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ABSTRACT: Irreversible structural transformation in intercalation-type cathode
materials, which has been frequently observed, has been perceived as a principal
cause of capacity fading and voltage decay in (uni) multivalent batteries. Herein,
we explored the electron beam-induced spinel to defective rocksalt phase
transitions in MgCrMnO4, a potential multivalent cation intercalation cathode,
using atomic-resolution imaging and spectroscopy in an aberration-corrected
scanning transmission electron microscope. This dynamic electron beam
irradiation study of specific structural transformations provides an atomistic
understanding of the structural evolution observed in transition-metal oxide spinels
during electrochemical cycling using multivalent cations, such as Mg2+. By combining an imaging study with first-principles
modeling, we demonstrate that the mechanism of the spinel to defective rocksalt transformation in MgCrMnO4 nanostructures is
enabled by the presence of oxygen vacancies and is, therefore, very similar to that observed in transition-metal oxide spinels upon Li
intercalation.

■ INTRODUCTION

Transition-metal (TM) oxide spinels, particularly manganese
oxide compounds, are receiving significant interest in the
rechargeable battery community because of their potential use
as hosts for multivalent ion intercalation. These materials
provide three-dimensional pathways of cation migration and
offer a diversity of favorable intercalation sites.1 For reversible
electrochemical cyclability, cathode materials are expected to
retain their structural frameworks during cation insertion and
extraction. However, in the Li-ion community, many studies
have shown that during electrochemical cycling of TM oxides,
new structures or phases are formed, ultimately leading to the
capacity fading or voltage decay.2 Particularly, the phase
transition between layered, spinel, and rocksalt structures has
been frequently observed in the manganese-containing
cathodes.2−7 Numerous studies suggested that structural
transformations, especially at the particle surfaces, are a
consequence of the migration of the cations and the creation
of oxygen vacancies causing the reduction in the energy
barriers for cation migration.5,8,9

Using TM oxides as cathodes for multivalent ion
intercalation, such as Mg2+ or Ca2+, is still relatively new,
and there are only a limited number of studies reporting
reversible Mg cycling.10−13 Interestingly, imaging studies of
cycled multivalent cathodes based on TM spinels exhibit a
structural transformation on the particle surfaces that is similar
to that observed in the Li-ion counterpart. Despite extensive
studies on the reconstructed structures in Li-ion cathode
materials, various aspects of these phase transformations,

including the TM cation migration pathways, intermediate
states, migration length, and atomic and electronic structures
of phase boundaries, lack detailed understanding. Revealing
these details dynamically during structural changes is crucial
for elucidating the behavior of reversible intercalation in
multivalent batteries.
In this study, we perform electron microscopy experiments

and first-principles calculations to explore the dynamics of
phase transition from spinel to rocksalt in MgCrMnO4. The
particles are exposed to an intense electron beam (an
approximate dose of 107 e−/Å2) and both the structural and
electronic changes induced by the electron beam are
investigated through atomic-resolution imaging and electron
energy loss spectroscopy (EELS). Although electron irradi-
ation is not a substitute for electrochemical cycling, various
details can be learned from the structural and electronic
changes induced by the procedure.8 We use the electron beam
irradiation to accelerate structural transformations while
simultaneously obtaining real-time microscopy and spectros-
copy information on specific oxide particles at atomic
resolution. This technique has already been widely used to
explore the phase transition9,14−18 and dynamics of single
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dopant and defects motion19,20 in a variety of materials. First-
principles calculations are performed to get insight into the
Mg/Mn migration behavior in the presence of defects.

■ METHODS
MgCrMnO4 nanocrystals were synthesized by an aqueous sol−gel
reaction using magnesium acetate tetrahydrate, chromium acetate
hydroxide, manganese acetate dihydrate as a precursor and citric acid
as a capping agent. Details about synthesis can be found elsewhere.21

Magnesium, chromium, and manganese were homogeneously
distributed with a stoichiometric ratio throughout the nanocrystalline
particles, confirming the presence of a solid solution (Figure S1).
Scanning transmission electron microscopy (STEM) imaging,

energy-dispersive X-ray (EDX) and electron energy loss (EEL)
spectroscopy were performed on an aberration-corrected JEOL JEM-
ARM200CF, equipped with a cold field emission and operated at 200
kV, which allows ∼73 pm spatial resolution and ∼0.35 eV energy
resolution. High-angle annular dark-field (HAADF) images were
acquired using a convergence semiangle of 23 mrad and a collection
angle from 90 to 175 mrad. EDX spectra were collected by an Oxford
X-max 100TLE windowless silicon drift EDX detector, and EEL
spectra were collected using the Gatan Quantum imaging filter with a
convergence angle of 30 mrad and a collection angle of 35 mrad. The
probe current was approx. 19 and 62 pA during the acquisition of
images and EELS spectra, respectively. HAADF image simulation was
performed using μSTEM software package.22

The migration energies of Mg and Mn cations were calculated by
the density functional theory (DFT)23 method, as implemented in the
Vienna ab initio simulation package (VASP).24 The projector-
augmented wave (PAW)25,26 potentials were used and the plane-
wave cutoff energy was set to 520 eV. The generalized gradient
approximation (GGA) formulated by Perdew−Burke−Ernzerhof
(PBE) was used to describe the exchange-correlation functional.27

The single-ionic migration barriers are calculated by means of the
nudged elastic band (NEB) method.28 The simulation cells for NEB
consisted of a supercell generated from a 2 × 2 × 2 of the MgCrMnO4
unit cell. The MgCrMnO4 unit cell was adopted from the previous
study.21 The observed 16% site inversion between Mg (8a) and Mn
(16d)21 was modeled by swapping the positions of three Mn and Mg
atoms in a 2 × 2 × 2 of the normal spinel unit cell, resulting in 18%
Mn/Mg site inversion. The k-point mesh of 2 × 2 × 2 was used for
the NEB calculations, and the atom positions were relaxed to the
atomic force tolerance of 0.05 eV/Å.

■ RESULTS AND DISCUSSION

Atomic-resolution HAADF images of the MgCrMnO4
nanostructure are summarized in Figure 1. To follow the
effects of beam irradiation, images of the exact same area
(marked by a rectangle in Figure 1a) of the particle were
scanned (approx. dose 107 e/Å2) two times and then another
image, Figure 1a, was captured at slightly reduced magnifica-
tion to show both the irradiated and neighboring pristine
regions of the particle. Figure 1b,c shows the image of the same
area of the particle before and after electron beam irradiation.
Close examination of the images shows that the image taken at
the second time is significantly different from that taken at the
first scan. This is evident in the comparison of the regions I
and II in Figure 1a as well.
The first image of the particle shows a spinel structure

containing a diamond-shaped pattern (a model of the structure
is shown as an inset in Figure 1b) of the alternative bright and
less bright columns along the edge of the rhombus and least
bright columns inside the rhombus. Since the spinel structure
contains an uneven number density of atoms at different sites
of the structure, elemental identification through the HAADF
image was not straightforward, despite the fact that the

contrast in HAADF images is approximately proportional to
the square of the average atomic number of the illuminated
column.29 For more quantitative analysis, we performed a
multislice image simulation. Two different configurations for
HAADF simulation were considered, the normal spinelCr/
Mn at 16d site and Mg at 8a site, as well as a defective spinel
structure in which 8a and 16d sites are occupied by both Mg
and Mn cations following the crystal structure reported in the
earlier studies.21 Atomic sites in the crystal are denoted based
on Wyckoff notation.30 The Mg columns at the tetrahedral
sites (marked by the yellow circles) are not differentiable in the
normal spinel structure (Figure 1d); this is not surprising,
provided that the intensity of heavy neighboring elements (Mn
and Cr) is predominantly high. On the other hand, distinct
atomic contrast corresponding to the cations can be seen in the
disordered spinel structure (Figure 1e), indicating the presence
of higher atomic number elements at tetrahedral sites. This
suggests that not only Mg cations but also Mn cations occupy
the 8a sites. This agreed to the previously reported results
claiming Mg/Mn inversion in various manganese oxide
compounds.21,31−33

The HAADF image of the particle after the second scan
(Figure 1c) is significantly different than the experimental
spinel structure as well as the simulated defective spinel
structure. In particular, the intensity of the atomic columns no
longer resembled a differential contrast diamond-shaped
structure. This indicates that the spinel structure is altered
by electron irradiation. The new structure lacks atoms on the
tetrahedral 8a sites (occupied in spinel structure), and new
atomic columns appeared at the 16c site, which was empty in
the spinel structure. Furthermore, the contrast of the atomic
columns corresponding to the new structure is approximately
uniform, indicating that the crystal structure is more
symmetric, and the unit cell is half of the diamond-shaped
spinel unit cell. Considering the observation, we simulated a
HAADF image of the defective rocksalt structure, Cr, Mg/Mn
at 16d sites and that of Mg/Mn at the 16c site (Figure 1e). In
fact, the simulated image for the defective rocksalt structure
matches the experimental image. Hence, this suggests that the
new structure is the rocksalt phase.
In addition to tracking the atomic position of the cations,

EEL spectra were obtained from the pristine and irradiated

Figure 1. Filtered HAADF images of the MgCrMnO4 nanostructure
before and after structural transformation. (a) Atomic-level image
showing two distinct phases: region II-spinel phase (before structural
transformation) and region I-rocksalt phase (after transformation). (b,
c) Image of the particle (marked by the rectangle in (a)) in first and
second scans, respectively, showing structural transformation from
spinel to rocksalt, inset: corresponding models. (d−f) HAADF
simulated images of normal spinel, defective spinel, and rocksalt
structure, respectively.
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regions to monitor potential changes in the composition, the
transition-metal valence states, and the evolutions of chemical
environments (Figure 2) upon the observed phase transition.
The two spectra shown in Figure 2 were acquired from the
pristine spinel and defective rocksalt structures at the surface of
particles. The Mn M-edge has an energy onset of 51 eV and
has been used in LiMn2O4 spinels to track the presence of
rocksalt phases.9 The Mn M-edge (Figure 2a) shows a
prominent prepeak at 51 eV for the spinel structure, which
disappears in the spectra taken from a rocksalt region. A
decrease in the prepeak intensity has been associated with the
change in the concentration of Mn on the octahedral sites.
Specifically, the prepeak intensity is proportional to the
concentration of Mn at the 16d sites, which is reduced when
Mn migrates from the 16d octahedral to the 16c octahedral
sites. Our results are in agreement with prior studies showing
rocksalt phases in LMO materials.9

Figure 2b shows core-loss spectra of the O K-, Cr L-, and
Mn L-edges. The energy scales are calibrated with respect to
the zero-loss peak and the background is removed by a power-
law fitting. The O K- and TM L-edges can be used to track
changes to both the O content and TM valence states.
Specifically, the O K-edge prepeak probe transitions from the
1s into the hybridized O 2p−TM 3d orbitals,34 and thus the
intensity ratio of O K-edge prepeak to the total O K-edge
intensity (hereafter referred as the O prepeak intensity) will
generally decrease with decreasing oxygen concentration and
valence states of TM. Additionally, the energy onset of TM L3-
edge, the intensity ratio of L3 and L2 white lines of TM
(hereafter referred as the L3/L2 ratio), and separation of L-
edges are also a strong indication of the TM valence, with high-
energy chemical shifts, and decreasing intensity ratios and L-
edges separation corresponding to an increase in valance
state.35−39 Meticulous observation of core-loss EEL spectra
acquired from the newly created defective rocksalt structure
and the neighboring spinel structure clearly shows the change
in chemical environment due to the beam irradiation. The
changes in the O K- as well as Mn L-edges (expanded view in
Figure 2c,d) are visible and will be discussed below; we note
that there is no change in the Cr L-edge. The Cr L-edge onset
and L3/L2 ratio remain unchanged in the two regions,

suggesting that Cr does not participate effectively in this
phase transition.
Figure 2c shows the oxygen K-edge spectra obtained from

the pristine and transformed regions of the sample. The spectra
are normalized to the Mn L3 peak intensity. When comparing
the spectra, an increase in O prepeak intensity (spinel: 0.2971
and rocksalt: 0.3261) is observed, indicating the decrease in
oxygen concentration as well as the Mn valance state.8 This is
further validated by EELS quantification, computed using core-
loss spectrum containing O K-, Cr-L and Mn L-edges (Figure
2b), which shows approximately 2% oxygen loss during the
phase transition. In addition, the Mn L-edges (Figure 2d)
extracted from the transformed structure show an energy shift
toward lower energy as well as an increase in the separation of
the Mn L-edges. We also find an increase in the Mn L3/L2
intensity ratio, reflecting a decrease of the Mn valence.
Quantitative values of all of the EELS results are summarized
in Table 1. Furthermore, Mn L-edges spectra show two notable

features: a left shoulder on the Mn L3-peak for spinel structure
and the disappearance of the spinel main peak and growth of
the shoulder into the main peak in the rocksalt structure. The
left shoulder of the Mn L3-peak on spinel structure indicates
the presence of a small fraction of the rocksalt phase,3 which is
not unexpected given that the specimen had already
experienced a significant dose during imaging and EEL
acquisition, which grows and forms a prominent peak after
structural transformation in the defective rocksalt phase.
Various procedures, such as the white-line intensity ratio,

chemical shift of TM L3-edge, O K- edge onset, and edge onset
differences (TM L-edges and O K-edges), are used to link the

Figure 2. Electron energy loss spectroscopy analysis of the MgCrMnO4 nanostructure before and after structural transformation. (a) Low-loss
spectra showing Mn M-edge, (b) core-loss spectra showing O K-, Cr L-, and Mn L-edges. Expended views of O K- and Mn L-edges are shown in
(c) and (d). The spectra in black and red represent spinel and rocksalt phases, respectively.

Table 1. Comparison of Mn L-Edges Peak Position, Energy
Separation, and Intensity Ratios of Pristine and
Transformed Materials

stage
Mn L3 peak
energy (eV)

ΔE (L3 − L2)
(eV)

intensity
ratio

(L3/L2)
oxidation
state

pristine (spinel) 641.50 10.87 2.41 3.00+
transformed
(defective
rocksalt)

639.85 11.83 3.51 2.25+
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EELS fine-structures to the oxidation states of the TM
oxides.40 Among these, the most popular and common method
to relate EELS spectra to the oxidation state is the white-line
intensity ratio. Even though the interpretation of these results
varies widely,8,36−39,41,42 numerous studies employed the Mn
L3/L2-ratio to determine the Mn valence. Minimal variation in
the EELS data is expected, given that the chemical environ-
ment of the Mn atoms varies in different studies, in addition to
the electron microscopy acquisition parameters corresponding
to the EEL spectra. Our results of the pristine structure show a
Mn L3/L2-ratio and separation of Mn L-edges that are in
agreement with prior studies of Mn3+.36,42 In the defective
rocksalt structure, we find that the Mn L3/L2 ratio and
separation of Mn L-edges indicate the presence of Mn2.25+

valence state.
To gain insight into the cation migration during this

observed phase transition, first-principles calculations were
performed (Figures 3, 4, and S2). Previous first-principles
calculations suggest relatively low migration barriers for Mg
ions in the MgMn2O4 spinel phase that could be either
increased or lowered by spinel inversion.43 The results for the
migration pathways and energies of the Mg and Mn cations, in
partially inverted (18% Mg/Mn inversion) stoichiometric and
2% oxygen-deficient spinel MgCrMnO4 structures, are shown
in Figure 3. The calculated energy barriers for Mg and Mn
cations to hop from a tetrahedral 8a to an octahedral 16c site
are 0.55 and 0.50 eV, respectively, for the stochiometric

partially inverted structure. These energy barriers reduce to
0.45 and 0.37 eV, respectively, in oxygen-deficient materials
when the migrating cation moves away from the oxygen
vacancy, due to a strong attractive interaction between cation
and anion vacancies. For comparison, the Mg/Mn energy
pathways were calculated in the normal spinel structure
(shown in Figure S2) and our results show similar behavior to
the partially inverted spinel structure, decrease in both the
migration barrier (from 0.55 to 0.33 eV). However, migration
of Mg and Mn cations toward oxygen vacancy has higher
barriers, over 1 eV. The lowest-energy positions of cations
along the pathway can be either 8a or 16c, dependent on the
specific distribution of the oxygen vacancies, as shown in
Figure 3. Previous reports on electron beam-induced damage
in oxides44 and, more specifically, in electron irradiation-
induced transition of Mn3O4 spinel to MnO rocksalt
structures45 indicate that O ions can be moved by the electric
field due to charge layers on the surface produced by the
irradiation, contributing to the phase transformation. Our
calculations show that migration of the cations is related to the
oxygen migration due to strong attractive interactions between
oxygen vacancies and Mg/Mn vacancies in oxygen-deficient
spinel structure. Therefore, oxygen loss results in faster Mg/
Mn cation diffusion, facilitating the phase transition in the
surface region. These results imply that additional energy is
needed to overcome these Mg/Mn migration barriers leading
to the spinel to the defective rocksalt phase transition. In the

Figure 3. Pathways and energies of cation hopping between tetrahedral 8a sites through an octahedral 16c site in the 18% Mg/Mn inverted
MgCrMnO4 spinel. The (a, b) Mg and (e, f) Mn migration pathways are depicted using ball and stick models. The yellow, magenta, and red
spheres represent Mg, Mn, and O atoms. The hatched red sphere signifies a single O vacancy in the periodic cell. The minimum energy pathways
(MEPs) for (c, d) Mg migration and (g, h) Mn migration are shown. The solid-orange and dashed-red lines represent the MEPs without and with
O loss, respectively. The shaded areas convey the information of approximate coordination environments of cations along the MEPs; blue:
tetrahedra, green: octahedra.
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dynamic electron beam irradiation experiments shown here,
this energy is provided by the scattering due to the impinging
high-energy electron beam,46 whereas in the electrochemical
experiments reported earlier,21 the electrochemical potential
during the charge−discharge cycles provided this energy, and
this migration process is further accelerated by the presence or
creation of oxygen vacancies during the charge−discharge
cycles.
Similarly, we explored the Mn migration from octahedral

16d sites to tetrahedral 8a sites (Figures 4 and S2). Both the
configuration energy and energy barrier show that the Mn
migration from 16d to 8a sites is not energetically feasible in
either stoichiometric or oxygen-deficient materials. However,
the experimental results clearly reveal Mn migration into the
16c site. We infer this as a complex behavior of the Mn
migration in a newly formed chemical environment, caused by
the alteration in bonding and stoichiometry during structural
transformation. Similar structural evolution and impacts on
both the configuration energy and the barrier for cation
diffusion during external excitations (electrochemical cycling/
electron beam irradiation experiment) have been reported in Li
containing TM oxides.47,48

Close observation of the atomic structure of spinel TM
oxides shows two possible pathways for Mn migration from
16d to 16c sites: direct migration from 16d to the empty
octahedral site (Mn(oct‑16d)→Mn(oct‑16c)) or via neighboring
tetrahedral site (Mn(oct‑16d)→Mn(tet‑8a)→Mn(oct‑16c)). Although
Mn is octahedrally coordinated in both sites, the later pathway
via the tetrahedral site is more preferred due to the lower
repulsive forces between cations and oxygen along the way.
The direct migration from 16d to 16c requires emptying two
nearby 8a sites; otherwise, strong repulsion between cations in
16d and 8a induces a large energy penalty. Leaving two 8a sites
vacant is equivalent to a 12.5% vacancy concentration, which

does not correctly mimic the experimental setup. A previous
study, although the condition is not exactly consistent with our
study, has shown that the energy for migration of Cr from the
16d site to 16c site in Mg0.67Cr2O4 spinel is greater than 2 eV,
which in part supports our hypothesis that the 16d→16c path
is unfavorable. Furthermore, as illustrated in Figure 3, the
second step of the pathway: Mn(tet‑8a)→Mn(oct‑16c) is energeti-
cally favorable in oxygen-deficient materials. Hence, despite
some discrepancies with the former step in the Mn migration
pathway, we conclude that the Mn migration most likely
occurs via the neighboring tetrahedral site (Mn(oct‑16d)→
Mn(tet‑8a)→Mn(oct‑16c)) during phase transition, in agreement
with earlier reports for TM migration in oxide spinels.5,7,9

Herein, MgCrMnO4 rapidly transformed into rocksalt phase,
hence, the evolution of Mn in tetrahedral sites was not possible
to track explicitly, more in-depth analysis of the Mn migration
pathways spanning numerous spinel materials will be reported
in a future publication.

■ CONCLUSIONS

In summary, electron beam irradiation and first-principles
calculations have been used to induce and study phase
transitions in a solid-solution MgCrMnO4 nanoparticle. The
evolution of structural and electronic properties is explored in
detail, confirming that the spinel MgCrMnO4 transforms into a
defective rocksalt structure near the surface of cathode
nanoparticles. This transformation occurs via cation (Mg/
Mn) migration, facilitated by the creation of oxygen vacancies,
and requires additional energy input provided by the electron
beam or electrochemical potential to reduce the difference in
free energies of the phases and overcome kinetic barriers for
cation diffusion. The conclusions of this study are relevant to
both the broader battery and electron microscopy commun-
ities. Structural transformations due to the TM diffusion are a
general issue for cathode materials, and we provide an atomic-
scale understanding of how this transformation occurs in
transition-metal oxide spinels used for multivalent ion
intercalation. We track this transformation on the same
location within the particle using dynamic electron beam
irradiation, something that is not possible during ex-situ
electrochemical cycling experiments. Furthermore, the crystal
structure transformation induced by the electron beam
reproduces the effects seen in the cathodes that have been
cycled for Mg-ion batteries. Therefore, understanding the
pathways and energetics of the observed phase transformation
provides guidelines on how to modify the surfaces of
nanoparticle materials used as multivalent battery cathodes.
Since oxygen vacancies appear to enable the Mg/Mn inversion
and thus the formation of a rocksalt phase, several options
should be (re)considered for stabilizing the surface of the
particles. Similar to efforts in Li-ion cathodes, the deposition of
a thin, more stable epitaxial layer can prevent the dissolution of
oxygen into the electrolyte. Moreover, doping the structure
with redox-inactive materials could further increase the energy
barriers and thereby minimize the formation of an inverted
spinel or a rocksalt surface layer.
In conclusion, we have demonstrated that the dynamic

electron microscopy experiments mimicking the electro-
chemical cell provide helpful knowledge and unprecedented
opportunities to further strengthen the understanding of the
degradation mechanism for electrode materials.

Figure 4.Mn migration pathway and energies from an octahedral 16d
site to a tetrahedral 8a site through a tetrahedral 48f site in the 18%
Mg/Mn inverted MgCrMnO4 spinel. (a) Mn migration pathways are
depicted using ball and stick models. The magenta and red spheres
represent Mn and O atoms. The hatched red sphere signifies a single
O vacancy in the periodic cell, which corresponds to a 2% O loss. The
minimum energy pathways (MEPs) for (b) Mn migration are shown.
The solid-orange and dashed-red lines represent the MEPs without
and with 2% O loss, respectively. The shaded areas convey the
information of approximate coordination environments of cations
along the MEPs; blue: tetrahedra, purple: octahedra.
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(25) Blöchl, P. E. Projector Augmented-Wave Method. Phys. Rev. B
1994, 50, No. 17953.
(26) Kresse, G.; Joubert, D. From Ultrasoft Pseudopotentials to the
Projector Augmented-Wave Method. Phys. Rev. B 1999, 59, No. 1758.
(27) Perdew, J. P.; Burke, K.; Ernzerhof, M. Generalized Gradient
Approximation Made Simple. Phys. Rev. Lett. 1996, 77, No. 3865.
(28) Henkelman, G.; Uberuaga, B. P.; Jońsson, H. A Climbing
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