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Direct Observation of an Anomalous Spinel-to-Layered Phase
Transition Mediated by Crystal Water Intercalation
Sangryun Kim, Kwan Woo Nam, Soyeon Lee, Woosuk Cho, Joo-Seong Kim, Byung Gon Kim,
Yoshifumi Oshima, Ju-Sik Kim, Seok-Gwang Doo, Hyuk Chang, Doron Aurbach,* and Jang
Wook Choi*

Abstract: The phase transition of layered manganese oxides to
spinel phases is a well-known phenomenon in rechargeable
batteries and is the main origin of the capacity fading in these
materials. This spontaneous phase transition is associated with
the intrinsic properties of manganese, such as its size, preferred
crystal positions, and reaction characteristics, and it is therefore
very difficult to avoid. The introduction of crystal water by an
electrochemical process enables the inverse phase transition
from spinel to a layered Birnessite structure. Scanning trans-
mission electron microscopy can be used to directly visualize
the rearrangement of lattice atoms, the simultaneous insertion
of crystal water, the formation of a transient structure at the
phase boundary, and layer-by-layer progression of the phase
transition from the edge. This research indicates that crystal
water intercalation can reverse phase transformation with
thermodynamically favored directionality.

Layered transition-metal (TM) oxides are widely used for
electrodes in lithium,[1] sodium,[2] and magnesium[3] recharge-
able batteries owing to their superior specific capacities.

When the TM is manganese, in particular, the materials can
have the additional advantages of low cost, abundance of raw
materials, environmentally benign character, and relatively
high operating voltages.[1, 4, 5] However, most Mn-containing
battery electrodes have shortcomings, such as fatal dissolu-
tion[6] of Mn2+ and strain development from Jahn–Teller
distortion[7] of Mn3+. Layered manganese oxides suffer from
another critical structural instability, namely a spontaneous
layered-to-spinel phase transition.[8–12] In fact, all of these
structural drawbacks are interrelated so that each of them can
accelerate the others.

The layered-to-spinel phase transition originates from the
preferred migration of Mn and is thus related to its intrinsic
characteristics: 1) the high mobility of Mn ions, leading to
isotropic Mn distribution;[8] 2) the favorable mixing between
cations and Mn ions owing to their similar ionic radii,[9]

particularly Li+ and Mn3+; and 3) the preferential migration
of Mn2+ (generated from a disproportionation reaction of
Mn3+) to tetrahedral sites.[10] Various efforts to suppress the
migration of Mn, including the substitution of Mn by fixed-
valence cations,[13, 14] more electronegative transition metal
ions,[14, 15] and low-mobility transition-metal ions,[14, 15] can be
understood in the same way.

It was recently reported that spinel Mn3O4 can be
transformed to layered Birnessite AxMnO2·yH2O (A = mon-
ovalent or divalent cation) when electrochemically cycled in
aqueous electrolyte solutions.[16–18] This observation is quite
surprising because the phase transition is in the opposite
direction to the known spontaneous process. This opposite
phase transition can also provide an insight into enhancing
cycle life of layered cathode materials in various rechargeable
batteries. Nonetheless, we are lacking mechanistic informa-
tion about these intriguing, interesting processes, and an
atomic-level understanding on how this peculiar process takes
place is currently unavailable. Using scanning transmission
electron microscopy (STEM), in the present investigation, we
reveal that the phase transition is mediated by formation of
a transition phase at the phase boundary that traps crystal
water in a stepwise manner. The phase transition progresses
with layer-by-layer propagation of the transient phase toward
the original spinel.

From the crystal structure viewpoint, the spinel (Fig-
ure 1a) and layered (Figure 1 b) crystal structures have the
structural basis of an ABC-packed array of oxygen atoms in
common. Thus, a phase transition between these phases can
be achieved without perturbing the oxygen framework. The
detailed structural description is provided in the Supporting
Information, Section 1. For the known phase transition from
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layered Li1¢xMnO2 (charged state) to cubic spinel, one fourth
of the Mn3+/4+ ions in the TM layers migrate to the empty
octahedral sites in the adjacent Li layers, while the Li ions
move from the octahedral sites to the neighboring tetrahedral
sites in the Li layers. In the monoclinic unit cell of the cation-
free Birnessite MnO2·yH2O (Figure 1c), the crystal water is
located at the interlayer space between the edge-sharing
MnO6 octahedral layers.[19]

The inverse phase transition from spinel Mn3O4 (dimen-
sion ca. 100 nm)[20] to the crystal water containing layered
manganese Birnessite (MnO2, denoted as Mg-B) was pro-
cessed by an electrochemical transformation in an aqueous
electrolyte solution (1m magnesium sulfate) under the
galvanostatic mode (see the Supporting Information for
details). During this cycling, the specific capacity increases
continuously, reaching 220.1 mAh g¢1 after 4 cycles (Fig-
ure 2a). The formation of the layered Birnessite structure
after the cycling was verified by X-ray diffraction (XRD,
Figure 2b), scanning electron microscopy (SEM, Figure 2c),
and scanning transmission electron microscopy (STEM,
Supporting Information, Figure S1; see the Supporting Infor-
mation, Section 2 for a detailed description). The electro-
chemical cycling using various electrolyte solution conditions

indicates that the phase transition is feasible only in the
aqueous electrolyte solutions, reconfirming the critical role of
aqueous media (thus crystal water intercalation) in the
observed phase transition (Supporting Information, Fig-
ure S2).

The voltage profile in the first charge is different in
appearance from those in the subsequent discharge–charge
cycles (Figure 2a), which is the first indication that the phase
transition is most significant in the first charge. A series of
analyses during the first cycle (Supporting Information,
Figure S3 a) consistently verify the formation of a cation-
free Mg-B phase during the charge process. The potential
profiles in the subsequent discharge–charge cycles reflect
more pronounced (de)intercalation process of Mg ions with
the generated Mg-B (see details to support this scenario in the
Supporting Information, Section 3, including XRD patterns
in Figure S3b, thermogravimetric analysis (TGA) data in
Figure S3c and Table S1, X-ray photoelectron spectroscopy
(XPS) spectra in Figure S4, and SEM images in Figure S5). A
control process starting with the discharging process indeed

Figure 1. a) The crystal structure of Mn3O4. The spinel Mn3O4 belongs
to tetragonal space group I41/amd, in which Mn2+ and Mn3+ occupy
tetrahedral (4a) and octahedral (8d) sites respectively in the interven-
ing distorted cubic close-packed array of oxygen atoms (16h). b) The
crystal structure of LiMnO2, which has a layered structure (a-NaFeO2

type) with alternating layers of Li (2d) and Mn (2a) both occupying the
octahedral sites of a cubic close-packed array consisting of oxygen
atoms (4i). c) The crystal structure of Birnessite. The structure
described herein is a monoclinic unit cell of cation-free Birnessite
MnO2·yH2O. The crystal water is located at the interlayer space (4i)
between the layers of edge-sharing MnO6 octahedra.

Figure 2. a) The charge–discharge profiles in 1m MgSO4 aqueous
electrolyte at a rate of 50 mAg¢1. b) XRD patterns at different cycling
stages. c) SEM images showing the morphology change from spinel
Mn3O4 to Mg-B.
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produces almost zero capacity (Sup-
porting Information, Figure S6). Based
on these results, our atomic-level char-
acterization by spherical aberration-
corrected STEM focuses on the first
charge.

For the four points during the first
charge (denoted by point A, B, C, and
D in Figure 2a), high-angle annular
dark-field (HAADF) and annular
bright-field (ABF) images were
obtained simultaneously along the
[010] zone axis of the tetragonal
spinel. The STEM imaging was con-
ducted on the thin edge region
(< 5 nm) of the particle. The HAADF
image of spinel Mn3O4 (point A in
Figure 2a) shows only manganese
atomic columns as bright dots owing
to its Z-contrast:[21] the tetrahedral
Mn2+ (4a) and octahedral Mn3+ (8d)
sites (Figure 3a). In the (101) planes
where Mn3+ is alternately positioned in
the (8d)a and (8d)b columns (Fig-
ure 1a), the (8d)a columns (arrow 1 in
Figure 3a inset) exhibited higher
brightness than the (8d)b columns
(arrow 2 in Figure 3a inset) because
the available sites in the (8d)a columns
are occupied twice as much as those in
the (8d)b columns (Supporting Infor-
mation, Section 1). The ABF image
displayed all kinds of atomic columns
as dark dots: the O (16h) and Mn sites
(Figure 3b). This observation under
both modes matches well with the
structure of spinel Mn3O4, as indicated
by the overlaid atomic configuration in
Figure 3b, bottom inset.

According to the STEM images at
point B (0.72 V vs. Ag/AgCl), a clear
phase transition is observed, as the
layered (001) planes begin to appear
from the bottom two outermost layers
(Figure 3c,d, and their magnified
images in Figure 3 i,j), while all the
higher layers preserve the spinel struc-
ture. For clarity, the structures dis-
cussed from here onwards will be
based on the spinel coordination. In
the lowermost layer (orange line), both
HAADF and ABF images show almost
the same contrast for the (8d)a and
(8d)b Mn columns (arrows 3 and 4 in Figure 3 i and 3 j), in
contrast to the initial spinel structure (see the spinel structure
in the upper layers with distinct contrast between the columns
by following the green dotted line). On the other hand, in the
(202) layer (orange dotted line) immediately above the lowest
layer, the intensity of the octahedral (8c) columns (arrow 5 in

Figure 3 i) is far higher than that of the tetrahedral (4a)
columns (arrow 6 in Figure 3 i). This distinct contrast between
the columns is indeed opposite to the equivalent columns in
the spinel (see arrows 5’ and 6’ pointing to the respective
octahedral (8c) and tetrahedral (4a) columns in the spinel
phase with reversed contrast). This phenomenon is attributed

Figure 3. The HAADF and ABF images of the thin-edge region of the particles at ¢0.2 (point A,
Mn3O4), 0.72 (point B), 0.77 (point C), and 0.90 (point D, fully charged) V vs. Ag/AgCl marked
during the first charge in Figure 2a. a) HAADF and b) ABF images at point A. Insets: Magnified
images from the red dotted boxes. Mn3+ (8d)a orange, Mn3+ (8d)b khaki, Mn2+ (4a) blue,
O (16h) red, O(8c) pink dotted circle. The same analyses at points c),d) B, e),f) C, and g),h) D.
The magnified i) HAADF and j) ABF images are from the purple marked areas in (c) and (d),
respectively. (101)spinel plane yellow, (101)spinel/(001)transient boundary pink, (202)spinel/(002)transient

boundary orange-dotted, (001)transient plane orange lines. The magnified k) HAADF and l) ABF
images are from the red marked area in (e) and (f), respectively. The magnified m) HAADF and
n) ABF images are from the blue marked area in (g) and (h), respectively. (101)spinel plane yellow,
(101)spinel/(001)transient boundary pink, (202)spinel/(002)transient boundary blue-dotted,
(001)transient/(001)Mg-B boundary blue, (001)Mg-B plane green lines. All the HAADF and ABF images
were obtained simultaneously along the [010] zone axis of the tetragonal spinel. All the yellow
dotted boxes indicate the same areas between HAADF and ABF images.
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to the migration of Mn2+ from the tetrahedral sites to the
octahedral sites. This migration can also be understood as an
intermediate state in the Mn2+ dissolution, as the ionic
conduction in the spinel framework is known to follow the 8c–
4a–8c three-dimensional trajectory.[7] Moreover, the (8d)b

columns (arrow 7 in Figure 3 i) in the (202) layer shows very
low or negligible intensity (clearly lower than that of the 4a
and 8c columns). The equal intensity of the (8d)a and (8d)b

columns in the (101) layer, together with the diminished
intensity of the (8d)b columns in the (202) layer, implies
Mn3+/4+ migration through the (202)-to-(101) pathway.

These structural changes are the reverse process of the
known layered-to-spinel transition,[9–12] and are mediated by
crystal water insertion. The HAADF and ABF images
directly demonstrate the insertion of crystal water. Although
the HAADF image (Figure 3 i) displays no contrast at
octahedral (8d)b column (arrow 8 in Figure 3 i), the ABF
image for the same column (Figure 3 j) clearly shows dark
contrast. As light elements, such as H,[22] Li,[23] and O[24] are
visualized only in the ABF imaging, the dark contrast at (8d)b

indicates the presence of oxygen or crystal water. It is unlikely
that the dark contrast corresponds to an oxygen layer,
because the measured distance between the (202) and (101)
layer (ca. 2.4 è) is clearly different from the distance between
oxygen layers and TM layers in the conventional layered
structure (ca. 1.2 è)[4] and the Birnessite structure (ca.
1.1 è).[19] Taking into account the electrochemical process in
the aqueous phase by which the crystal water containing
layered phase was formed, we conclude that the observed
contrast is a signature of crystal water.

A series of the STEM images obtained at points B and C
(0.77 V vs. Ag/AgCl) indicates that the phase transition
towards the layered Birnessite progresses in a layer-by-layer
scale from the edge by engaging a transient structure. The
lowermost layer has expanded from 4.8 è to 7.2 è (Figure 3e
and 3 f, and their magnified images in Figure 3k and 3 l). The
second layer from the bottom has been transformed to
a transient structure that is very similar to the lowermost layer
at point B, as similar atomic rearrangements and contrast
reflective of crystal water (arrows 9 in Figure 3k and 3 l) were
observed. Thus, this transient phase constitutes a phase
boundary between the spinel and Birnessite phases and
moves as the phase transition progresses. For the accommo-
dation of crystal water in the transient phase with the given
interlayer distance (4.8 è), it is plausible that the water turns
to hydronium ion (H3O

+) that allows for smaller distance to
the lattice oxygen atoms using its smaller ionic radius and
stronger electrostatic interaction with the lattice oxygen
atoms. A previous study indicates that H3O

+ can be indeed
trapped between H2O layers, where the distance between
H3O

+ and the nearest oxygen layer is very similar[25] to that in
our transient phase. A theoretical study also estimates a very
similar distance between H3O

+ and the adjacent oxygen
layer.[26] Upon further insertion of crystal water, the insuffi-
cient interlayer distance increases abruptly to 7.2 è (more
detailed interpretation of the point B and C is provided in
Supporting Information, Section 4, including the intensity
spectrum of the STEM image in Figure S7).

The STEM images at point D (0.90 V vs. Ag/AgCl) reveal
that the phase transition to Birnessite progresses further to
about 4 layers (green lines in Figure 3g and 3h), reconfirming
the layer-by-layer progression of the phase transition. The
outer layers of the higher magnification images (Figure 3m
and 3n) at this point show denser atomic contrast with more
regularly aligned manganese layers. Also, the interlayer
distance is observed to increase to about 7.2 è consistently
for all of the circa 4 layers, suggesting that the crystal water
insertion increases the interlayer distance abruptly from 4.8 è
to 7.2 è, rather than through any intermediate values in
a progressive manner, because the crystal water insertion
favors such expanded layer formation to minimize the
electrostatic repulsion between the oxygen atoms of the
crystal water and the framework. The abrupt phase transition
is also in good agreement with the XRD patterns (Supporting
Information, Figure S3 b) that do not exhibit any peaks
corresponding to intermediate interlayer distances (the
mechanisms that take place throughout the phase transition
are graphically summarized in Supporting Information, Fig-
ure S8).

The morphology change from the octahedron to the
lamella structure observed in SEM characterization (Fig-
ure 2c) can also be explained in detail by analyses using lower
magnification STEM (Figure 4). Both ABF images (Fig-
ure 4a,b) taken at point D display a peeling-off of lamella
structure from the octahedron surface. A fast Fourier trans-
form (FFT) pattern (Figure 4c) obtained from the image
marked by the red dotted box in Figure 4b verifies that the
host structure is under the spinel framework. More impor-
tantly, the FFT pattern confirmed that the peeling-off of the
lamella structure is along the spinel [101] direction, which is
consistent with the Birnessite formation along the same
direction in the STEM images in Figure 3. From these series
of high- and low-magnification STEM results, it can be
speculated that once the spinel-to-Birnessite phase transition
progresses over about 10 nm, the already grown Birnessite
layers tend to peel off, perhaps due to unfavorable hetero-
boundaries between both phases. In other words, the presence
of the phase boundary gives rise to strains, defects, and so on,
increasing the interfacial free energy (g).[27] g tends to rise as
the spinel-to-Birnessite phase transition progresses. Once g

reaches a critical point, the peeling-off of the grown Birnessite
layers is energetically more preferred. During this process, the
crystal water plays a critical role in maintaining the layered
part in one entity without structural collapse via its hydrogen
bonding[28] with the adjacent layer atoms. Instead, the
increased g can be concentrated at the phase boundary,
leading to the peeling-off of the grown layers from this
boundary. This role of crystal water was analogously identi-
fied during the synthesis of reduced graphene oxide with
a strong tendency to restack.[29] In the same way, the
inefficient phase transition of large spinel particles (Support-
ing Information, Figure S9) can be explained by their small
portions of surface that are not supportive of the surface
peeling-off mechanism (Supporting Information, Section 5).
The peeling-off process is graphically summarized in Fig-
ure 4d.
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In conclusion, we have closely observed the anomalous
spinel-to-layered phase transition mediated by crystal water
insertion. This phenomenon can be generalized by stating that
crystal water insertion via aqueous activation processes can
drive thermodynamically unfavorable phase transitions. From
the synthesis perspective, it may be feasible to develop
various synthetic routes that involve crystal water insertion
for production of new nanomaterials with unconventional
crystal structures.
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