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Understanding how lithium-ion batteries function down to the atomic level during charge and discharge cycling
can provide valuable guidance to optimize structure-property relationships and to design and understand new
electrode materials. Lithium insertion and reactions with the electrodes during charge and discharge cycling can
occur via metastable structures with complex ordering and related non-equilibrium phenomena. Remarkably,
these processes remain still poorly understood despite their signiﬁcance in the operation of lithium battery
systems in critical technologies. In this communication, we present the dynamics of lithium insertion into Co3O4
and the evolution of metastable phases as probed by in-situ transmission electron microscopy, in concert with
ﬁrst principles density functional theory calculations. We show that the initial lithium intercalation reaction
occurs with the formation of several metastable and intermediate phases, followed by a sequence of conversion
reactions that perturb and expand the cubic-close-packed oxygen array, ultimately generating an end-product of
ﬁnely dispersed cobalt metal clusters within a Li2O matrix. The calculated non-equilibrium lithiation pathways
corroborate with the experimental lithiation voltages, and explain the signiﬁcant hysteresis that occurs during
electrochemical cycling. The data provide new insights into the complexity of solid state lithium electrochemistry in metal oxides that are relevant to advancing lithium battery technology.

1. Introduction
Lithium insertion reactions contribute signiﬁcantly to the electrochemical performance of Li-ion batteries that currently dominate the
world’s growing rechargeable battery industry, while conversion reactions hold signiﬁcant promise for the next generation batteries, due to
their large capacities [1–4]. Despite intensive research in this ﬁeld since
the commercialization of the ﬁrst C/LiCoO2 battery products, there is
limited information about the electrochemical processes that occur at
the atomic- and nano-scale in electrode structures, particularly the
transient formation of intermediate and metastable conﬁgurations that
have insuﬃcient time to relax and equilibrate [5,6]. Metastable conﬁgurations can exist only for a short time span under these dynamic
conditions, which makes it extremely diﬃcult to measure them experimentally. Such conﬁgurations will impact battery performance, e.g.,
capacity, cyclability and voltage hysteresis. Recent advances in developing TEM techniques [7–15] have allowed real-time, in-operando,
⁎
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visualization of dynamic electrochemical processes in lithium-ion battery materials with atomic resolution. Density functional theory (DFT)
calculations serve as a complementary tool to experiments, and allow
us to predict atomistic structural models of metastable lithiation pathways, which can be validated by comparison of simulated and experimental high resolution images.
Traditional Li-ion battery electrodes, such as layered LiCoO2
[16,17] and substituted analogues, e.g., LiNi0.33Mn0.33Co0.33O2 [18],
the spinel LiMn2O4 [19,20] and Li4Ti5O12 [21,22], and olivine LiFePO4
[23] operate by insertion reactions alone, sometimes with a phase
change; they typically release and re-accommodate between 0.5 and 1.0
Li+ ions per transition metal ion. The reactions are typically accompanied by concomitant redox of the transition metal ions between divalent and tetravalent oxidation states during charge and discharge,
thereby limiting the delivered electrode capacity to about
100−170 mA h/g. On the other hand, conversion reactions that occur
when metal oxides are extensively lithiated involve the reduction of
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2. Material and methods

metal ions to the metallic state and their displacement from the oxide
host. [2,4,24,25] Despite cycling stability and hysteresis limitations,
these reactions are appealing because they can involve more than one Li
per transition metal, and hence yield signiﬁcantly higher capacities,
e.g., 700–800 mA h/g, at relatively low potentials vs. metallic lithium,
providing an opportunity to exploit metal oxide conversion materials as
anodes for high energy lithium-ion battery systems.
The reaction of lithium with cobalt oxides and iron oxides, such as
Co3O4, CoO, Fe3O4, Fe2O3, LiFeO2, and LiFe5O8 at room temperature
and high temperature (400 °C) was ﬁrst disclosed more than 30 years
ago [3,25–30]. Lithiation of Co3O4 at room temperature occurs ﬁrst by
an insertion process to form an intermediate rock salt phase, LiCo3O4,
before metallic cobalt is extruded from the structure [3]; in this case,
the reaction can be formulated simplistically as:
+Li

+7Li

Co3 O4 ⟶LiCo3 O4 ⟶3 Co + 4 Li2 O

2.1. Nanocomposite preparation
Co3O4/CNT nanocomposites were synthesized by hydrothermal
method similar to that previously reported[41,42]. In a typical experiment, 200 mg cobalt (III) acetate tetrahydrated and 15 mg carbon
nanotube were dissolved in a 20 mL solution of dimethylformamide and
water with a 8:2 volume ratio by magnetic stirring for 30 min. The
solution was subsequently loaded into a Teﬂon-lined autoclave (25 mL
capacity). The stainless steel autoclave was sealed and heated to 120 °C
for 2 h. Thereafter, the autoclave was cooled to room temperature, the
precipitates collected by ﬁltration after being repeatedly washed with
ethanol and deionized water, and ﬁnally dried in an oven at 60 °C.
2.2. In situ TEM experiments

(1)

A nanobattery design was built inside TEM by using the nanofactory
STM-TEM holder, which can provide a positive/negative bias between
two electrodes in the circuit. Co3O4/CNT was adhered to one end of Au
rod using a conductive epoxy, which acted as the working electrode.
Lithium scratched directly by a tungsten rod was used as the counter
electrode. Two electrodes of the nanobattery were placed in contact
with each other inside the transmission electron microscope using a
precisely controlled piezo-motor with a movement resolution of ~
1 nm. The bias range of the STM-TEM holder, namely, − 10 V to +
10 V, is more than adequate to drive lithium ions from the lithium
source to react with the active Co3O4 particles. In our experiments, a
negative bias range of − 0.5 to − 2.5 V was applied during the lithiation process, and a positive + 3 to + 4 V was applied to the circuit
on delithiation. The electron dosage was carefully monitored in the
experiments to minimize its eﬀect on the current observations.
The cell consisted of a Li metal foil anode, passivated by a Li+conducting solid electrolyte layer, produced by brieﬂy exposing the Li
metal anode to air prior to assembly, and a nanoparticulate Co3O4
cathode. Although the composition of the protective layer is unknown
at this stage, we speculate that it was likely comprised of Li2CO3, LiOH,
Li2O, Li3N and/or other lithium-containing species.

A severe hysteresis (~ 1.0 V) has been observed in the voltage/
capacity plot of cycled Li/LixCo3O4 cells [24]. The hysteresis results in a
low energy eﬃciency on each cycle, which has prohibited the use of
Co3O4, notably as an anode, in practical lithium-ion cells. The exact
reasons for the large hysteresis remain unclear despite many studies of
this phenomenon. Several hypotheses, based on experimental and
computational studies, have been proposed such as 1) ohmic drop [31],
2) nanosize eﬀects [32,33], 3) surface chemistries and reactions
[34,35], 4) compositional inhomogeneity [8,31], and 5) asymmetric
reaction pathways during charge and discharge [36,37]. The contribution to hysteresis from points 1, 2 and 3 above are generally
considered to be small (0.1 < V < 0.4) [31–35], whereas the hysteresis
originating from point 4 should be largely alleviated when the particle
size is reduced, enabling fast reaction kinetics. It appears that hysteresis
eﬀects are generally independent of the morphology and shape of the
electrode particles, as emphasized by studies on nanotubes, nanowires
and hollow nanospheres of Co3O4 [38–40]. As we demonstrate here, the
substantial discrepancy between thermodynamic and kinetic reaction
paths can account for a large voltage hysteresis (> 1.0 V) in transition
metal oxides like Co3O4. Yu et al. [36] identiﬁed an intermediate phase
during the conversion from LiTiS2 to Cu0.5TiS2 while the re-conversion
reaction exhibits simple two-phase features without any intermediate
phase. Chang et al. [37] found similar reaction path diﬀerence between
the charge and discharge of Cu2Sb. In this paper, we explore, by both
theoretical and in-situ experimental (TEM) methods, the complex electrochemical lithiation of Co3O4 electrodes during an initial discharge.
This combined approach, with strong correlations between experiment
and theory, provides further evidence that the production of intermediate and metastable phases plays a signiﬁcant role in the hysteresis
of electrochemical metal-displacement reactions.
Speciﬁcally, we have studied the room temperature, electrochemical discharge behavior of Co3O4 nanocrystals decorated on highly
conductive multi-wall carbon nanotubes (CNTs). Co3O4 was selected as
a model system because it provides the opportunity to study in detail,
by in situ TEM, both insertion and conversion reaction processes in one
material and to observe directly the nanoparticle lithiation process in
real-time and at the atomic scale. A density functional theory (DFT)
based approach was developed to predict the initial lithium insertion
reaction and corresponding metastable phases that were observed and
veriﬁed experimentally. The proposed DFT methodology provides an
explanation for the signiﬁcant polarization observed in the voltage
proﬁle of Co3O4, and for conversion reactions conducted at roomtemperature, in general. While most of the Co3O4 nanoparticles show
an obvious intercalation stage, one nanoparticle, in particular, appeared to skip the intercalation stage, reacting immediately by a conversion process, thereby, highlighting the complexity and non-uniformity of the electrochemical lithiation process.

2.3. Density functional theory calculations
The ﬁrst principle calculations were carried out in the Vienna Abinitio Simulation Package (VASP) [43–46] with the projector augmented wave (PAW) potentials [47]. The generalized gradient approximation (GGA) of Perdew-Becke-Ernzerhof (PBE) was used for the
exchange-correlation functional with spin polarization always included.
A plane-wave basis set cutoﬀ energy of 520 eV and Γ -centered k-meshes
with the density of 8000 k-points per reciprocal atom were used in all
calculations. DFT+U method was used to treat Co-3d states with a U
value of 3.3 eV adopted following previous studies [48–51].
2.4. Non-equilibrium phase searching (NEPS) through the Li-Co3O4
reaction
To simulate the metastable lithiation process of the Co3O4, we applied a structure-based non-equilibrium phase searching (NEPS)
method [52–55]. We ﬁrst built a model with a supercell of Co3O4
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 (Fig. 5). To investigate the energetic inﬂuence of the Co migration,
[3] three initial structures (Fig. S7) were created with none/half/all of
the Co ions moved from tetrahedral sites (Td) to the octahedral sites
(Oh). For the Co ions migrated conﬁguration, we reproduce the partially
ordered structure using the special quasi-random structure (SQS)
method. An SQS was generated based on a Monte Carlo algorithm
implemented in ATAT [56–59] with the constraint that the pair and
16
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Fig. 1. Co3O4 nanocubes on a carbon nanotube (CNT) and a
lithiated product. (A) Low-magniﬁcation TEM image and (B)
SEM images of Co3O4 nanocubes on CNT. (C) In-situ high resolution electron microscopy (HREM) image showing the electrically-induced disintegration of lithiated Co3O4 particles into
metallic cobalt (black dots) in a surrounding Li2O matrix.

Fig. 2. In-situ HREM lithiation of a Co3O4 nanoparticle at relatively low lithiation speed. (A)–(G) upper row: HREM images of the lithiation process as a function of time (seconds).
Simulated HREM images are inserted to highlight crystallographic indices of the planes. (A)–(G) Low-row: structural models of lithium-inserted phases, from Co3O4 to Li8Co3O4, predicted
by DFT simulations. The structural model is oriented along the same direction as the [121] Co3O4. The scale bar is 1 nm. (H) Simulated voltage proﬁle of Co3O4 through the metastable
phases, compared to experimental voltage proﬁle adapted from Ref. [41].
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provides a lower potential (1.39 V) than an ordered structure (1.64 V),
consistent with the experimental voltage proﬁle shown in Fig. 2 and
Fig. S9).
Supplementary material related to this article can be found online at
http://dx.doi.org/10.1016/j.nanoen.2017.11.052.
During stage II of the reaction, i.e., t ≈ 42 to t ≈ 98 s in Video S2,
the introduction of additional lithium results in a stronger contrast in
the lattice fringes of the (3-1-1) planes of the parent Co3O4 structure
(Fig. 2C,D). After reaction with two Li+ ions, i.e., at the composition
Li2Co3O4 (or alternatively, Li2O·3CoO), all the cobalt ions would be
divalent, suggesting that this composition is the upper limit for lithium
uptake prior to the reduction of divalent cobalt to the metallic state
(Co0). The existence of overlithiated LixCo3O4 compounds (0 < x ≤ 2),
ﬁrst postulated in 1985 by Thackeray and Baker et al. [3] for x = 1.07,
1.47 and 1.92, can be rationalized in terms of a mosaic structure, in
which localized conﬁgurations with CoO-, Li2O- or intermediate CoOLi2O character exist, depending on the extent of lithiation of the localized regions. The transformation of a crystalline- to a mosaic structure
is not surprising, given the signiﬁcant diﬀerences in the lattice parameters of LiCo3O4, CoO and Li2O structures and their atomic conﬁgurations. Indeed, our DFT calculations predict that overlithiating
LiCo3O4 to Li2Co3O4 (Li2O·3CoO) occurs with the partial migration of
octahedrally-coordinated cobalt ions in LiCo3O4 to tetrahedral sites in
Li2Co3O4 (Fig. 2C). This ﬁnding corroborates a previously-reported Xray diﬀraction analysis of a chemically-prepared, overlithiated
Li1.92Co3O4 sample that provided evidence of both tetrahedrally- and
octahedrally-coordinated cobalt in the structure [3]. We believe that
the presence of lattice streaks along the (3-1-1) plane in the experimental HREM images (Fig. 2(C,D)) reﬂects the onset of these highly
complex structural changes and the generation of localized Li2O, CoO
and fully reduced Co metal conﬁgurations.
At lithiation stage III (t = 100 to t = 109 s) in Fig. 2(E,F), {111}
lattice fringes, corresponding to a signiﬁcantly expanded fcc lattice are
clearly present, consistent with the production of reduced, CoO-like
conﬁgurations in an extensively lithiated structure. The HREM images
and theoretical simulations of extensively lithiated LixCo3O4 structures
suggest that, during this stage of the reaction, the displacement of cobalt atoms during their reduction to the metallic state may be responsible for the signiﬁcant expansion of the lattice (perpendicular to
the {111} planes), yielding a convoluted structure composed of Co0 and
CoO slabs alternating with slabs of Li2O (see Fig. 2E, F for idealized
representations of the structures). During the ﬁnal stage of the reaction,
stage IV, that occurs approximately one second later at t = 110 s
(Fig. 2G and S3), there is an instantaneous pulverization of the crystalline structure, induced by the reduction and extrusion of the remaining cobalt from the CoO slabs, and the clustering of cobalt atoms
within a surrounding Li2O matrix, as depicted in Fig. 1C and by the
simulated, thermodynamically relaxed and fully lithiated crystal
structure, Li8Co3O4 (4Li2O·3Co), in Fig. 2G. The calculated (open circuit) overall value of the voltages of the Li/Co3O4 cell, based on the

triplet correlation functions of the SQS are identical to those of the
statistically random Co/vacancy population of cation sites at least up to
the third nearest neighbor. Starting from these structures shown in Fig.
S8, we inserted the Li atom(s) into the unoccupied octahedral and
tetrahedral site(s) for a range of compositions within 0 < x ≤ 8 for
LixCo3O4. For each composition, we generated all symmetrically-distinct conﬁgurations of Li on these sites. [60–62] Electrostatic energies
for these structures were then calculated taking into account the
nominal charge states for the ions in the system [63]. Afterward, the
structures at each composition were ranked by the electrostatic energies
and the two lowest energy structures are further relaxed using DFT (Fig.
S7b). Convex hulls were built with all formation energies of diﬀerent
stoichiometries. Voltage proﬁles were calculated using the energetics of
the phases on the hull.
3. Results and discussion
Fig. 1A and B show TEM and SEM images of Co3O4 nanocubes,
approximately 5 nm in dimension, grown hydrothermally on the surface of multi-wall CNTs. Electron diﬀraction conﬁrmed the fcc spinel
symmetry of the Co3O4 crystallites (Fd-3m). A miniature lithium halfcell for the in-situ TEM experiments was assembled, as described in Fig.
S1. The cell was discharged by applying a potential bias of approximately − 3 V to induce lithiation of the Co3O4 particles. Video S1
shows a live TEM recording of the electrochemical lithiation of Co3O4
nanocubes, while eight screen shots from this video (Fig. S2) highlight
morphological changes that occur to the nanocubes.
Supplementary material related to this article can be found online at
http://dx.doi.org/10.1016/j.nanoen.2017.11.052.
Fig. 2 shows high resolution electron microscopy (HREM) screenshot images from Video S2 as a function of reaction time (t) together
with simulated representations of LixCo3O4 structures for various values
of x (0 ≤ x ≤ 8). The HREM images provide a visual picture of the
structural changes that occur progressively on lithiation (Fig. S3).
During the initial lithiation from t = 0 to t = 20 s (stage I), the crystal
lattice remains largely intact while the volume of the nanocube expands
by approximately 8% from ~ 63 nm3 to ~ 68 nm3. This ﬁnding is in
excellent agreement with DFT calculations that predict that the incorporation of one Li+ ion into Co3O4 to form a lithiated spinel (rock
salt) LiCo3O4 structure would induce a volume expansion of 7.86%
(Tables S1 and S2); these calculations were used to simulate HREM
images (Figs. S4–S6) as an aid to index the lattice planes in the experimentally-derived TEM images. During stage I, lithium insertion
displaces cobalt ions from the tetrahedral (8a) sites of the spinel
structure into neighboring octahedral (16c) sites, while the incoming
lithium ions occupy the remaining interstitial 16c octahedral sites,
thereby generating a rock salt conﬁguration in a two-phase reaction,
consistent with prior X-ray diﬀraction analyses [20]. Here, we assume
that the Li and Co ions are disordered over the 16c octahedral sites, as
reported previously [6]. Computationally, such a disordered structure

Fig. 3. In-situ HREM lithiation of a Co3O4 nanoparticle at relatively fast lithiation speed. (A)-(G)
Top: HREM images of the lithiation process as a
function of time (seconds). Bottom: Illustration of the
lithiation process. In about 4 s, a lithiated Co3O4
nanoparticle transforms from a crystalline phase into
a composite of Co0-clusters embedded in a Li2O
matrix. Co: purple; O: Green; Li: Red. The scale bar is
1 nm.
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suggesting that the lithiation process follows an energetic pathway
close to the equilibrium reaction. Based on this evidence, we conclude
that the large hysteresis in Li/Co3O4 cells can be attributed, at least in
part, to asymmetric reaction paths during lithiation (discharge) and
delithiation (charge) (Fig. S9), consistent with the predictions by Yu
et al. [36] and Chang et al. [37] and the strong correlation between the
calculated volume and measured values of the lithiated Co3O4 structures that are generated during discharge (Fig. 4). Such an intercalation
reaction stage with appearance of intermediate phases have also been
observed in other Co3O4 nanoparticles as shown in Figs. S11 and S12.
By carefully do HREM simulation (as shown in supplementary ﬁgure
Fig. S13), there is about ~ 1.8° tilting of the [121] Co3O4 nanoparticle
(Fig. 2a) along the [11-1] direction, although its inﬂuence to the
identiﬁcation of the phases is small and can be neglected.
A second Co3O4 nanoparticle showed signiﬁcantly diﬀerent lithiation behavior (Fig. S10). Snapshots of this nanoparticle (Fig. 3(A–E)
from Video S3), originally oriented close to the [114] zone axis, indicate that the morphological features and volume did not change
substantially until the nanoparticle had been lithiated for 164 s. We
tentatively attribute the apparent low reactivity to poor contact of the
Co3O4 nanoparticle with the underlying CNT backbone that would
suppress electronic conductivity and electrochemical lithiation. Video
S3 clearly shows that, within 4–8 s beyond t = 164, lithium insertion
and conversion reactions occur almost simultaneously and extremely
quickly to yield cobalt metal clusters within a Li2O matrix; the surface
expands signiﬁcantly, while the reaction continues into the bulk, as
shown in Video S3 (t = 169 to t = 207 s). The ‘two-phase’ process that
occurs as the reaction front progresses through a single nanoparticle is
represented schematically and sequentially below the images in

Fig. 4. Normalized volumetric expansion of Co3O4 nanoparticles during lithiation.
Normalized volumes of a Co3O4 nanoparticle lithiated relatively slowly as a function of Li
amount (circles).

metastable structures in Fig. 2H, is in much better agreement with
experimental lithiation (black curve) than the calculated equilibrium
voltage (See Supporting information Section I-C). The tendency for
Co3O4 nanoparticles [38–40] to generate a sloping voltage proﬁle rather than a ﬂat voltage plateau [4] is interesting because it implies that
particle size also inﬂuences the reaction mechanism and pathway. In
general, the trend and shape of the calculated equilibrium voltage
proﬁle is similar to the curve of the experimental lithiation reaction,

Fig. 5. Search for the metastable structures through the Li-Co3O4 reaction. 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). (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 non-equilibrium Li-Co3O4 convex hull is built. The composition points located on the convex hull then
correspond to the identiﬁed non-equilibrium phases.
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Fig. 3A–E. It is clear that the stage of intercalation reaction can be
greatly shorten as the lithiation speed increase. Although we did not
observe the metastable and intermediate phases in the fast-lithiated
nanoparticle, the existence of similar intercalation reaction stage could
not be completely excluded due to the limits of current experimental
setting, such as the limit of temporal resolution of the CCD camera (~ 5
frame per second) (Fig.s 4 and 5).
Supplementary material related to this article can be found online at
http://dx.doi.org/10.1016/j.nanoen.2017.11.052.
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