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Triggered reversible phase transformation between
layered and spinel structure in manganese-based
layered compounds
Mi Ru Jo1,8, Yunok Kim2,8, Junghoon Yang1,8, Mihee Jeong 2,8, Kyeongse Song1, Yong-Il Kim3,

Jin-Myoung Lim 4, Maenghyo Cho4, Jae-Hyun Shim5, Young-Min Kim2,6, Won-Sub Yoon 2 &

Yong-Mook Kang1,7

Irreversible phase transformation of layered structure into spinel structure is considered

detrimental for most of the layered structure cathode materials. Here we report that this

presumably irreversible phase transformation can be rendered to be reversible in sodium

birnessite (NaxMnO2·yH2O) as a basic structural unit. This layered structure contains crystal

water, which facilitates the formation of a metastable spinel-like phase and the unusual

reversal back to layered structure. The mechanism of this phase reversibility was elucidated

by combined soft and hard X-ray absorption spectroscopy with X-ray diffraction, corrobo-

rated by first-principle calculations and kinetics investigation. These results show that the

reversibility, modulated by the crystal water content between the layered and spinel-like

phases during the electrochemical reaction, could activate new cation sites, enhance ion

diffusion kinetics and improve its structural stability. This work thus provides in-depth

insights into the intercalating materials capable of reversible framework changes, thereby

setting the precedent for alternative approaches to the development of cathode materials for

next-generation rechargeable batteries.
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Layered-structured oxides have been regarded as the con-
ventional cathode materials in rechargeable batteries due to
their advantageous properties and good electrochemical

performances. Generally, layered-structure oxides tend to trans-
form into a defective spinel-like structure during alkali ion
extraction, a process which seems especially severe for
manganese-based layered materials. This phase transformation
from layered to spinel structure is induced by the rearrangement
of transition metal ions and alkali ions1–4. This transformation is
normally considered irreversible and therefore should be pre-
vented. Indeed, most of the research undertaken to date have
focused solely on suppressing this irreversible phase transfor-
mation (e.g. by partial substitution of manganese with other
transition metals), while there was little success in making this
structural transformation highly reversible5. However, we recog-
nize that this transformation may be exploited to activate new
cation sites and modulate the redox behaviors, which may ulti-
mately enable to utilize the full potential of layered cathode
materials6–8. Exploration along this theme may broaden the
applicability of layered structure oxides as electrode materials and
develop new routes for innovating energy storage technologies.

Recently, Na-birnessite (Na-bir) has attracted plenty of inter-
ests due to its unique structure containing crystal water in the Na
layer9–12. Normally, Na-bir is a layered-structure composed of
edge-sharing MnO6 octahedra, where Mn4+ cations act as redox
centers. A charge deficit in the slab arises from the presence of
Mn3+ cations in the interlayers and/or a manganese vacancy in
the octahedral center. This deficit is normally compensated by the
presence of interlayer hydrolyzable cations13–16. Here, the crystal
water in the Na layer differentiates Na-bir from other layered-
structure oxides. Dehydration of Na-bir would increase the
number of vacancies in the transition metal layers because of
the layer-to-interlayer migration of Mn3+ cations, resulting in the
formation of triple corner-sharing Mn. The migration of Mn3+

cations into the interlayer also releases the steric strain associated
with the Jahn–Teller distortion of the MnO6 octahedra13. These
features stimulated couple of previous studies into the crystal-
lographical and chemical properties of Na-bir, although its pris-
tine structure and structural dynamics during oxidation/
reduction remain unclear, especially regarding how those afore-
mentioned features affect or dominate the redox processes and
the associated phase transformation. Specifically, by elucidating
how the layered structure is rearranged and identifying the cation
sites that can be activated during oxidation/reduction, we aim to
overcome the performance limitation of layered cathode materials
through the reversible transformation between the layered and
spinel phases. Hence, in this paper, we investigate how the
structural dynamics of Na-bir during charge/discharge are
affected by reducing the content of crystal water. The results here
show that partial dehydration renders the Na-bir structure flex-
ible, thereby enabling the reversible phase transformation
between the layered and spinel-like structure.

Results
Structural characterization. The amount of interlayer crystal
water in Na-bir can vary depending on its surrounding envir-
onment, leading to the changes of its interlayer distance and
structure. These Na-bir structures are essentially metastable
because the water contents in the structure are reversibly changed
as indicated in Supplementary Fig. 117. From the Thermogravi-
metric analysis (TGA) profiles in Supplementary Fig. 2, hydrated
Na-bir is estimated to have ~8 wt% of crystal water and its Na
content reaches 6 wt% based on Inductively coupled plasma-
atomic emission spectroscopy (ICP-AES) analysis (Supplemen-
tary Table 1), giving the formula Na0.27MnO2·0.54H2O.

Meanwhile, partially dehydrated Na-bir has less amount of crystal
water up to 0.7 wt%, finally corresponding to the stoichiometric
composition of Na0.27MnO2·0.09H2O. Structural details of both
samples were determined by Rietveld refinement as shown in
Fig. 1a, b. The layered structure of hydrated Na-bir retains the R-
3m space group with a large c lattice parameter of about 21.739
(6) Å. After dehydration, the main peak shifts toward higher
angle, and peak broadening concurrently occurs, which is con-
sistent with an increasing disorder in MnO6 slab, as well as the
appearance of the spinel-like phase. While the a and b lattice
parameters of both samples are quite similar, the c lattice para-
meter of the partially dehydrated sample decreases down to about
16.95(1) Å because of the reduced crystal water content and the
resultant contraction of Na layer. The refinement results also
demonstrate that Mn atoms occupy two different sites, 3a and 6c
in partially dehydrated Na-bir but only the 3a site in hydrated
Na-bir (Table 1). The migration of Mn from 3a to 6c site in
partially dehydrated Na-bir results from the removal of crystal
water. Oxygen and crystal water partially present in this layered
structure coordinates the Mn atoms in 6c sites which are tetra-
hedral, thereby assembling a spinel-like phase. The occupancy of
Mn at 6c (0.0, 0.0, 0.112(3)) is 0.14(1), meaning that about 28% of
Mn contribute to forming the spinel-like phase in partially
dehydrated Na-bir. Because the Mn atoms at the tetrahedral sites
are located parallel to the oxygens, the z positions of Mn and O at
6c sites are deviated from those of conventional layered struc-
tures18. Raman spectroscopy (Fig. 1c) shows that hydrated Na-bir
exhibits peaks at ~575–585 cm−1 and at ~640–650 cm−1 arising
from the Mn–O bond stretching vibration in the basal plane of
[MnO6] laminates. Another peak discernible at ~640–650 cm−1 is
very prominent as the sole observable signal in partially dehy-
drated Na-bir, which can be attributed to the A1g mode corre-
sponding to the Mn–O breathing vibration of tetrahedrally
coordinated Mn ions19, 20. As shown in Fig. 1d–n, both Na-bir
samples have a microflower-like morphology (Fig. 1d, h); the
interlayer distances of the hydrated and partially dehydrated Na-
bir were measured to be 7.27 and 5.55 Å, respectively. Fast
Fourier transforms (FFT) of separate regions in the TEM image of
partially dehydrated Na-bir identify both layered phases and
spinel-like phases, thus demonstrating the remarkable topotactic
transformation to spinel-like phases associated with the layer-to-
interlayer migration of Mn ions upon dehydration. Consequently,
depending on the crystal water content, Na-bir possesses either
only the layered phase or both the layered and spinel-like phase.

Electrochemical characterization. The effects of structural rear-
rangement via partial dehydration on electrochemical properties
are presented in Fig. 2. The first charge curve demonstrates that
both hydrated and partially dehydrated Na-bir have similar
charge capacities corresponding to ~0.275 mol of Na ions, as
shown in Supplementary Fig. 3a. However, the partially dehy-
drated Na-bir displays much higher first discharge capacity than
the hydrated Na-bir. This increased capability seems to originate
from the activation of Na-occupying sites induced by the struc-
tural rearrangement. This inference is clearly confirmed in Sup-
plementary Fig. 3b, where, in the absence of an initial charge, the
partially dehydrated Na-bir can accommodate additional ~0.1
mol Na ions compared to its hydrated counterpart. Figure 2a–d
show the charge/discharge profiles of Na-birs at the 2nd, 5th,
10th, 20th, 30th, 50th, and 100th cycles at 0.1 C between 1.5 and
4.3 V and the corresponding differential capacity vs. voltage plots
(dQ/dV). An anodic peak at ~2.5 V is coupled with the corre-
sponding cathodic peak at ~2.4 V, which can be attributed to the
redox reaction of Mn3+/4+. Above 3.0 V, the peaks related to
complex structural changes can be observed, although they
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remain more apparent up to the 100th cycle in the partially
dehydrated Na-bir. These results indicate that the partially
dehydrated Na-bir showed a high electrochemical reversibility
and, correspondingly, exhibited a much improved cyclic retention
up to 100 cycles (Fig. 2e). Moreover, the partially dehydrated Na-
bir retained a discharge capacity of 150 mAh g−1 after 100 cycles,
corresponding to 75% of its initial discharge capacity, while the
hydrated Na-bir retained only 32% of its initial capacity after 100
cycles. The improved cycling stability of partially dehydrated Na-

bir is quite impressive because high capacity at higher voltage
range induced fast degradation in conventional layered materials.
Furthermore, the kinetic advantage of partially dehydrated Na-bir
is also demonstrated by the rate capability test (Fig. 2f). When the
partially dehydrated Na-bir is charged and discharged at 5 C, it
could still exhibit 87.96 mAh g−1, which corresponds to 44% of
the discharge capacity at 0.1 C. To further investigate the kinetic
properties of Na-bir, Na+ diffusion coefficients are obtained
from galvanostatic intermittent titration technique (GITT)
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Fig. 1 Structural characterizations of hydrated and partially dehydrated Na-birs. Rietveld-refined XRD pattern of a hydrated Na-bir and b partially
dehydrated Na-bir. c Raman spectra of hydrated Na-bir and partially dehydrated Na-bir. TEM images of hydrated Na-bir: d low magnification bright field
image (scale bar= 500 nm); e, f high-resolution bright field image (scale bar= 5 nm), and g fast Fourier transform (FFT) pattern. TEM images of partially
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regions enclosed in the red and yellow rectangles in i, and m, n their respective inverse FFT
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(Supplementary Fig. 4 and Supplementary Note 1). It was very
clear that controlling the crystal water contents can facilitate the
phase transformation from layered to spinel-like structure, which
provides higher Na+ diffusion environment in the structure.
Therefore, the role of crystal water contents looks critical for the
electrochemical performances of Na-bir. To make sure this point,
we also analyzed the electrochemical performances of fully
dehydrated Na-bir which was heat-treated at 300oC for 5 h.
Interestingly, as Nam et al. reported9, the fully dehydrated Na-bir
shows the most inferior electrochemical performances among the
samples underscoring the importance of proper contents of
crystal water in the structure (Supplementary Figs. 5, 6 and
Supplementary Note 2).

Reversible structural change between layered and spinel-like
phases. Inspired by the reversible structural change and the
improved electrochemical performances, we investigated the
reaction mechanism during Na ion insertion/extraction in par-
tially dehydrated Na-bir (Fig. 3). In Fig. 3a and Supplementary
Fig. 7, the normalized Mn K-edge X-ray absorption near edge
structure (XANES) spectra shift towards higher energies during
Na ion extraction and move back to the original position during
Na ion insertion. The edge positions of Mn K-edge XANES
spectra after first charge and discharge are identical with those
after second charge and discharge, respectively, implying that the
redox process is extremely reversible. It has been reported that the
k3-weighted EXAFS spectra can identify the characteristic con-
nectivity of MnO6 octahedra composed of edge-sharing di-μ-oxo
bridging between Mn4+ ions, corner-sharing mono-μ-oxo brid-
ging between Mn3+/4+ ions, and combination of both in various
MnOx compounds. In Extended X-ray absorption fine structure
(EXAFS), spectral similarity between the investigated compound
and the reference compounds is indicative of identical local
structure21–24. Hence, this technique is suitable for substantiating
our aforementioned structural model that eliminating crystal
water from the interlayer is accompanied by the migration of
Mn3+ ions into the interlayer vacancy, leading to a spinel-like
phase with edge-sharing and corner-sharing MnO6 octahedra.
Compared with the previously reported Mn K-edge EXAFS
spectra for MnOx compounds, the spectra for the partially
dehydrated Na-bir in pristine and desodiated states clearly indi-
cate both edge and corner-sharing MnO6 octahedra with triple-
hump peak in 3–6 Å−1 region (Fig. 3b). After Na ion was inserted
back into the structure, the EXAFS oscillations are indicative of its

structure transformation into a layered phase with edge-sharing
MnO6 octahedra21, 25. In the k3-weighted EXAFS spectra at dif-
ferent states of charge and discharge, the distinguishable EXAFS
oscillations change reversibly between a double-hump and a
triple-hump peak in the 3–6 Å−1 range during electrochemical
cycling, which means reversible structural changes between
layered and spinel-like phases during sodiation/desodiation
(Supplementary Fig. 8). In this context, the theoretical calculation
represents the reduced electronic configuration toward Mn3+

valence state at the tetrahedral site (migrated state) comparing to
the Mn4+ valence state at the octahedral site (original state) in the
projected (partial) density of states (PDOS) of Mn d-orbital and
Bader charge analysis as shown in Supplementary Fig. 9 and
Supplementary Note 3.

The Na K-edge spectra of partially dehydrated Na-bir at fully
discharged state is very similar to that of the reference layered
compound, NaNi1/3Fe1/3Mn1/3O2, which exhibits two major
characteristic peaks at ~1080 and ~1087 eV as shown in Fig. 3c
and Supplementary Fig. 10, suggesting that its Na local
environment at fully discharged state is similar to that of the
typical layered compound. Because the reversible movement of
Mn ions between MnO2 layer (3a) and the interlayer (6c) induces
the phase transformation between the layered and spinel-like
structure, all the Na ions look like being octahedrally coordinated
by the neighboring oxygen atoms at the discharged state with the
layered structure. By contrast, at the charged state having the
spinel-like structure, the Na ions are partially coordinated by four
neighboring oxygen atoms in the tetrahedral sites. The latter can
be modeled by first-principles atomistic relaxation for the Mn-
migrated structure as shown in Supplementary Fig. 11. The
investigation on Mn and Na local environments by XAS clearly
proves high reversibility of the local structural change as the
material transforms between the layered and spinel-like phases
during electrochemical cycling. This reversible phase transforma-
tion has also been demonstrated by ex situ Raman spectroscopy
(Fig. 3d). The characteristic Raman band of partially dehydrated
Na-bir is changed after charge, which results from an increased
separation between two successive slabs due to the strengthened
repulsion between the oxygen atoms from the adjacent slabs. As
mentioned above, the sharp band at around 640–650 cm−1 is
typically assigned to tetrahedrally coordinated Mn–O bonding,
which is indicative of a spinel-like phase. The Raman spectra of
partially dehydrated Na-bir show a newly emerged peak at
~575–585 cm−1 together with the decrease of band intensity at
~640–650 cm−1 after discharge, which implies that it has an
arrangement of layered structure. As well consistent to the
aforementioned analysis results, the partially dehydrated Na-bir
shows high reversibility20. Therefore, controlling crystal water
contents in birnessite looks critical to enable the structural
reversibility because hydrated Na-bir exhibited a clearly limited
reversibility as shown in Supplementary Fig. 12 and Supplemen-
tary Note 4.

The in situ XRD patterns and calculated variation of d-spacing
for the partially dehydrated Na-bir during electrochemical cycling
are shown in Fig. 3e. Because of the large interlayer distance of
partially dehydrated Na-bir, the main Bragg peak representing the
interlayer distance is positioned at a low angle below 16°. At the
initial state of charge, this Bragg peak is shifted to a higher angle
which is attributable to triple corner-sharing Mn or the migration
of MnO6 octahedra. During discharge, Na ion is intercalated into
the spinel-like phase accompanied by a slight increase in d-
spacing. At the depth of discharge of ~30%, this Bragg peak
begins to shift to higher angles due to the structural transforma-
tion from spinel-like to layered structure. Na ion insertion into
the layered structure induced the contraction of interlayer
distance by decreasing the oxygen repulsion. Consequently, a

Table 1 Refined structural parameters of hydrated Na-bir
and partially dehydrated Na-bir

Hydrated Na-bir
(Rwp= 11.6 %, Rp= 16.5, Rex= 4.88, S (=Rwp/Rex)= 3.38)
Space group: R-3m, a= b= 2.8510(7) Å, c= 21.739(6) Å, Vol= 153.03
(7) Å3, α= β= 90°, γ= 120°
Atom Site x y z Biso (Å2) Occ.
Na 3b 0.0 0.0 0.5 0.7(2) 0.135
Mn 3a 0.0 0.0 0.0 0.7(2) 0.5
O 6c 0.0 0.0 0.374(2) 0.7(2) 1
Partially dehydrated Na-bir
(Rwp= 10.0%, Rp= 6.77, Rex= 3.98, S (=Rwp/Rex)= 2.51)
Space group: R-3m, a= b= 2.8408(6) Å, c= 16.95(1) Å, Vol= 118.5(1)
Å3, α= β= 90°, γ= 120°
Atom Site x y z Biso (Å2) Occ.
Na 3b 0.0 0.0 0.5 2.0(3) 0.135
Mn1 3a 0.0 0.0 0.0 2.0(3) 0.35(1)
Mn2 6c 0.0 0.0 0.112(3) 2.0(3) 0.14(1)
O 6c 0.0 0.0 0.394(2) 2.0(3) 1

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-11195-9

4 NATURE COMMUNICATIONS |         (2019) 10:3385 | https://doi.org/10.1038/s41467-019-11195-9 | www.nature.com/naturecommunications

www.nature.com/naturecommunications


new peak of hexagonal layered structure at a high angle emerges,
with a total d-spacing variation of 3.16% at the fully charged state.
Up to a state of charge of ~70%, Na ion extraction from the
layered structure of partially dehydrated Na-bir is accompanied
by an expanded interlayer distance due to the increased oxygen
repulsion between MnO6 octahedra. After being fully charged

during 2nd cycle, the partially dehydrated Na-bir has reverted
completely to the spinel-like phase, resultantly demonstrating the
full reversibility of the phase transformation. The phase
transformation by reversible Mn migration is directly observed
by ADF-STEM analysis. For the pristine sample, it is revealed that
the spinel-like structure (denoted by the box i) coexists with the
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layered structure (denoted by box ii) due to the Mn migration
into the Na layer during the partial dehydration (Fig. 3f). After
charge, the desodiation induces the phase transformation to the
spinel-like structure in which Mn ions occupy the tetrahedrally
coordinated sites by oxygen in the interlayer; the brighter contrast
in the interlayer corresponds to this structural feature (denoted by
red arrow in Fig. 3g) due to the stronger scattering signal of Mn
than that of Na. After discharge, very weak contrast in the
interlayer is observed (denoted by red arrow in Fig. 3h). These
extra STEM/EDX analysis results (Supplementary Fig. 13)
corroborate that the Mn ions in the interlayer are reversibly
migrated back to octahedral sites in the transition metal layers
during discharge. Altogether, these ex situ and in situ analyses
prove the completely reversible phase transformation between the
layered and spinel-like structure in partially dehydrated Na-bir
during Na ion insertion/extraction. Furthermore, this unique
phenomenon is beneficial for its improved cyclic stability and
facilitated Na ion diffusivity, which may arise from well-relieved
mechanical stress and strain induced by the removal of crystal
water and the following structural rearrangement as demon-
strated by ex situ analyses including SEM, XPS, ICP-AES, XRD,
and TGA after 100 cycles (Supplementary Figs. 14–17, Supple-
mentary Table 2 and Supplementary Note 5–9). Therefore, these
results stand in contrast to the conventional paradigm of layered
materials, where most of phase transformations including
layered-to-spinel and so on are irreversible that need to be
suppressed at the expense of limited electrochemical perfor-
mances. Even if the chronic problems like Mn dissolution,
electrolyte decomposition, etc. look much more dominant with
hydrated Na-bir, these seem to still affect the partially dehydrated
Na-bir badly. So, a search for proper electrolyte in this regime of
electrode material may be required to make this breakthrough
result more valuable performance-wise.

First-principles calculations of Mn ion migration barrier. In
order to unveil the mechanism for the reversible phase trans-
formation between layered and spinel-like structure, we utilized
first-principles calculations for the migration barrier of Mn ions
from an octahedral geometry in MnO6 layer to a tetrahedral
geometry in Na layer1, 2. First of all, it was impossible to theo-
retically incorporate Na ions into the spinel structure by assum-
ing that Na ions occupy the alkali ion sites of Li-based spinel
structures, due to the larger d-spacing of sodium-incorporating
materials. Hence, it is difficult for Na-bir without any crystal
water (similar to O3-NaxMnO2) to form a stable tetrahedral
geometry even if Mn ions migrate to the Na layer as shown in
Fig. 4a. Because of the wide slab-to-slab separation, the tetra-
hedral Mn fails to share any oxygen with adjacent MnO6 layer
and the migration energy reaches ~3.3 eV, meaning that the
spinel-like structure is difficult to be formed in Na-bir without
crystal water. Herein, our computational model was based on O3-
Na0.25MnO2, consisting of 3 Na, 12 Mn, and 24 O atoms. For Na-
bir with crystal water, we assumed the Na-birs with 0.5 and 0.08
mol crystal waters, which each correspond to two crystal waters
in every single Na layer and one crystal water in every 3 Na layers
to investigate the dependency of migration energy on the contents
of crystal water in the Na layer, as shown in Fig. 4b, c. These all
Na-birs showed lower migration energy than the crystal water-
free Na-bir, implying that tetrahedral Mn is coordinated by the
oxygen of crystal water instead of that of neighboring MnO6 slab
and thus the reversible phase transformation of Na-bir is closely
associated with the metastable spinel-like phase, the formation of
which is facilitated by the interaction between Mn ions and
crystal water. However, a relatively higher migration barrier
(~2.35 eV) of Mn ions was obtained for Na-bir with 0.5 mol of

H2O (Fig. 4b), where too high content of crystal water seems to
interfere with and hinder the formation of the spinel-like phase.
On the other hand, Na-bir with 0.08 mol of H2O has a lower
migration barrier (~1.5 eV), which enables the formation of
spinel-like structure as represented in Fig. 4c, d. To determine the
optimum amount of crystal water for this reversible phase
transformation, we additionally calculated the migration energy
barrier of Mn ion in Na-birs with 0.17 and 0.25 mol of crystal
waters as shown in Supplementary Fig. 18. Both of Na-birs also
allowed the migration of Mn ions to the Na layer in the same way
as that with 0.08 mol of crystal water. Due to the large separation
between MnO6 slabs in Na-bir, the interlayer interactions of both
Na birs tend to commonly weaken during the migration of Mn
ion in the same way as for the Na-bir with 0.08 mol of crystal
water; in all three structures, their Mn migration energies just
reach a similar value of about 1.5 eV. Recent study on Mn
migration in birnessite structures reported by Yang et al. also
indicates that the crystal water mitigates the higher migration
barrier of Mn ion and facilitate the spinel-to-layered phase
transformation26. Hence, it is apparent that an appropriate
amount of crystal water can facilitate the formation of the spinel-
like phase while preventing the irreversible formation of the stable
spinel phase (MnO6) where oxygen ions from adjacent MnO6

slabs coordinate the tetrahedral Mn. This reversible phase
transformation between the layered and spinel-like structure of
partially dehydrated Na-bir are schematically illustrated in Fig. 4e
based on experimental and first-principle calculation results. In
addition, we explore whether it is possible for Mn ions to migrate
to the location of Na ions in Na layer from the tetrahedral site
formed with crystal water. As shown in Supplementary Fig. 19,
the migrated Mn ion could not generate an octahedron with
adjacent oxygen ions due to the elongated d-spacing between Mn
layers from the co-existence of crystal water and Na ion. This
indicates that Mn ion in the original octahedral site of Mn layer is
likely to migrate to the tetrahedral site formed by the crystal
water, but it is hard to migrate to the octahedral site in Na layer,
underscoring the reversible layered-to-spinel phase transforma-
tion observed in this work. Also, the formation of spinel-like
phase helps to attain higher stability by preventing the extraction
of crystal water. Supplementary Fig. 20, Supplementary Table 3,
and Supplementary Notes 10, 11 demonstrate that the extraction
energy of crystal water between Mn layers is much lower than
that of the crystal water bonded to the migrated Mn ions
underscoring that the crystal water in partially dehydrated Na-bir
is much more stable than that in hydrated Na-bir. This obser-
vation again supports the reason why partially dehydrated Na-bir
can present high stability and capacity retention after 100 cycle.

Discussion
We investigated an unprecedented reversible phase transforma-
tion between layered and spinel-like structure during reduction/
oxidation of a layered-structure oxide. This surprising result was
observed in the birnessite structure. The mechanism for its phase
reversibility was elucidated by in-depth structural characteriza-
tions combined with first-principles calculations. These results
indicate the formation of a metastable spinel-like phase during
ion extraction, which enables this unusual reversibility in its
phase transformation. Moreover, the migration energy of Mn
ions from an octahedral geometry in MnO6 slab to a tetrahedral
geometry in Na layer turned out to be regulated by the existence
of crystal water in Na layer. The findings from the first-principles
calculation coupled with advanced structural analyses sub-
stantiated that the contents of crystal water are very important in
forming the metastable spinel-like structure which plays a key
role in high reversibility of phase transformation. Furthermore,
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this reversible transformation was accompanied by the successful
accommodation of volume change enabling very stable cyclic
retention. We firmly believe that these unprecedented findings
provide invaluable insight into the search for novel class of
electrode or electronic materials that are away from the limitation
given by their characteristic crystal structures. Hence, this work
will not only broaden the structural candidates as electrode
materials in advanced secondary batteries, but also establish new
research directions in materials science.

Methods
Synthesis of hydrated Na-bir, partially dehydrated Na-bir and fully dehy-
drated Na-bir. Hydrated Na-bir was synthesized in an aqueous solution using a
CEM Discover microwave accelerated reactor system (MARS 5). Concentrated
NaMnO4 (40 wt% in H2O) was purchased from Sigma-Aldrich and used without
further purification. In a typical procedure, the NaMnO4 solution (2.5 mL) was
added to deionized water (40 mL) in a 100 mL microwave reaction vessel. The
solution was then heated to 220 °C for 6 h under the sealed vessel mode with
microwave irradiation. This microwave reaction was conducted in air atmosphere.
The resulting brownish-black solid product was isolated by centrifugation, washed
with deionized water three times, and dried at 60 °C in a vacuum oven overnight.
To obtain the partially dehydrated Na-bir and fully dehydrated Na-bir, the
brownish-black solid product was each heat-treated at 170 and 300 oC for 5 h with
a temperature ramp of 5 °C min−1 to remove the crystal water between MnO6

slabs. The synthesized samples were sealed to avoid atmospheric moisture
before use.

Characterizations. The XRD patterns of hydrated Na-bir and dehydrated Na-bir
powder were collected on the 9B HRPD beamline at Pohang Light Source-II (PLS-
II) in South Korea. The incident X-ray was vertically collimated using a mirror and
monochromatized to a wavelength of 1.4865 Å using a double-crystal Si(111)
monochromator. The diffraction patterns were collected in an angular 2θ range of
10–130° with a step size of 0.02°, while rotating the sample to minimize the
preferred orientation effect. The HRPD patterns were calculated using the Fullprof
program package to obtain the structural details.

The morphologies of the hydrated Na-bir and dehydrated Na-bir were
characterized by field-effect scanning electron microscopy (FE-SEM; JEOL JSM-
6700F, operated at 10 and 30 kV), and high-resolution-transmission electron
microscopy (HR-TEM, FEI Tecnai G2 F30, operated at 300 kV), using the Gatan
Digital Micrograph program. Annular dark field (ADF) imaging mode was
employed to observe the structures of the partially dehydrated Na-bir samples on
an aberration-corrected scanning transmission electron microscope (STEM, JEM-
ARM200CF, JEOL) equipped with a cold-field emission electron gun at an
accelerating voltage of 80 kV. The detector angle range for the ADF imaging was
~45–180 mrad and the probe forming angle was ~23 mrad. Experimental ADF-
STEM images were denoised by the Wiener filtering method implemented in a
commercial software program (HREM Filter Pro, HREM research Ltd.). Energy-
dispersive X-ray mapping for the Na-bir samples before and after charging was
performed on the same ADF-STEM imaging mode with a dual-type silicon drift
detector (JED-2300T, JEOL Ltd.) providing a large effective solid angle (~1.2 sr).
The residual moisture content in the products was determined by
thermogravimetric analysis (TGA). The compositions and concentration of Mn2+

deposited on Na anode were determined by ICP-AES (OPTIMA 7300 DV, Perkin-
Elmer). The XPS spectra were analyzed by K-Alpha+, ThermoScientific installed at
Hanyang Center for Research Facilities (Seoul). The Mn K-edge XAFS was
conducted under the transmission mode at the 8C (Nano XAFS) beamline in the
Pohang Light Source-II (PLS-II). The soft X-ray absorption spectra were obtained
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at beamline 10D XAS KIST (Korea Institute of Science and Technology) in the
PLS-II. The Na K-edge XANES were collected under total electron yield mode in
vacuum ~5 × 10–8 Torr. The in situ XRD measurements of partially dehydrated
Na-bir was performed at beamline 9A (U-SAXS) PLS-II using a ccd image plate
detector with wavelength of 0.62147 Å and beamline 3D-XRS PLS-II using a
MAR3450 image plate detector with wavelength of 1.03337 Å in the transmission
mode. The storage ring was operated at electron energy of 3.0 GeV and a current of
320 mA. The X-ray exposure time was 10 s, and it took about 3 min to get a single
pattern. The two-theta angles of all the patterns presented have been recalculated to
the corresponding angles for λ= 1.54 Å, which is the wavelength of conventional
X-ray tube source with CuKα radiations, for an easy comparison with other
published results.

Electrochemical measurements. Hydrated Na-bir and partially dehydrated Na-bir
electrodes were prepared from slurries with the following composition: active
material (80 wt%); acetylene black (10 wt%), which was used as a conductive agent,
and a binder (polyvinylidenedifluoride, 10 wt%), which was dissolved in N-methyl-
2-pyrrolidone (NMP). This slurry was pasted onto an aluminum-foil current col-
lector and dried at 70 °C for 5 h under vacuum (10−3 Torr). Electrodes with a
diameter of 12mm were punched, and the average active material loading density of
hydrated Na-bir and dehydrated Na-bir electrodes corresponded to 1.91 mg cm−2.
The electrochemical properties of the prepared electrodes were evaluated using
CR2032 coin-type cells assembled in an Ar-filled glove box. Na metal was used as a
counter electrode, and a solution of NaPF6 (1M) in ethylene carbonate (EC) and
diethyl carbonate (DEC) (1:1, v/v) was employed as the electrolyte. Charge/discharge
tests were performed in a range of 1.5–4.3 V (vs. Na/Na+) at 0.1 C. A rate of 1 C
corresponded to about 200mA g−1. The GITT measurement was performed at an
electrochemical workstation (WonATech, WBCS3000) by applying a constant cur-
rent flux (20mA g−1) for 12min, followed by open-circuit equilibration time for
2.5 h. Diffusion coefficient values are calculated from GITT curve by using the
following equation:

~D ¼ 4
πτ

mBVM

MBS

� �2 ΔEs
ΔEt

� �2

τ � L2

~D

� �
ð1Þ

where ~D is the chemical diffusion coefficient, mB is the mass of active material,MB is
the atomic weight, VM is the molar volume, S is the surface area of the electrode, ΔEt
is the total change of voltage during the discharge at constant current, and ΔEs is the
change of the steady-state voltage. For in situ XRD measurements, the prepared
electrode was incorporated into coin cells with a Kapton window.

Calculation details. First-principles calculations for structural relaxations and
atomic migrations of Na-bir were investigated by spin-polarized density functional
theory (DFT) with the projector augmented-wave (PAW) method using Vienna ab
initio simulation package (VASP)27, 28. The Perdew–Burke–Ernzerhof (PBE) of
generalized-gradient approximation (GGA) was utilized for the exchange-
correlation functional29. The Hubbard U correction was used for reflecting the
strong correlation of 3d electrons, and the U value of 3.9 eV for Mn ion were
adopted from the previous study for Na layered oxide30. From the convergence test,
a plane-wave cut-off energy of 550 eV was used and k-point mesh of 4 × 4 × 2 was
sampled. The climbing-image nudged elastic band (ci-NEB) method31 was utilized
to calculate the migration barriers of Mn ions in Na-bir structures. We used Bader
charge analysis to estimate the electronic charge transfer32. The calculation model
was established based on the structural characterization, such as Rietveld refine-
ment, TGA, and ICP-AES. The hydrated Na-bir was modeled by Na0.25M-
nO2·0.5H2O of R-3m space group consisting of three Na, 12 Mn, and 24 O ions
with 6 water molecules, and the partially dehydrated structure was represented by
Na0.25MnO2·0.08H2O of R-3m space group consisting of three Na, 12 Mn, and 24
O ions with one water molecules. Relaxed d-spacing between Mn layers without
crystal water is 5.8539 Å, and the d-spacing increases to 6.4506 Å when a crystal
water remains between Mn layers.

Data availability
The data that support the findings of this study are available from the corresponding
author upon request.

Received: 7 August 2018 Accepted: 1 July 2019

References
1. Wang, R. et al. Atomic structure of Li2MnO3 after partial delithiation and re-

lithiation. Adv. Energy Mater. 3, 1358–1367 (2013).
2. Lim, J.-M. et al. The origins and mechanism of phase transformation in bulk

Li2MnO3: first-principles calculations and experimental studies. J. Mater.
Chem. A 3, 7066–7076 (2015).

3. Min, S. H., Jo, M. R., Choi, S.-Y., Kim, Y.-I. & Kang, Y.-M. A layer‐structured
electrode material reformed by a PO4–O2 hybrid framework toward enhanced
lithium storage and stability. Adv. Energy Mater. 6, 1501717 (2016).

4. Yang, J. et al. In situ analyses for ion storage materials. Chem. Soc. Rev. 45,
5717–5770 (2016).

5. Talaie, E., Duffort, V., Smith, H. L., Fultz, B. & Nazar, L. F. Structure of the
high voltage phase of layered P2-Na2/3[Mn1/2Fe1/2]O2 and the positive effect of
Ni substitution on its stability. Energy Environ. Sci. 8, 2512–2523 (2015).

6. Yabuuchi, N. et al. P2-type Nax[Fe1/2Mn1/2]O2 made from earth-abundant
elements for rechargeable Na batteries. Nat. Mater. 11, 512–517 (2012).

7. Buchholz, D. et al. Toward Na-ion batteries-synthesis and characterization of
a novel high capacity Na ion intercalation material. Chem. Mater. 25, 142–148
(2013).

8. Sathiya, M., Hemalatha, K., Ramesha, K., Tarascon, J. M. & Prakash, A. S.
Synthesis, structure, and electrochemical properties of the layered sodium
insertion cathode material: NaNi1/3Mn1/3Co1/3O2. Chem. Mater. 24,
1846–1853 (2012).

9. Nam, K. W. et al. Critical role of crystal water for a layered cathode material in
sodium ion batteries. Chem. Mater. 27, 3721–3725 (2015).

10. Guo, S. et al. A high-capacity, low-cost layered sodium manganese oxide
material as cathode for sodium-ion batteries. ChemSusChem 7, 2115–2119
(2014).

11. Yang, S.-Y. et al. Effects of Na content on structure and electrochemical
performances of NaxMnO2+δ cathode material. Trans. Nonferrous Met. Soc.
China 20, 1892–1898 (2010).

12. Kim, S. et al. On the mechanism of crystal water insertion during anomalous
spinel-to-birnessite phase transition. Chem. Mater. 28, 5488–5494 (2016).

13. Drits, V. A., Silvester, E., Gorshkov, A. I. & Manceau, A. Structure of synthetic
monoclinic Na-rich birnessite and hexagonal birnessite: I. Results from X-ray
diffraction and selected-area electron diffraction. Am. Miner. 82, 946–961
(1997).

14. Gaillot, A.-C. et al. Structure of synthetic K-rich birnessite obtained by high-
temperature decomposition of KMnO4: I. Two-layer polytype from 800 oC
experiment. Chem. Mater. 15, 4666–4678 (2003).

15. Gaillot, A.-C., Drits, V. A., Manceau, A. & Lanson, B. Structure of the
synthetic K-rich phyllomanganate birnessite obtained by high-temperature
decomposition of KMnO4: substructures of K-rich birnessite from 1000oC
experiment. Microporus Mesoporous Mater. 98, 267–282 (2007).

16. Kwon, K. D., Refson, K. & Sposito, G. On the role of Mn(IV) vacancies in the
photoreductive dissolution of hexagonal birnessite. Geochim. Cosmochim.
Acta 73, 4142–4150 (2009).

17. Chen, R., Chirayil, T., Zavalij, P. & Whittingham, M. S. The hydrothermal
synthesis of sodium manganese oxide and a lithium vanadium oxide. Solid
State Ion. 86–88, 1–7 (1996).

18. Kanno, R. et al. Phase relationship and lithium deintercalation in lithium
nickel oxides. J. Solid State Chem. 110, 216–225 (1994).

19. Julien, C. et al. Raman spectra of birnessite manganese dioxides. Solid State
Ion. 159, 345–356 (2003).

20. Yang, L. et al. Investigations into the origin of pseudocapacitive behavior of
Mn3O4 electrodes using in operando Raman spectroscopy. J. Mater. Chem. A
3, 7338–7344 (2015).

21. Saratovsky, I., Wightman, P. G., Pastén, P. A., Gaillard, J.-F. & Poeppelmeier,
K. R. Manganese oxides: parallels between abiotic and biotic structures. J. Am.
Chem. Soc. 128, 11188–11198 (2006).

22. Ansell, G. B., Modrick, M. A., Longo, J. M., Poeppelmeier, K. R. & Horowitz,
H. S. Structure of calcium manganese oxide Ca2Mn3O8. Acta Crystallogr. Sect.
B 38, 1795–1797 (1982).

23. Baur, H. W. Rutile-type compounds, V. Refinement of MnO2 and MgF2. Acta
Crystallogr. Sect. B 32, 2200–2204 (1976).

24. Zaharieva, I. et al. Electrosynthesis, functional, and structural characterization
of a water-oxidizing manganese oxide. Energy Environ. Sci. 5, 7081–7089
(2012).

25. Silvester, E., Manceau, A. & Drits, V. A. Structure of synthetic monoclinic Na-
rich birnessite and hexagonal birnessite: II. Results from chemical studies and
EXAFS spectroscopy. Am. Mineral. 82, 962–978 (1997).

26. Yang, E. et al. Origin of unusual spinel-to-layered phase transformation by
crystal water. Chem. Sci. 9, 433–438 (2018).

27. Kresse, G. & Furthmuller, J. Efficient iterative schemes for ab initio total-
energy calculations using a plane-wave basis set. Phys. Rev. B 54, 11169–11186
(1996).

28. Kresse, G. & Furthmuller, J. Efficiency of ab-initio total energy calculations for
metals and semiconductors using a plane-wave basis set. Comput. Mater. Sci.
6, 15–50 (1996).

29. Perdew, J. P. et al. Atoms, molecules, solids, and surfaces—applications of the
generalized gradient approximation for exchange and correlation. Phys. Rev. B
46, 6671–6687 (1992).

30. Li, X. et al. Direct visualization of the Jahn–Teller effect coupled to Na
ordering in Na5/8MnO2. Nat. Mater. 13, 586–592 (2014).

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-11195-9

8 NATURE COMMUNICATIONS |         (2019) 10:3385 | https://doi.org/10.1038/s41467-019-11195-9 | www.nature.com/naturecommunications

www.nature.com/naturecommunications


31. Henkelman, G. & Jónsson, H. A climbing image nudged elastic band method
for finding saddle points and minimum energy paths. J. Chem. Phys. 113,
9901–9904 (2000).

32. Henkelman, G., Arnaldsson, A. & Jónsson, H. A fast and robust algorithm for
Bader decomposition of charge density. Comput. Mater. Sci. 36, 354–360
(2006).

Acknowledgements
This work was supported by Samsung Research Funding Center of Samsung Electronics
under Project Number SRFC-MA1701-04. All authors appreciate Dr. Vincent Wing-hei
Lau for his contribution to English correction.

Author contribution
M.R.J., Y.K., and J.Y. conceived and designed the study. M.R.J. and J.Y. synthesized,
characterized and performed electrochemical test the materials. Y.K. and M.J. carried out
X-ray absorption characterization. K.S. analyzed TEM analysis. Y.-I.K. performed crystal
structure refinement. J.-M.L. and M.C. performed computational calculation. J.-H.S. and
Y.-M.Ki. carried out STEM analysis. The manuscript was written by M.R.J., Y.K., and J.Y.
and was revised by W.-S.Y. and Y.-M.Ka.

Additional information
Supplementary Information accompanies this paper at https://doi.org/10.1038/s41467-
019-11195-9.

Competing interests: The authors declare no competing interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

Peer review information: Nature Communications thanks the anonymous reviewer(s)
for their contribution to the peer review of this work.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2019

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-11195-9 ARTICLE

NATURE COMMUNICATIONS |         (2019) 10:3385 | https://doi.org/10.1038/s41467-019-11195-9 | www.nature.com/naturecommunications 9

https://doi.org/10.1038/s41467-019-11195-9
https://doi.org/10.1038/s41467-019-11195-9
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	Triggered reversible phase transformation between layered and spinel structure in manganese-based layered compounds
	Results
	Structural characterization
	Electrochemical characterization
	Reversible structural change between layered and spinel-like phases
	First-principles calculations of Mn ion migration barrier

	Discussion
	Methods
	Synthesis of hydrated Na-bir, partially dehydrated Na-bir and fully dehydrated Na-bir
	Characterizations
	Electrochemical measurements
	Calculation details

	References
	References
	Acknowledgements
	Author contribution
	Competing interests
	ACKNOWLEDGEMENTS




