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Abstract: The rapid development of advanced energy-storage
devices requires significant improvements of the electrode
performance and a detailed understanding of the fundamental
energy-storage processes. In this work, the self-assembly of
two-dimensional manganese oxide nanosheets with various
metal cations is introduced as a general and effective method
for the incorporation of different guest cations and the
formation of sandwich structures with tunable interlayer
distances, leading to the formation of 3D MxMnO2 (M = Li,
Na, K, Co, and Mg) cathodes. For sodium and lithium storage,
these electrode materials exhibited different capacities and
cycling stabilities. The efficiency of the storage process is
influenced not only by the interlayer spacing but also by the
interaction between the host cations and shutter ions, confirm-
ing the crucial role of the cations. These results provide
promising ideas for the rational design of advanced electrodes
for Li and Na storage.

Two-dimensional (2D) metal oxide nanosheets (e.g., MnO2,
Co3O4, TiO2, WO3) with high surface-to-volume ratios often
exhibit unique physicochemical properties, which have led to
worldwide research interest in their application in transistors,
energy-storage devices, and electrocatalysis.[1] For energy-
storage applications, layered transition metal oxides (MO2 ;
M = Ti, V, Cr, Mn) have been intensively investigated as
promising electrode materials for Li storage and recently also
for Na storage along with the increasing interest in Na ion
batteries (NIBs).[1b,2] During the charge–discharge process,
the insertion/extraction of Li or Na ions often results in
variations in the layer distances, which is accompanied by

successive phase transitions.[2] A recent study revealed that
the removal of alkali metal ions (e.g., Na+) from layered
NaxCrO2 led to the transformation of the layered structure
into a rock salt structure.[2c] As a result, the layered structure
collapsed, which eventually led to severe capacity decay. This
study highlighted the crucial role of cations for energy storage
in layered metal oxides. Such phase transitions and the
structural changes in transition metal oxide layers (e.g.,
NaxMnO2) can be minimized by substitution/doping with
electrochemically inactive elements (e.g., Ni, Mg), which
results in stable 2D frameworks with good capacity reten-
tion.[3] However, it is still difficult to construct layered
cathodes with adjustable ion channels for both Li and Na
ion intercalation. In particular, the effect of different inter-
layer cations on the storage capacity and cycling stability of
layered metal oxides has not been investigated thus far.

As interesting building blocks, 2D metal oxide nanosheets
provide ideal platforms to adjust the microstructures and
properties of such materials.[1c,4] For example, the wet
spinning of 2D titania sheets generates macroscopic titania
fibers with good mechanical properties through the alignment
of stacked sheets with enhanced sheet-to-sheet binding
interactions.[1c] Manganese dioxides possess various remark-
able features, such as a high theoretical capacity (ca.
1232 mAh g¢1 as an anode), structural diversity (e.g., tunnels,
layers), natural abundance, and environmental friendliness,
and have been extensively studied as electrode materials for
batteries and supercapacitors.[5] However, the use of MnO2 as
a cathode material for both Li ion batteries (LIBs) and NIBs
has been hardly studied owing to its intrinsically low electrical
conductivity, lack of suitable ion intercalation channels, and
rapid capacity fading.[6] However, 2D manganese oxide
nanosheets with molecular thickness provide a great oppor-
tunity for modulating the microstructure to enhance the
energy storage capability through interface engineering and
the integration of 2D nanosheets into three-dimensional (3D)
porous frameworks.[5c,7] Unfortunately, the reported methods
are often limited by multistep exfoliation and reassembly
processes.[7a, 8]

Herein, a bottom-up strategy has been developed to
fabricate hierarchically sandwiched frameworks composed of
manganese oxide nanosheets and various guest metal cations
(e.g., Li+, Na+, K+, Co2+, and Mg2+).[9] Owing to their
polyelectrolytic and colloidal nature, the layer-by-layer self-
assembly of manganese oxide nanosheets with cations leads
to the formation of porous frameworks (Scheme 1).[7a, 10] In
particular, owing to the exchangeable guest cations, the
interlayer spacings between the manganese oxide nanosheets
can be adjusted. The electrochemical properties of the
resultant manganese oxides and their ability for Li and Na
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storage were investigated to clarify the effect of the cation on
their storage abilities and stabilities. These layered manga-
nese oxide electrodes indeed showed good electrochemical
performance for both Li and Na storage. Our experiments
revealed that the capacities and stabilities of the electrode
materials are influenced by both the cation size and their
interaction with the shutter ions (Li+ or Na+), demonstrating
the crucial role of the cations. These fundamental findings
provide significant information for the rational design of
suitable host materials with fast sodiation/desodiation (lith-
iation/delithiation) kinetics.

A colloidal suspension of manganese oxide nanosheets
was obtained by rapid oxidation of Mn2+ ions in the presence
of tetraethylammonium hydroxide (TMA·OH).[9] The
obtained manganese oxide nanosheets are composed of
edge-sharing MnO6 octahedra in which some of the Mn4+

ions have been replaced by Mn3+ ions, which leads to a net
negative charge, giving a colloidal suspension owing to the
electrostatic repulsion. The nanosheet dispersion was purified
by dialysis to remove residual TMA·OH. The obvious Tyndall
effect suggests the formation of well-dispersed manganese
oxide colloids. The neutralization of surface charges with
metal cations leads to the electrostatic precipitation of
manganese oxide nanosheets by layer-by-layer self-assembly
(Scheme 1). As a result, 3D sandwiched manganese oxide
frameworks were obtained that consist of repeating 2D host
oxide layers that are separated by the guest cations.

The well-dispersed manganese oxide colloids with obvious
light scattering owing to the Tyndall effect are shown in
Figure 1a. The addition of various cations (i.e., Li+, Na+, K+,
Mg2+, and Co2+) led to the electrostatic co-precipitation of the
manganese oxide nanosheets with the metal cations. The
chemical compositions of the samples were determined by
inductively coupled plasma atomic emission spectroscopy
(ICP-AES; see the Supporting Information, Table S1). Here-
after, the manganese oxides co-precipitated with Li+, Na+,
K+, Mg2+, and Co2+ (MxMnO2) will be refereed to as LiMO,
NaMO, KMO, MgMO, CoMO, respectively. The theoretical
results (see the Supporting Information, Figure S1) reveal
that the interlayer spacing increases with an increase in the
diameter of the added cation (i.e., Li+, Na+, K+, and Co2+).
The presence of (001) diffraction peaks in the powder X-ray
diffraction (XRD) patterns (Figure 1b) suggests that the
manganese oxide nanosheets are uniformly stacked in the
birnessite phase with interlayered cations.[9] A gradual peak
shift from about 1288 for LiMO to approximately 988 for
MgMO was observed, indicating that the interlayer space was
enlarged by the insertion of guest cations with larger

diameters.[4a, 11] The interlayer distances calculated from the
(001) peaks of LiMO, NaMO, KMO, CoMO, and MgMO are
approximately 6.7, 7.1, 7.4, 7.8, and 7.9 è according to the
Bragg equation.[12] Hydration of the cations may result in the
larger interlayer distances during the self-assembly process.
Therefore, the interlayer distance can be easily adjusted by
the intercalation of different guest cations during the co-
precipitation process. To enhance the storage ability, lithiation
and oxidation have recently been used to exfoliate and
reassemble layered metal oxides and sulfides (e.g., LiCoO2,
MoS2).[8b,c] This complex multistep process can be simplified
by directly synthesizing manganese oxide nanosheets. More
importantly, the simple self-assembly during the co-precip-
itation process directly produces manganese oxide nanosheets
separated by the desired cations, providing an efficient
approach to adjusting the layer stacking distance. With the
resultant electrode materials, the effect of the various cations
on Li+ and Na+ storage can be investigated.

The X-ray photoelectron spectra (XPS) of manganese
dioxide nanosheets and MxMnO2 samples feature two peaks
located at 642.0 and 653.9 eV, which were ascribed to Mn 2p3/2

and Mn 2p1/2 of MnIV (Figure S2), suggesting the formation of
manganese dioxide.[9] The XPS peaks of Li 1s (54.9 eV), Na 1s
(1072.0 eV), K 2p (292.6 and 295.3 eV), Mg 2p (50.0 eV), and
Co 2p (782.5 and 797.6 eV; Figure 1c) confirm the successful
incorporation of these cations into the self-assembled frame-
works. The absorption band in the Fourier transform infrared
(FTIR) spectrum at 510 cm¢1 was ascribed to the Mn¢O
vibrations of the as-prepared manganese oxide nanosheets
and MxMnO2 samples(Figure S3).

For the manganese oxide nanosheets, transmission elec-
tron microscopy (TEM) and atomic force microscopy (AFM)
images reveal the high 2D anisotropy with a lateral dimension
in the sub-micrometer range (Figure 2a) and a thickness of
approximately 0.8 nm (Figure 2b). Figure 2c shows the
crumpled structure of NaMO with many wrinkles and folds,
whereas a crystalline structure is formed in the presence of

Scheme 1. Preparation of 3D layered manganese oxide frameworks.

Figure 1. a) Digital photographs of the manganese oxide colloidal
suspension and various MxMnO2 samples. b) XRD patterns of manga-
nese oxide and MxMnO2. c) High-resolution XPS spectra showing the
Li 1s, Na 1s, K 2p, Mg 2p, and Co 2p peaks for MxMnO2.
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Na+ (Figure 2d). The typical lattice spacing is around 0.7 nm,
which corresponds to the (001) plane of birnessite-type
MnO2. A scanning electron microscopy (SEM) image (Fig-
ure 2e) reveals that the self-assembled NaMO layers are
interconnected to form an open, porous three-dimensional
structure. Elemental mapping of NaMO confirmed the
homogeneous distribution of Na, Mn, and O (Figure 2 f).
This was corroborated by the EDX spectrum of NaMO
(Figure S4), which shows that the sample consists of Mn, O,
and Na. The 3D bicontinuous networks of layers and micro-
meter-sized pores enable both cations (e.g., Li+, Na+) and
electrons to shuttle easily and reversibly, potentially leading
to enhanced performance in Li and Na storage.

The electrochemical performances of the as-prepared
MxMnO2 samples were initially evaluated by slow-scan
voltammetry. The samples exhibited similar behavior for
both Li and Na storage owing to the presence of the same
manganese oxide sheets (Figure S5). Typically, the broad
redox peaks between 2.8 and 2.3 V arise from the large
surface with numerous active sites over a wide potential range
(Figure S6). However, the manganese oxide nanosheets
separated by metal cations with different diameters exhibited
different capacities. The discharge capacities of various
MxMnO2 samples at a current density of 30 mAg¢1 are
shown in Figure 3a,b. The corresponding galvanostatic
charge–discharge (GCD) profiles (Figures S7 and S8) show
obvious discharge plateaus and larger capacities when used as
electrode materials for Li storage than when used for Na
storage.

The specific capacities of LiMO, NaMO, KMO, MgMO,
and CoMO are about 118, 137, 155, 97, and 87 mAh g¢1 for Li
storage and approximately 75, 145, 113, 65, and 46 mAhg¢1

for Na storage, and thus clearly cation-dependent. MgMO
and CoMO, with larger interlayer spacings, gave lower
capacities than MxMnO2 samples with monovalent cations.
To examine the role of hydration, the samples were subjected
to a thermal treatment, which resulted in a slight decrease of
the interlayer spacing[11] and a decrease of the Na storage
capacities (Figure S9), suggesting the supplementary role of
water. It has been revealed that the intercalation capacity and
the capacitive contribution to energy storage can be quanti-
tatively determined by voltammetry at various scan rates.[13]

According to the cyclic voltammograms at various scan rates
from 0.1 to 0.5 mVs¢1 (Figure S10), a good linear relationship
(Figure 3c) enables the intercalation capacity contribution to
be determined. The calculated capacity contribution from the
intercalation is in the range of 59–82% (Figure 3d). The large
ratios (> 50 %) suggest that the energy storage process is
dominated by cation intercalation, which was confirmed by
the fact that the ratio increased from around 68 % to 82%
with decreasing the scan rate at a specific potential (2.8 V) as
the slow scan rate benefits the intercalation process.

Energy-dispersive X-ray (EDX) spectra of KMO with the
corresponding Na elemental mappings at different discharge

Figure 2. a) TEM and b) AFM images of a manganese oxide nano-
sheet. c,d) TEM images of NaMO. e) SEM image and f) elemental
mapping of NaMO.

Figure 3. a,b) The specific capacities of MxMnO2 for Na (a) and Li (b)
storage. The data (average values) correspond to at least three
independent assays. c) Plots of u1/2 vs. i/u1/2 at different potentials;
u (mVs¢1) and i (mA) are the scan rate and current at different
potentials, respectively. d) Intercalation capacity contributions under
different conditions. e) Discharge and charge curves with the test
positions for analysis. f) EDX spectra and g) Na elemental mapping
for KMO at different discharge and charge stages in the first cycle.
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and charge stages (Figure 3e) are shown in
Figures 3 f,g. They reveal the gradual
changes in the Na+ concentration in
KMO. During the discharging process, the
Na+ ion concentration gradually increased
to reach the maximum value; then, the ions
were extracted from KMO in the reverse
process, which was also observed by the
changes in the Na elemental mapping
(Figure 3g). After one charge/discharge
cycle, the EDX spectrum of KMO is
similar to the original one, suggesting the
reversible intercalation/deintercalation of
Na+ ions. The formation of channels
through the separation of manganese
oxide sheets with cations is crucial for the
charge storage process. Further experi-
ments (Figure S11) revealed that the
capacity is increased to the maximum
value of approximately 145 mAhg¢1 with
an increase in the Na+/MnO2 ratio up to 2,
but remains constant upon further increas-
ing the ratio. The cation thus likely pro-
motes the formation of channels for Na
storage, but an excessive amount of cations does not further
enhance the performance.

The above discussion has revealed that the insertion/
extraction reactions are the dominating processes. For
monovalent guest ions, the discharge capacities follow the
order of the ionic diameters and interspaces for Li storage,
and KMO exhibited the largest capacity for Li storage of
155 mAhg¢1. However, the NaMO cathode contains Na+ ions
in its original framework, which would be more favorable for
Na storage in comparison with KMO. Thus, NaMO exhibited
the largest capacity for Na storage of 145 mAh g¢1. It has been
revealed that the interlayer expansion approach is efficient to
expand molybdenum disulfide structure for Mg storage.[14]

However, CoMO, with a larger interlayer spacing, exhibited
smaller capacities for both Li and Na storage than KMO. The
capacity of the MgMO electrode was smaller, too. These
results show that the interlayer expansion to enhance the
capacity is less effective for MxMnO2 with divalent cations.
Compared with the structures based on monovalent cations,
the lower current densities and the smaller discharge capaci-
ties of MgMO and CoMO indicate that the insertion of Li+

and/or Na+ into the layer space is not facile. The obscure
channels that are due to the twisted MnO2 bilayer (Figure S1)
and the Coulomb repulsion forces between the divalent metal
ions (e.g., Co2+) and shuttle ions (Li+, Na+) potentially result
in the lower capacities.[15]

Rate capability tests (Figure 4a, b) revealed that KMO
and NaMO exhibit outstanding capacity retention at various
rates for both Li and Na storage. When the current density
was increased by a factor of approximately 6.7 (30 to
200 mAg¢1), the reversible capacity retention of KMO for
Li storage was about 61% (155 mAh g¢1 at 30 mAg¢1;
94 mAh at ¢1@200 mAg¢1; Figure 4b; vs. 50, 58, 48, and
45% capacity retention for LiMO, NaMO, MgMO, and
CoMO, respectively), and KMO hence exhibits the best rate

performance. For Na storage (Figure 4a), the capacity
retentions of LiMO, NaMO, KMO, MgMO, and CoMO
were approximately 32, 40, 38, 21, and 19 %, respectively,
when the current density was increased from 30 to
200 mAg¢1. The rate capabilities of the MxMnO2 samples
for Na storage are not as good as those for Li storage.
According to electrochemical impedance spectroscopy (EIS;
Figure S12), the diffusion constant for Li+ ions in NaMO is
1.8 × 10¢12 cm2 s¢1, which is larger than that for Na+ ions (7.5 ×
10¢13 cm2 s¢1). The smaller size and the fast diffusion kinetics
may contribute to the better performance in terms of larger
capacities and better rate performance for Li storage.[16]

The cycling stabilities of the MxMnO2 samples for Li and
Na storage are shown in Figure 4c and d, respectively, at
a current density of 80 mA g¢1. The NaMO electrode main-
tained approximately 74 and 73% of the initial capacity after
500 cycles for Li and Na storage, respectively. The reversible
discharge capacities of LiMO, KMO, MgMO, and CoMO
electrodes are about 67, 99, 54, and 45 mAh g¢1 after
500 cycles for Li storage and approximately 33, 52, 24, and
13 mAh g¢1 for Na storage, respectively. When used as an
anode, LiMO exhibited a specific capacity of 706 mAh g¢1 at
a current density of 100 mAg¢1 (Figure S13). The discharge
capacities and cycling performances of the MxMnO2 samples
are comparable to previously reported results for Li storage
(Table S2).[17] Notably, the use of metal cations with different
diameters and valence states in the electrostatic co-precip-
itation process resulted in different performances for Li and
Na storage, and these self-assembled layered MxMnO2

electrodes showed cation-dependent capacities and accept-
able long-term cycling stabilities for both Li+ and Na+ storage.

In conclusion, a bottom-up method has been developed to
prepare porous manganese oxide frameworks through the
self-assembly of two-dimensional manganese oxide nano-
sheets separated with various cations (Li, Na, K, Co, and Mg).

Figure 4. a,b) Rate performance and c,d) cycling stability of MxMnO2 for Na (a, c) and Li
(b,d) storage.
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The insertion of different cations into the manganese oxide
sheets led to a gradual increase in the interlayer spacing,
allowing us to improve Li and Na storage. More interestingly,
the obtained porous manganese oxide framework pillared
with monovalent and divalent cations exhibited different
capacities for Li and Na storage. For monovalent cations, the
capacity is enhanced by the expansion of the interlayer
spacing. The self-assembly of manganese oxide nanosheets
with divalent cations (e.g., Co2+) also efficiently broadened
the interlayer spacing. However, this did not improve the
capacities for Li and Na storage. Thus the experimental
results revealed that the capacity and the cycling stability of
two-dimensional manganese oxides are influenced by the
interlayer spacing and the potential Coulomb repulsion forces
between cations. Our results provide a new basis for the
rational design of advanced electrode materials by using well-
defined 2D metal oxide nanosheets as building blocks.
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