposed that the distribution of phases

formed upon charge and discharge of FeF3 could be different
because of differences in diffusivity between Fe and F. As a
result, a Li-deficient surface forms on charge while a Li-rich
surface forms on discharge, setting the system at different
potentials versus Li+/Li0 and inducing a voltage gap. Therefore,
the voltage hysteresis according to this mechanism should be
largely alleviated when the particle size is sufficiently reduced,
allowing for fast reaction kinetics. For transition metal oxides,
however, the hysteresis is generally maintained regardless of
particle morphologies, shapes, and sizes of the electrode
materials.34−39 (4) Dif ferent reaction paths upon charge and
discharge. The substantial thermodynamic and kinetic dispar-
ities between charge/discharge reaction paths has the possibility
to account for the large voltage hysteresis (>1.0 V) observed in
conversion oxides like Co3O4 and NiO. These disparate
pathways have been found in other systems. Yu et al.40

identified an intermediate phase during the conversion from
LiTiS2 to Cu0.5TiS2 while the reconversion reaction exhibits
simple two-phase features without any intermediate phase.
Similarly, Chang et al.18 found reaction path differences
between the charge and discharge of Cu2Sb. Boesenberg et
al.41 reported asymmetric pathways during cycling of NiO with
the formation of a metastable intermediate phase on
delithiation. The reaction path difference was then confirmed
by Ponrouch et al.42

In recent years, density functional theory (DFT) calculations
have been widely used as efficient tools to predict new
electrode materials, as well as to improve the existing materials
by accurately revealing detailed underlying mechanisms that are
often difficult to obtain solely via experiments.1,43−57 The
conversion reaction of Li-MOs at room temperature involves a
series of nonequilibrium phases that may be different from their
thermodynamic equilibrium counterparts because of other
kinetic constraints. Here, we develop a DFT-based method-
ology to determine the nonequilibrium and equilibrium phase
evolution during the lithiation and delithiation processes of
MOs, namely, Co3O4, and NiO. We predict the corresponding
lithiation and delithiation voltage profiles which show similar
trends with the experimentally observed discharge and charge
voltage curves. We propose that the large voltage hysteresis
occurring in Co3O4 and NiO can predominantly be attributed
to the dramatic difference in reaction pathways between a
thermodynamically nonequilibrium lithiation and an equili-
brium delithiation. These conversion-type electrodes, when
used within the practical capacity thresholds, are predicted to
have improved cycling stability and lower voltage hysteresis.

2. METHODOLOGY
2.1. Density Functional Theory Calculations. All DFT

calculations were carried out in the Vienna Ab-initio Simulation
Package (VASP)58−61 with the projector augmented wave
(PAW) potentials.62 The generalized gradient approximation
(GGA) of Perdew−Becke−Ernzerhof (PBE)63 was used for the
exchange-correlation functional; also, all calculations are spin-
polarized. We used a cutoff energy of 520 eV for the plane−
wave basis set and Γ-centered k-meshes with the density of
8000 k-points per reciprocal atom in all calculations. We used
the DFT + U method with onsite U parameters to treat the 3d
electrons of Co and Ni ions. The U values of 3.3 and 6.4 eV
were adopted for Co and Ni ions, similar to previous studies by
fitting the experimental and calculated formation enthalpy.64−71

Ferromagnetic (FM) and antiferromagnetic (AFM) spin-
polarized configurations were used for Co3O4 and NiO,

Chemistry of Materials Article

DOI: 10.1021/acs.chemmater.7b02058
Chem. Mater. 2017, 29, 9011−9022

9012

http://dx.doi.org/10.1021/acs.chemmater.7b02058


respectively, since NiO is known to display the antiferromag-
netic (AFM) ground states below a Neél temperature of 523
K.72

2.2. Construction of Li−M−O Ternary Phase Diagrams
and Ground-State Reaction Paths. Phase diagrams
represent the thermodynamic phase equilibria of multi-
component systems and reveal useful insights on the processing
and reactions of materials. Nevertheless, the experimental
determination of a phase diagram can be extremely time- and
labor-consuming which requires dedicated synthesis and
characterization of all phases in the target system. Computa-
tional tools like DFT can accelerate phase diagram con-
structions remarkably.73,74 By calculating the DFT energies of
all known compounds in a chemical system, we can determine
the T = 0 K phase diagram, or ground-state convex hull, of that
system. Here in this study, we constructed ternary Li−M−O
(M = Co, Ni) convex hulls using the structures with the lowest
energy at each composition. The structures were adopted from
the Inorganic Crystal Structure Database (ICSD).75 The
reference states (Li, Mn, Ni, and nonsolid O2) were obtained
by fitting to experimental data from the SGTE substance
database (SSUB) and IIT.67,69,76−79 Calculations to construct
equilibrium Li−M−O (M = Co, Ni) phase diagrams were
carried out within the Open Quantum Materials Database
(OQMD) framework.68,69 All the stoichiometries labeled on
the phase diagram are part of the ground-state convex hull,
indicating that these compounds are stable and have lower
energy than any linear combination of other compounds that
add up to the same composition. The tie-lines and phase
regions in a ternary phase diagram indicate the coexistence of
two and three phases, respectively. The equilibrium lithiation/
delithiation reaction paths can be determined directly from the

ground-state convex hull between Li and MOs which is
obtained using a linear programming approach.73

2.3. Searching for the Nonequilibrium Phases
through the Li-MO Reactions. Though the equilibrium
lithiation pathway can be simply determined from the ground-
state convex hull, determining a nonequilibrium reaction
pathway is much more difficult, because there is no general,
simple guiding principle to determine this pathway. To simulate
the nonequilibrium lithiation process (i.e., energetically above
the equilibrium reaction pathway) of the MOs, we designed a
structure-based, mechanistic method, namely, NEPS (non-
equilibrium phase searching method), to search for inter-
mediate phases (Figure 1) by exploring geometrically distinct
Li/vacancy configurations on possible insertion sites of MO
structures at different compositions (Li/vacancy ratios). NEPS
has been successfully applied to predict the energetics and
phase evolutions during the lithiation/sodiation process of
transition metal sulfides including MoS2,

80 (Cu,Co)3O4,
81 and

CuS.82 An assumption is made on the basis of previous
nonequilibrium (de)lithiation studies18,40 that Li-ion diffusion
in the transition metal oxide is significantly faster compared to
diffusion of the transition metal ions and oxygen ions during
the lithiation reaction. Our hypothesis, therefore, is that Li
ion(s) inserted into a compound can find the lowest energy
empty site(s) for any given arrangement of transition metals
and oxygen ions. The positions of the transition metal ions and
oxygen ions respond to the presence of the Li only via local
relaxation, enabling the nonequilibrium lithiation process. Our
computational method involves the following five steps,
described below:

(i) Starting with the host compound (which may or may not
contain Li), identify all possible insertion sites. The
method is initiated by searching for interstitial sites in the

Figure 1. Searching for the nonequilibrium phases through the Li-TMO reactions: an example of Li−Co3O4. The searching process proceeds as
follows: (i) Possible insertion sites (Td and Oh) were identified from the original Co3O4 spinel structure. (ii) All symmetrically distinct configurations
of Li on the unoccupied sites were generated for each composition using Enum (Li/vacancy orderings are shown by the green circles with the Co3O4
structure visualized by lines).87−89 (iii) Total energies of all the configurations generated were sampled using electrostatic calculations. (iv) For each
composition, corresponding structures were ranked by the total energies, and the three lowest energy structures were further relaxed using DFT. The
formation energies for these selected structures were then evaluated. (v) Using formation energies obtained, the nonequilibrium Li−Co3O4 convex
hull is built. The composition points located on the convex hull then correspond to the identified nonequilibrium phases.
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original transition metal oxide structures. An in-house
code MINT (openly available on GitHub)83−86 was used
which automates the search for insertion sites. The
algorithm works by placing an analytic, exponential
decaying function [exp(−r/a)] at each atomic site and
searching for geometric minima in the resulting function.
An illustration of the utility of MINT to find interstitial
sites in a complex crystal structure is given in ref 84 for
the problem of defects and mass transport in B20H16.
Models with different sizes of supercell were then built
with all the empty insertion sites identified.

(ii) Generate all symmetrically distinct configurations for Li
insertion. We worked with the Enum code87−89 to
generate all symmetrically distinct configurations of Li on
the unoccupied sites. All configurations were classified
according to their composition Lix□1−xMO.

(iii) Compute total energies of all configurations generated in
step ii. To enable a fast energy sampling, simple point-
charge electrostatic calculations were conducted, using
nominal charge states for the ions in the system.84

(iv) Select the structures with lowest electrostatic energies to
be computed more accurately and atomically relaxed in
DFT. For each composition, the structures were ranked
by the electrostatic energies, and the three lowest energy
structures were further relaxed using DFT. The
formation energies for these selected structures were
evaluated according to the following reaction: MO + xLi+

→ LixMO.
(v) Using all of these nonequilibrium structures derived from

insertion of Li into the initial TM oxide, build the “non-
equilibrium convex hull” and determine phases. For each
specific system (Li-MO), we build the corresponding
nonequilibrium convex hulls with the calculated
formation energies at all compositions. The composi-
tions, structures, and energies located on the convex hull
correspond to the identified nonequilibrium phases.

For Co3O4, we used a supercell containing 6 Co ions (4
Co3+, 2 Co2+) and 8 O2− ions, which has 16 total tetrahedral
and octahedral unoccupied sites that Li ions can insert as
shown in Figure 2. As mentioned in the introduction, the
lithiation of Co3O4 is accompanied by the displacement of
tetrahedral Co cations into neighboring empty octahedral sites.
We considered the energetic influences on the Co-ion
migration to the octahedral site22 by creating three initial
Co3O4 configurations, as shown in Figure 3. Figure 3a

represents the original spinel Co3O4 structure (with Co
occupying both tetrahedral and octahedral sites in a 1:2
ratio); Figure 3b,c represents structures where half and all of
the tetrahedral Co ions are moved to octahedral sites,
respectively. Particularly for the LiCo3O4 phase which is
reported to have all Co ions migrated to the octahedral sites
randomly, we reproduce the partially disordered structure using
the special quasi-random structure (SQS) method by
populating the metal sites with Co and Li randomly. An SQS
was generated on the basis of a Monte Carlo algorithm
implemented in ATAT54,90−92 with the constraint that the pair
and triplet correlation functions of the SQS are identical to
those of the statistically random Co/Li population of cation
sites at least up to the third nearest neighbor. Starting from
these structures shown in Figure 3, we insert the Li atom(s)
into the unoccupied octahedral and tetrahedral site(s) for a
range of compositions within 0 < x ≤ 8 for LixCo3O4.
For NiO, we used a supercell containing 8 Ni2+ ions and 8

O2− ions, which has 16 total tetrahedral unoccupied sites where
Li+ can insert as shown in Figure 2. We insert the Li atom(s)
into the unoccupied tetrahedral site(s) in Figure 2b to generate
LixNiO (0 < x ≤ 2) structures.

2.4. Derivation of Voltage Profiles. In a two-phase
reaction between LiyMO and LixMO

+ − →y xLi MO ( )Li Li MOx y (1)

The average lithiation/delithiation reaction voltage relative to
Li/Li+ is given by the negative of the reaction free energy per Li
as shown by Equation 2.93

=
Δ
Δ

V
G

F N
f

Li (2)

Here, F is the Faraday constant, ΔNLi = y − x is the amount of
Li added/removed, and ΔGf is the (molar) change in free
energy of the reaction. The enthalpic (pVm) contribution to G
is of order 10 μeV per Li at atmospheric pressure and can be
safely ignored.15 In the following, we approximated G in eq 1
with T = 0 K total energies (E) from DFT calculations
neglecting the entropic contributions.

Δ = − − −E E E y x E(Li MO) (Li MO) ( ) (Li )y x metal (3)

Here, E(LixMO) and E(LiyMO) generically represent the sum
of the total energies of all product phases or reactant phases at
the specified stoichiometry, as shown in Table 1. Of course,
experimental lithiation/delithiation reactions do not necessarily
proceed strictly through a series of two-phase reactions (the
latter is an artifact of using strictly T = 0 K convex hull
constructions). Thus, the voltage profiles obtained should be
viewed as approximate, and very small voltage steps should not

Figure 2. Chemical structures of (a) Co3O4 (Fd3 ̅m) and (b) NiO
(R3 ̅m). All the unoccupied Td and Oh sites can be used as an insertion
site for lithium ions. The dark blue, green, and red circles represent
Co, Ni, and O, respectively, with gray and white circles representing Td
and Oh vacancy sites within the host structure.

Figure 3. Three initial configurations for the searching of LixCo3O4
nonequilibrium phases. (a) Original Co3O4, and (b) Co3O4 structure
with 1/2 Td Co atoms migrated from Td sites to Oh sites, and (c)
disordered Co3O4 structure with all Td Co atoms migrated to Oh sites.
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be taken as significant.15 Small voltage drops in the voltage
profile would become much more rounded or even completely
smoothed into a continuous curve at finite temperatures (i.e.,
room temperature) when entropic contributions are taken into
account.56

3. RESULTS
3.1. Li−M−O (M = Co, Ni) Ground-State Convex Hulls

and Equilibrium (De)lithiation Voltage Profiles. We begin
with the calculation of equilibrium (de)lithiation pathways,
given by the equilibrium convex hull construction. The ternary
Li−Co−O and Li−Ni−O ground-state convex hulls are
presented in Figure 4 with stable compositions marked by

filled circles. Stability of compounds on the convex hull
indicates that they have a lower DFT energy than any linear
combination of other compounds (which are contained in the
OQMD database). Compositions marked with an × are the
nonequilibrium phases identified in Section 2.3 inside a stable
three-phase region or on the two-phase tie-line which have

higher energy than a mixture of the three/two compounds that
define the triangle/tie-line. Although such compounds are
thermodynamically unstable, they can be nonequilibrium if
kinetic limitations (e.g., diffusion, nucleation) prevent the
relaxation of the system to the equilibrium, stable phases.13

The equilibrium lithiation reaction paths of MOs go through
multiple three-phase regions in Figure 4 consisting of the stable
phases marked in our ternary phase diagrams. These regions
correspond to various lithiation reactions listed in Table 1,
where we calculate the capacities and average voltages of these
reactions. In Figure 3, we compare the equilibrium reaction
voltage profiles predicted with DFT with the experimental
voltage profiles adapted from refs 6, 7, and 94. We note that the
overall values of the calculated equilibrium voltage profiles of
Co3O4 and NiO with DFT reasonably agree with the
experimental delithiation curves (Figure 5a,b). Therefore, we

Table 1. Lithiation Reactions of the Equilibrium Path of Co3O4 and NiO

region reaction capacity [mA h/g] voltage [V]

Co3O4

I Co3O4 + Li → LiCoO2 + 2CoO 111 2.53
II LiCoO2 + 2CoO + Li → 1/3Li6CoO4 + 8/3CoO 223 1.82
V 1/3Li6CoO4 + 8/3CoO + 4Li → Li6CoO4 + 2Co 668 1.81
IV Li6CoO4 + 2Co + 2Li → 4Li2O + 3Co 890 1.66

NiO
I NiO + Li → 1/2Li2NiO2 + 1/2Ni 359 1.75
II 1/2Li2NiO2 + 1/2Ni + 1Li → Li2O + Ni 718 1.71

Figure 4. Li−M−O phase diagrams and equilibrium lithiation/
delithiation paths of (a) Co3O4 and (b) NiO. The equilibrium reaction
paths are represented by the dotted line. The three-phase regions
which the lithiation/delithiation path goes through are marked by
Roman numerals. Compositions marked with an × are the
nonequilibrium phases identified in Section 3.2.

Figure 5. Calculated equilibrium lithiation/delithiation voltage profiles
for (a) Co3O4 and (b) NiO and experimental voltage profiles adapted
from refs 6, 7, and 94. The overall values of the calculated equilibrium
voltage profiles of Co3O4 and NiO reasonably agree with the
experimental delithiation curves. The experimental lithiation/delithia-
tion profiles are represented by the black and gray curves.
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conclude that the delithiation of Li8Co3O4 (4Li2O·3Co) and
Li2NiO (Li2O·Ni) follows pathways which are energetically
close to the equilibrium reaction processes (further discussed in
Section 3.4). There is a voltage difference between the
calculated equilibrium profile and experimental curve at the
beginning of the delithiation. Many factors (e.g., entropy,
reaction kinetics, compositional inhomogeneity, etc.) can
contribute to this voltage difference, yet a detailed investigation
on clarifying the energetically dominant factor is beyond our
current scope. However, for Co3O4 and NiO, the calculated
equilibrium voltage profiles are much higher compared to the
lithiation plateaus at 1.1/0.7 V as shown in Figure 3a,b. These
voltage differences reflect the large voltage hysteresis during the
cycling of Co3O4 and NiO and suggest an alternative reaction
path for the lithiation processes. As a result, we focus on the
nonequilibrium lithiation pathways involving intermediate
structures as an explanation of the discrepancies between
experimental lithiation and calculated equilibrium voltages.
3.2. Nonequilibrium Lithiation Voltage Profiles. Since

the lithiation voltages from experiments exhibit large differences
with the equilibrium voltage profile (Figure 5), we investigate
the nonequilibrium lithiation process of MOs by the prediction
of nonequilibrium structures and reaction pathways based on
geometrical enumerations (the methodology is detailed in
Section 2.3). During the lithiation process of Co3O4 and NiO,
we identify several nonequilibrium phases (LixCo3O4, x = 1, 2,
3, 4, 5, 8; and LixNiO, x = 1.625, 2) along the Li−Co3O4(NiO)
“non-equilibrium convex hulls” as shown in Figure 6a,c. Using
these nonequilibrium phases, the overall voltages of calculated
“non-equilibrium” lithiation reactions (Figure 4b,d) are in
significantly better agreement with experimental lithiation
voltages than the calculated equilibrium values.6,7 Because our
voltages are based on T = 0 K energetics, the shape of the
calculated voltage profile is a series of constant voltage reactions
with steps in between. However, the experimental curves are
generally more smooth and continuous. It is noteworthy that
the simulated voltage profiles will generally become more
smooth when entropic considerations and finite temperature56

are taken into account. The comparison of calculated voltages
and structural information with experiment [electrochemical,
XRD, and EXAFS (extended X-ray absorption fine structure
method)] led us to the conclusion that the lithiation of Co3O4
and NiO follows a series of nonequilibrium phases instead of
the ground-state equilibrium phases in Table 1. The structural
validation and comparison with experiment will be discussed in
following sections. Additionally, discharge voltage curves of
certain conversion-type materials could be affected by many
different experimental aspects, including synthesis method,
particle morphology, test settings, etc. Particularly for Co3O4
and NiO, the lithiation voltage profiles of various nano-
particles37,38,95−97 demonstrate continuously decreasing trends
in contrast to the largely flat profile obtained using bulk
materials as shown in Figure 6. However, exploring for the
detailed reasons behind these nanoparticles vs bulk exper-
imental voltage curves is beyond the scope of this study.
3.3. Atomistic Structural Evolutions during the Non-

equilibrium Lithiation Process. 3.3.1. Co3O4. We next look
into the atomistic phase evolution during the nonequilibrium
lithiation process. The lithiation of Co3O4 starts with both Li
and Co (migrated from the Td sites) taking the unoccupied Oh
sites. As all the Oh sites are fully occupied by Li and Co at x =
1; the resulting LiCo3O4 phase adopts a partially disordered
(Li/Co) rocksalt structure (Figure 7b), as observed by

Thackeray et al. through X-ray diffraction analysis.22 In the
following step (x = 2) in Figures 7c, continuing Li-ion insertion
forces the octahedrally coordinated cobalt ions in LiCo3O4 to
migrate back to tetrahedral sites in Li2Co3O4. A mosaic
structure (Figure 7c) forms at this step with localized CoO−
Li2O character, and Co ions occupy both the Td site and Oh
sites confirming the X-ray diffraction analysis conducted for
Li1.92Co3O4 by Thackeray et al.22 With further Li intercalation
(x = 3), we observe in Figures 7c that the oxygen fcc
frameworks still stay intact. To better understand the atomistic
reduction of ions in the cells, we conduct Bader charge
analysis98,99 for Co ions in intermediate phases (Figure 8a). We
also monitor the interatomic distance between selected nearest
neighbor ions through the lithiation process, as shown in Figure
8b. From Co3O4 to Li3Co3O4, the Bader charge of Co decreases
for −0.44e indicating the Co-ion reduction (Co3+ → Co2+).
Co−Co and O−O interatomic distances in Figure 8b show
limited changes indicating the overall preservation of the
backbone of the structure. These observations indicate the
potential to use Co3O4 as a reversible, intercalation-type
electrode in a constrained lithiation range (0 < x < 3).
Beyond the intercalation-type reaction (x ≥ 4), Co ions start

to get partially reduced to their metallic oxidation state (Co2+

→ Co0, Figure 8a) and begin to be extruded from the structure.
Co ions in these nonequilibrium structures begin to cluster, and

Figure 6. Convex hulls generated with all the calculated non-
equilibrium phases for (a) Co3O4 and (b) NiO, and the corresponding
voltage profiles of the Li insertion into (c) Co3O4 and (d) NiO.
Predicted nonequilibrium reaction voltage profiles fall into the
experimental lithiation voltage intervals.
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Li/O also starts to congregate as the system approaches the x =
5 Li5Co3O4 phase in Figure 7f. The lithiation now starts to
resemble a pathway closer to the conversion-type reaction.

When the Co3O4 is fully lithiated (x = 8), Co ions have been
fully reduced to Co metal, and Li ions combine with O ions to
form a distorted Li2O. We observe that, in this highly lithiated
state, the Co clusters distribute in an alternate layer of distorted
Li2O in Figure 7g, which is an indication of the phase
separation tendency between nanoscale Co metal and lithia. We
consistently observe that the distances between neighboring
Li−O and O−O ions in Figure 8 approach the typical bond
lengths in Li2O while the Co−Co distances get close to that of
Co metal, which validates the experimental observation of Co
nanoparticles dispersed in the disordered Li2O in previous
studies.7,29 Our results have demonstrated that only Li2O is
forming and no other products such as Li2O2 or LiO2 are
observed during the lithiation process (Figure 8b). We have
compared our calculated Co−Co interatomic distances during
lithiation with the values measured by extended X-ray
absorption fine structure method (EXAFS).25,100 The predicted
Co−Co distance shows reasonable agreement with the
experimental EXAFS observations across a range of Li
concentrations, further validating our lithiation pathway results
(Figure 8b).

3.3.2. NiO. Unlike Co3O4, the lithiation of NiO starts with
conversion-type features. When lithiation begins, Li ions go
into the Td interstitial sites of the NiO structure (Figure 9).
After 1.6 Li are inserted, Ni2+ ions have been largely reduced to
Ni0 metal atoms as shown by Bader charge analysis (Figure
10a). Additionally, the system reaches its first nonequilibrium
phase characterized by alternative layers of distorted Ni and
lithia. The variation of Ni−Ni interatomic distance as a function
of x in Figure 9b confirms the changes in the oxidation state of
Ni (Ni2+ → Ni0). Some of the Ni ions are still bonded with
oxygen ions with a narrow distance between them (Figure
10b). When 2 Li are inserted, all the Ni ions are reduced to Ni0

with lithia forming single layers implying the phase separation

Figure 7. Structures of the nonequilibrium phases on the convex hull and the corresponding phase evolution. At the beginning of the lithiation, both
inserted Li and Co ions from the Td sites tend to occupy the empty Oh sites forming LiCo3O4 as shown in part b (Co movements are indicated by
black arrows). Furthermore, it is observed that the oxygen fcc array starts to be distorted in part c. In Li4Co3O4, the Co−O coordination numbers are
decreasing (labeled by the green rectangle) in part e, followed by the Li/O congregating (green rectangle) and Co gathering (blue square) in part f.
Lastly, we observe the formation of Li2O and Co clusters, i.e., a strong tendency to phase separate into ground-state phases at that composition,
which is consistent with previous experiments.7,29

Figure 8. (a) Averaged net charges on Co in LixCo3O4, (0 < x < 8)
based on the Bader charge analysis. The error bar corresponds to the
distribution (maximum and minimum) of charges on the Co ion. (b)
Interatomic distance during the lithiation process of Co3O4. The error
bar corresponds to the distribution (maximum and minimum) of
interatomic distances. EXAFS data on Co−Co interatomic distance is
adapted from refs 25 and 100. Typical interatomic bond lengths
(adapted from refs 103 and 104) are also provided in the figure
(right).
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between nanoscale Ni metal and lithia (Figure 9c). Again, only
Li2O is formed, and no other products such as Li2O2 or LiO2
are observed during the lithiation process (Figure 10b). Similar
to Co3O4, the predicted Ni−Ni distance shows remarkable
agreement with the experimental observations as a function of
Li concentration (Figure 10b).41 Using in situ TEM
observations,28 He et al. reported the lithiation of NiO
penetrates into the material through a “fingerlike” morphology.

The lithiation “fingers” that propagate into the sample are in
the form of high-aspect-ratio lithia and Ni0 layers, and our
nonequilibrium pathway calculations feature precisely this type
of morphology and hence help explain the experimental
observations. Here we propose that the development of the
fingers is enabled by the formation and growth of the
nonequilibrium intermediate phases LixNiO (1.625 < x <
2.0) featured with lithia and Ni metal layers. The experimental
identification of the nonequilibrium intermediate phases is
under investigation.101

3.4. Discussion. As described above in Sections 3.2 and 3.3,
the final nonequilibrium phases after full lithiation of Co3O4
and NiO are composed of nanoscale Co, Ni, and Li2O clusters,
and we assert that the reverse delithiation process will proceed
at a potential closer to the equilibrium voltage profile. Since the
Co/Ni/Li2O clusters are very closely integrated into the
nanoscale with high interfacial area, they will still be at a higher
energetic state compared with the bulk phase (where these
clusters can exist on a much larger length scale with lower
interfacial energy). Once the electrode is fully delithiated back
to the original Co3O4 or NiO structure, the nonequilibrium
lithiation process will start again. By determination of the
lithiation/delithiation reaction paths, our theoretical study now
provides an insight into the large voltage hysteresis observed
during the cycling of Co3O4 and NiO.

6,7,29 The distinct reaction
pathways between the lithiation and delithiation process induce
the large voltage hysteresis.
Specifically, during the lithiation of Co3O4, the oxygen fcc

frameworks start to collapse after four Li ions are inserted (x ≥
4), as displayed in Figure 7e. We hypothesize that if only 3
lithium units are inserted into the Co3O4 electrode, the
lithiation process may proceed as an intercalation reaction with
the oxygen backbone still preserved yet with Co migration in
the structure, which may offer an enhanced cyclability with a
capacity of ∼334 mA h/g and much more constrained volume

Figure 9. Structures of the two nonequilibrium phases on the convex hull and schematic illustration of the “finger” lithiation mechanism of NiO.28

The lithiation of NiO starts with conversion-type features, and Li ions go into the Td interstitial sites of the NiO structure. After 1.625 Li are inserted,
Ni2+ ions have been partially reduced to the Ni0 metal atoms. The system reaches the first nonequilibrium phase characterized by alternative layers of
distorted Ni and lithia shown in part b. Some of the Ni ions are still bonded with oxygen ions with the narrow distance between them. When the 2 Li
are inserted, all the Ni ions get reduced by Li with lithia structures becoming more regular and Ni metal atoms forming single layers implying the
phase separation between nanoscale Ni metal and lithia (c). The nonequilibrium phases featured with alternative layers of lithia and Ni can be used
to explain the “finger” lithiation mode of NiO.

Figure 10. (a) Averaged net charges on Ni in LixNiO (0 < x < 2)
based on the Bader charge analysis. The error bar corresponds to the
distribution (maximum and minimum) of charges on the Ni ion. (b)
Interatomic distance during the lithiation process of NiO. The error
bar corresponds to the distribution (maximum and minimum) of
interatomic distances. EXAFS data on Ni−Ni interatomic distance is
adapted from ref 41. Typical interatomic bond lengths (adapted from
refs 103, and 104) are also provided in the figure (right).
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expansion. It is also possible that the following delithiation
process may proceed with the intercalation-type reaction that
may prevent the voltage hysteresis and particle cracking.
There have been studies using the confinement of multiple

nanoscale NiO layers within an electrode to direct lithium
transport and reactivity.26,102 The layered features of the
nonequilibrium phases predicted in this work (Figure 9b,c)
during the lithiation of NiO rationalize the design of the multi-
nano-layer electrode and also offer guidance on its further
improvement. With the advancement of the synthesis at the
nanoscale, we assert that enhanced reactivity and reversibility
could be achieved when the single NiO layer thickness
approaches the counterpart of Ni/Li2O dual layers in our
computed nonequilibrium phases (∼10 Å). In this case, the
corresponding (de)lithiation would therefore require only Li-,
Ni-, and O-ion migration within extremely limited length scales
and only in a layered morphology, showing the possible use of
these nanoscale materials as a fast-rate electrode material.

4. CONCLUSION
We have combined first-principles calculations of equilibrium
and nonequilibrium structures derived from the original MO
(Co3O4, NiO) structures to explain the underlying mechanisms
of lithiation and delithiation of these conversion electrodes in
Li-ion batteries. A structure-based method was designed to
search for nonequilibrium intermediate phases by exploring
geometrically distinct Li/vacancy configurations on possible
insertion sites of MO structures at different compositions (Li/
vacancy ratios). For Co3O4 and NiO, the overall value of
equilibrium voltage profiles (∼2.1 and 1.74 V) reasonably agree
with the experimental delithiation voltages; however, they show
large deviations from the experimental lithiation counterparts
(∼1.1 and 1.2 V) reflecting the large voltage hysteresis during
cycling. We focus on the voltage deviations caused by the
nonequilibrium lithiation process by searching for possible
nonequilibrium phases that appear in the lithiation reactions.
For Co3O4, we have identified nonequilibrium phases where
the first three phases (x = 1, 2, and 3) preserve a nearly rigid
oxygen fcc framework. Therefore, we assert that Co3O4 should
have enhanced reversibility as an electrode when the charge/
discharge is limited to 3 mol of Li per formula unit or less. Even
with this restriction, this material could offer better cyclability at
a reasonable capacity of ∼334 mA h/g. For NiO, we have
identified nonequilibrium phases (LixNiO, x = 1.625 and 2)
both of which are characterized by alternative layers of distorted
Ni and lithia. The overall voltages of calculated lithiation/
delithiation profiles using energetics of these nonequilibrium/
equilibrium phases show good agreement with experimental
voltages and explain the large voltage hysteresis during Co3O4/
NiO cycling. Our study provides new insights on the lithiation
process of transition metal oxides and could help future
experiments to overcome the current limitations of the
conversion-type electrode materials promoting the develop-
ment of more advanced LIBs.
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