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Abstract: Co–Mn oxide nanosheets with the chemical composition H0.23Co0.23Mn0.77O2 (C23M77NS)
and MnO2 nanosheets (M100NS) were prepared by exfoliation of layer-structured oxides via chemical
processing in an aqueous medium. The optical properties of C23M77NS and M100NS were compared
using UV-Vis spectroscopy, and the valence states of Mn and Co and local structures around them
were examined using X-ray absorption spectroscopy. M100NS with an average Mn valence of
3.6 exhibits large structural distortion, whereas C23M77NS with an average Mn valence of 4.0 does
not exhibit structural distortion. Spontaneous oxidization of Mn occurs during ion-exchange and/or
exfoliation into nanosheets. These results have originated the hypothesis that structural distortion
determines the valence state of Mn in compounds with CdI2-type-structured MnO2 layers.

Keywords: MnO2; Co–Mn oxide; nanosheets; optical absorption; X-ray absorption spectroscopy;
local structure

1. Introduction

Atomic-layered materials have recently attracted significant attention because they exhibit a
variety of anomalous properties that are distinct from those of three-dimensional bulk systems.
Since graphene was first isolated from graphite in 2004 [1], many studies have reported on its
unusual electronic and physical properties, such as high electron mobility, Dirac-cone states [2]
and quantum Hall effects [3]. While graphene has potential applications as a conductor, various
nanosheets based on non-graphene materials, with a wide variety of applications, have also been
synthesized. For instance, considering only oxide nanosheets, semiconducting [4,5], dielectric [6],
electron-conducting [7,8], ion-conducting [9,10], ferromagnetic [11,12], photocatalytic [13,14] and
redoxable nanosheets [5,7,8] have been obtained. In addition, chalcogenide nanosheets, such as
piezoelectric [15] or ferromagnetic [16] MoS2, have also been widely studied.

Adding functionalities to the above nanosheets is mainly carried out by elemental substitution,
often with the help of computational chemistry. For example, Cheng et al. have reported that
two-dimensional diluted magnetic semiconductors based on MoS2 nanosheets can be obtained by
doping with transition metals [17], while Wang et al. predicted that oxide nanosheets with half-metallic
electronic structures can be prepared by introducing oxygen vacancies to MnO2 nanosheets with
semiconductor-like electronic structures [18].

MnO2 nanosheets exhibit various functionalities and have been studied as electrodes of
lithium-ion secondary batteries [5], those of supercapacitors [19], catalyst [20], biosensing materials [21],
and so on [22]. MnO2 nanosheets have been reported to have a hexagonal CdI2-type structure [23], and
density functional theory (DFT) calculations have been conducted using such a CdI2-type structure as
the initial structure [18]. We recently reported that Mn–Ni oxide nanosheets have a distorted crystal
structure due to the cooperative Jahn–Teller effect of Mn3+ [24], which suggests the possibility that
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MnO2 nanosheets also exhibit a distorted crystal structure. The results of DFT calculations are greatly
affected by the crystal structure used, since fundamental information on the structures of these systems
is important for rationalizing and eventually predicting their physical properties. In the present work,
we therefore compared the structural properties of MnO2 and Co–Mn oxide nanosheets in detail using
X-ray absorption spectroscopy (XAS).

2. Results

Figure 1a shows the powder X-ray diffraction (XRD) patterns of the prepared oxide
materials, with a nominal composition of Na0.50(CoxMn1−x)O2 (x = 0.15, 0.20 or 0.25); the actual
chemical compositions were determined as Na0.551(Co0.157Mn0.843)O2, Na0.520(Co0.211Mn0.789)O2 and
Na0.508(Co0.261Mn0.739)O2. All XRD peaks were indexed to a hexagonal P2-type layered structure
(space group P63/mmc) with the only exceptions a few weak peaks originating from impurities. The
lattice parameters were refined by Rietveld analysis using the RIETAN-FP code [25]. The powder
XRD and Rietveld refinement results are shown in Figure 1a,b, respectively. The lattice parameter a
decreased almost linearly with an increase in Co content x, which can be interpreted in terms of
the smaller size of Co3+ (whose ionic radius in the low-spin, hexacoordinated state is 54.5 pm [26])
compared to that of Mn3+ (whose high-spin state radius is 64.5 pm [26]). This result thus confirms that
Co substitution was successful. The lattice parameter c, on the other hand, did not change linearly
with the Co content, possibly as a result of the strong influence of the interlayer Na content on this
parameter. Figure 1c shows the XRD patterns of Na0.50MnO2, in which all peaks can be indexed to the
orthorhombic P2-type layered structure (space group Cmcm), except for a few weak peaks associated
with impurities. Despite the known challenges associated with the preparation of pure Na0.50MnO2, the
oxide obtained here was almost pure. Figure 1d,e shows models of the crystal structure of Na0.50MnO2.
Rietveld refinement of the lattice parameters yielded a = 0.2832 nm, b 0.5203 nm and c = 1.1303 nm,
corresponding to a lattice orthorhombicity (defined as b/

√
3a) of 1.06.
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Figure 1. (a) X-ray diffraction (XRD) patterns of the prepared Na0.50(CoxMn1−x)O2 (x = 0.157, 0.211 or 
0.261) systems; (b) Rietveld-refined lattice parameters of Na0.50(CoxMn1−x)O2 as a function of Co 
content x; (c) XRD pattern of prepared Na0.50MnO2; (d) model of the crystal structure of Na0.50MnO2; 
(e) top view of the oxide layer of (d). The black solid lines in (d,e) indicate the unit cell. 

Figure 2a,b shows scanning electron microscopy (SEM) images of prepared 
Na0.508(Co0.261Mn0.739)O2 and Na0.50MnO2 powders, revealing plate-like particles in the size range of  
2–10 μm.  

Na0.508(Co0.261Mn0.739)O2 powders were reacted with nitric acid to form the proton-exchanged 
form of the Na–Co–Mn oxide. A greenish-brown dispersion of Co–Mn oxide nanosheets was 
obtained, with a yield >60%, by exfoliation of the proton-exchanged Na–Co–Mn oxide. The chemical 
composition of these Co–Mn oxide nanosheets, determined by inductively-coupled plasma atomic 
emission spectroscopy (ICP-AES) and XAS, was H0.23Co0.23Mn0.77O2·nH2O, indicating that the Co/Mn 
ratio had changed upon exfoliation. Since the XRD analysis discussed above indicated small 
amounts of impurities in the Na–Co–Mn oxides, centrifugal separation was used to remove them 
from the nanosheets. Therefore, the Co/Mn ratio measured for the Co–Mn oxide nanosheets is the 
actual one. The obtained nanosheet dispersion is referred to as C23M77NS hereafter. Similar to the 
above, an orange dispersion of MnO2 nanosheets (hereafter M100NS) was also prepared from 
Na0.50MnO2, with a yield of approximately 30%.  
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Figure 2. Scanning electron microscopy (SEM) images of (a) Na0.508Co0.261Mn0.739O2 and (b) Na0.50MnO2.  

Figure 3a,b shows atomic force microscopy (AFM) images of C23M77NS and M100NS 
deposited on mica substrates; small flakelets with lateral dimensions of 50–500 nm can be observed. 
Figure 3c,d shows the cross-sectional AFM profiles corresponding to the regions indicated by the 
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Figure 1. (a) X-ray diffraction (XRD) patterns of the prepared Na0.50(CoxMn1−x)O2 (x = 0.157, 0.211
or 0.261) systems; (b) Rietveld-refined lattice parameters of Na0.50(CoxMn1−x)O2 as a function of Co
content x; (c) XRD pattern of prepared Na0.50MnO2; (d) model of the crystal structure of Na0.50MnO2;
(e) top view of the oxide layer of (d). The black solid lines in (d,e) indicate the unit cell.

Figure 2a,b shows scanning electron microscopy (SEM) images of prepared Na0.508(Co0.261Mn0.739)O2

and Na0.50MnO2 powders, revealing plate-like particles in the size range of 2–10 µm.
Na0.508(Co0.261Mn0.739)O2 powders were reacted with nitric acid to form the proton-exchanged

form of the Na–Co–Mn oxide. A greenish-brown dispersion of Co–Mn oxide nanosheets was obtained,
with a yield >60%, by exfoliation of the proton-exchanged Na–Co–Mn oxide. The chemical composition
of these Co–Mn oxide nanosheets, determined by inductively-coupled plasma atomic emission
spectroscopy (ICP-AES) and XAS, was H0.23Co0.23Mn0.77O2·nH2O, indicating that the Co/Mn ratio
had changed upon exfoliation. Since the XRD analysis discussed above indicated small amounts
of impurities in the Na–Co–Mn oxides, centrifugal separation was used to remove them from the
nanosheets. Therefore, the Co/Mn ratio measured for the Co–Mn oxide nanosheets is the actual one.
The obtained nanosheet dispersion is referred to as C23M77NS hereafter. Similar to the above, an
orange dispersion of MnO2 nanosheets (hereafter M100NS) was also prepared from Na0.50MnO2, with
a yield of approximately 30%.
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(b) Na0.50MnO2.
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Figure 3a,b shows atomic force microscopy (AFM) images of C23M77NS and M100NS deposited
on mica substrates; small flakelets with lateral dimensions of 50–500 nm can be observed. Figure 3c,d
shows the cross-sectional AFM profiles corresponding to the regions indicated by the white lines
in Figure 3a,b respectively. The structures of the nanosheets are clearly visible in these figures, and
nanosheets of a 0.7-nm thickness (one oxide layer [27]) were observed for both C23M77NS and M100NS.
Monolayer nanosheets of Co–Mn oxide and MnO2 were thus successfully obtained.

Nanomaterials 2017, 7, 295  4 of 9 

 

white lines in Figure 3a,b respectively. The structures of the nanosheets are clearly visible in these 
figures, and nanosheets of a 0.7-nm thickness (one oxide layer [27]) were observed for both C23M77NS 
and M100NS. Monolayer nanosheets of Co–Mn oxide and MnO2 were thus successfully obtained.  

 
(a) (b) 

 

 
(c) (d) 

Figure 3. Atomic force microscopy (AFM) images of (a) H0.23Co0.23Mn0.77O2 nanosheets (C23M77NS) 
and (b) MnO2 nanosheets (M100NS) deposited onto mica substrates. Panels (c) and (d) show  
cross-sectional profiles of the regions indicated by the white lines in Panels (a) and (b), respectively. 

Digital photographs of the C23M77NS and M100NS dispersions are shown in Figure 4a, 
whereas Figure 4b shows the corresponding UV-Vis absorption spectra. C23M77NS and M100NS 
exhibited broad absorption peaks at 366 and 386 nm, respectively. Omomo et al. previously reported 
similar optical properties, with an absorption peak centered around 374 nm for MnO2 nanosheets 
prepared by exfoliation of layer-structured H0.13MnO2 [5]. Replotting the UV-Vis spectra in Tauc 
form allowed estimation of the direct allowed band gaps of C23M77NS and M100NS as 2.75 and  
2.62 eV, respectively. We recently reported a direct allowed band gap of 2.66 eV for 
H0.46Mn0.81Ni0.19O2 nanosheets in which the valence state of Mn is 3.9 [24]. The observed absorption 
bands here are due to the d-d transition of Mn4+, and any difference in the corresponding peak 
wavelength would be mainly caused by structural distortion of the MnO6 octahedra, as further 
discussed below. The C23M77NS sample also showed a shoulder peak around 600 nm, which can be 
attributed to the d-d transition of Co3+. 

(a) (b)

300 400 500 600 700 800

0

0.5

1.0

Wavelength (nm)

A
bs

or
ba

nc
e

 C23M77NS
 M100NS

Figure 3. Atomic force microscopy (AFM) images of (a) H0.23Co0.23Mn0.77O2 nanosheets (C23M77NS)
and (b) MnO2 nanosheets (M100NS) deposited onto mica substrates. Panels (c) and (d) show
cross-sectional profiles of the regions indicated by the white lines in Panels (a) and (b), respectively.

Digital photographs of the C23M77NS and M100NS dispersions are shown in Figure 4a, whereas
Figure 4b shows the corresponding UV-Vis absorption spectra. C23M77NS and M100NS exhibited
broad absorption peaks at 366 and 386 nm, respectively. Omomo et al. previously reported similar
optical properties, with an absorption peak centered around 374 nm for MnO2 nanosheets prepared
by exfoliation of layer-structured H0.13MnO2 [5]. Replotting the UV-Vis spectra in Tauc form allowed
estimation of the direct allowed band gaps of C23M77NS and M100NS as 2.75 and 2.62 eV, respectively.
We recently reported a direct allowed band gap of 2.66 eV for H0.46Mn0.81Ni0.19O2 nanosheets in which
the valence state of Mn is 3.9 [24]. The observed absorption bands here are due to the d-d transition of
Mn4+, and any difference in the corresponding peak wavelength would be mainly caused by structural
distortion of the MnO6 octahedra, as further discussed below. The C23M77NS sample also showed a
shoulder peak around 600 nm, which can be attributed to the d-d transition of Co3+.

C23M77NS and M100NS were restacked by reacting them with a LiOH aqueous solution, and
the restacked products were also subjected to XAS measurements. Specifically, the valence states
of Mn and Co were determined by XAS measurements at the L2,3-edge. Figure 5a,b shows X-ray
absorption near-edge structure (XANES) spectra measured in total electron yield mode at the Mn
L2,3-edge of restacked C23M77NS and M100NS, respectively. The average valence values for Mn
in restacked C23M77NS and M100NS were 4.0 and 3.6, respectively, whereas the valence of Co in
restacked C23M77NS, also determined by XAS, was 3.0 (results not shown).
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Figure 4. (a) Photographs of the colloidal suspensions of C23M77NS (left) and M100NS (right);
(b) UV-visible optical absorption spectra of C23M77NS and M100NS. The concentration of the
dispersion was 0.1 mmol (Mn + Co) dm−3, and the cell path length was 1 cm.
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Figure 5. X-ray absorption near-edge structure (XANES) spectra measured in total electron yield mode
at the Mn L2,3-edge of restacked (a) C23M77NS and (b) M100NS.

The local Mn structure in both the restacked C23M77NS and M100NS was studied by extended
X-ray absorption fine structure (EXAFS) analysis. The Fourier transforms (FTs) of the Mn K-edge
EXAFS spectra of restacked C23M77NS and M100NS are shown in Figure 6. The first peak around
0.15 nm is due to the Mn-O contacts, whereas the one around 0.25 nm corresponds to Mn-Mn or
Mn-Co interactions. The areas and intensities of these two main peaks were smaller for restacked
M100NS than for C23M77NS, showing that the structural distortion of MnO6 units is larger in
M100NS than in C23M77NS. The Fourier-transformed EXAFS spectra previously recorded for MnO2

nanosheets obtained from K0.45MnO2 [23,28] were almost identical to those recorded in this study
for the nanosheets obtained from Na0.50MnO2, which suggests that the crystal structure of MnO2

nanosheets remains the same, regardless of the starting material used for their synthesis. In the previous
studies above, MnO2 nanosheets were considered to have hexagonal CdI2-type structures without
distortion. Here, we have shown for the first time that MnO6 units are distorted in MnO2 nanosheets.
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Figure 6. Fourier transforms (FTs) of the Mn K-edge extended X-ray absorption fine structure (EXAFS)
spectra of restacked C23M77NS and M100NS.

The local structure around Mn atoms in C23M77NS and M100NS was determined under the
following two assumptions: (1) MnO6 units in C23M77NS are not distorted; (2) MnO6 distortion in
M100NS is of the same type as that present in the starting Na0.5MnO2 material with the orthorhombic
P2-type layered structure (space group Cmcm). The first assumption is certainly reasonable, since
C23M77NS is free from Jahn–Teller Mn3+ ions. Mn–O and Mn–Mn distances were determined by
nonlinear curve-fitting analysis of the inverse FT to k space with a two-shell model composed of
six-fold coordination for both Mn–O and Mn–Mn [23,28]. The structural parameters obtained by
fitting of the EXAFS spectra are summarized in Table 1; the estimated Mn–O and Mn–Mn distances of
0.1899 and 0.2908 nm, respectively, are roughly consistent with previously reported values for MnO2

nanosheets, which were also determined under the assumption of six-fold coordination for both Mn-O
and Mn-Mn [23,28]. In order to assess the validity of the local structure, the oxidation numbers of
the Mn ions in C23M77NS and M100NS were numerically evaluated by bond valence sum (BVS)
analysis [29], in which the effective valence is calculated as:

BVS = Σ exp{(R0 − R)/0.037} (1)

where R0 is the bond valence parameter for Mn4+ (0.1753 nm) derived from Brown’s table [29], and R
is the Mn–O interatomic distance listed in Table 1. The calculated BVS values for Mn in C23M77NS
and M100NS are 4.0 ± 0.1 and 3.3 ± 0.4, respectively, estimates that are in good agreement with the
observed oxidation number for Mn shown in Figure 5; thus, the second assumption discussed above
is also reasonable. The calculated orthorhombicity parameter R(Mn–Mn(1))/R(Mn–Mn(2)) of 1.19
was significantly larger than that of the starting Na0.5MnO2, showing that exfoliation into nanosheets
promoted structural distortion.

Table 1. Structural parameters of restacked C23M100NS and M100NS determined by analyzing the
Mn K-edge EXAFS spectra. CN, R and σ denote coordination number, bond length and Debye–Waller
factor, respectively.

Interaction
Mn-O (1) Mn-O (2) Mn-Mn (1) Mn-Mn (2)

CN R
(nm)

σ
(nm) CN R

(nm)
σ

(nm) CN R
(nm)

σ
(nm) CN R

(nm)
σ

(nm)

C23M77NS 6 0.1904 0.0048 - - - 6 0.2862 0.0051 - - -
M100NS 4 0.1899 0.0051 2 0.2215 0.0200 4 0.2908 0.0061 2 0.2449 0.0121

3. Discussion

The optical absorption of M100NS showed a red shift compared to that of C23M77NS, which may
be ascribed to the split of both the unoccupied eg and occupied t2g levels caused by the reduction in
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symmetry of MnO6 octahedra due to the cooperative Jahn–Teller effect of Mn3+ contained in M100NS.
The Co substitution into MnO2 nanosheets resulted in the disappearance of the structural distortion.

The nominal Mn valences were 3.50 and 3.67 for the starting Na0.50MnO2 and Na0.508(Co0.261Mn0.739)O2,
respectively. Thus, Mn is spontaneously oxidized during ion-exchange and/or exfoliation. This
spontaneous oxidation/reduction of Mn has also been observed during the preparation of MnO2

nanosheets from K0.45MnO2 [23]; Mn is oxidized during ion-exchange of the interlayer cations and
reduced by exfoliation into nanosheets. The cause of oxidation is not clear, but the results above
suggest that structural distortion determines the valence state of Mn for CdI2-type-structured MnO2

layers. That is: (1) Mn is spontaneously oxidized during ion-exchange of interlayer cations from Na+

or K+ to H3O+, since MnO6 octahedra are stable in their slightly distorted state in the H3O+-exchanged
form of Na0.50MnO2 or K0.45MnO2; (2) MnO6 octahedra are stable in their regular state, especially in
the H3O+-exchanged form of Na0.508(Co0.261Mn0.739)O2, due to the effect of substituted Co3+, and Mn
is spontaneously oxidized to Mn4+ (free from Mn3+ Jahn–Teller ions) to enable this; and (3) MnO6

octahedra in Mn100NS are stable in their largely distorted state and Mn4+ is spontaneously reduced
partially to Mn3+ Jahn–Teller ions. If the above hypothesis is true, then CdI2-type-structured Co–Mn
oxide nanosheets with rather small Co contents would contain Mn3+ and Co2+ Jahn–Teller ions.

4. Materials and Methods

Layer-structured Na–Co–Mn and Na–Mn oxides were synthesized by a conventional solid-state
reaction. Reagent-grade Na2CO3, Mn2O3, MnO2 and Co3O4 were mixed and ball-milled in acetone.
Each dried mixture was pressed to form pellets, which were then heated at 1100 ◦C for 20 h. A 5% excess
of Na2CO3 was used to compensate for the loss due to volatilization upon heating. The resulting
pellets were ground and used as starting powder materials. The XRD measurements were conducted
using a D8 Advance diffractometer (Bruker AXS, Karlsruhe, Germany) equipped with a VANTEC-1
position-sensitive detector (Bruker AXS, Karlsruhe, Germany) and a Cu target X-ray tube. The SEM
measurements were performed using a JSM-7000F microscope (JEOL, Tokyo, Japan).

The proton-exchanged form of the Na–Mn oxide was prepared by reacting the powder form of
the oxide with 1 M HNO3 at room temperature for 5 d in order to allow ion exchange, with the HNO3

solution replaced daily. MnO2 nanosheets were then prepared by exfoliating the proton-exchanged
Na–Mn oxide by reacting with a tetrabutylammonium hydroxide (TBAOH) aqueous solution
(TBAOH/Na–Mn oxide molar ratio = 2:1) for 10 d at room temperature. After 10 d, the unreacted
particles were separated by centrifugation at 5000 rpm, and a colloidal dispersion of nanosheets
was obtained as the supernatant. The same procedure as above was used to prepare Co–Mn oxide
nanosheets from Na–Co–Mn oxide. The chemical compositions of the different nanosheet types
were determined by ICP-AES using a SPS3100 analyzer (Hitachi High-Tech Science, Tokyo, Japan).
The size and shape of each nanosheet type were determined by AFM, using a Nanocute/NanoNavi-II
instrument (Hitachi High-Technologies, Tokyo, Japan). The optical absorption properties of the
nanosheets were examined using a V-570 spectrophotometer (JASCO, Tokyo, Japan).

The prepared MnO2 and Co–Mn oxide nanosheets were restacked by reacting them with 1 M
LiOH aqueous solution, which was followed by washing with purified water and drying at room
temperature. XAS measurements of the restacked nanosheets were conducted at both Mn K- and
L2,3-edges. The K-edge measurements were conducted using a transmission method at the BL-12C
beamline of the Photon Factory of the High Energy Accelerator Research Organization (Tsukuba,
Japan), whereas the L2,3-edge ones were conducted in total electron yield mode at the BL-11 beamline
of the Synchrotron Radiation (SR) Center of Ritsumeikan University (Kusatsu, Japan). The FTs of the
Mn K-edge XAS spectra were obtained with k3 weighting in a k range of 2.8–13.2 Å−1. The structural
parameters were determined by curve-fitting procedures using the Athena-Artemis software [30].
The models of the crystal structures were prepared using VESTA software [31].



Nanomaterials 2017, 7, 295 8 of 9

5. Conclusions

Mn and Co–Mn oxide nanosheets were prepared by aqueous exfoliation from Na0.50MnO2

and Na0.508(Co0.261Mn0.739)O2, respectively. Extended X-ray absorption fine structure analysis at
the Mn K-edge revealed that MnO2 nanosheets (M100NS) exhibit structural distortion due to the
Jahn–Teller effect associated with Mn3+ ions. The structural distortion in M100NS was suppressed
by Co substitution. H0.23Co0.23Mn0.77O2 and M100NS showed optical absorption peaks at 366 and
386 nm, respectively; the difference is mainly due to the structural distortion in M100NS. The structural
information obtained in this study will contribute to achieve a better understanding of the physical
properties of nanosheets, which will in turn allow the exploration of novel applications of these systems.

Acknowledgments: The SEM measurements were conducted at the Advanced Characterization Nanotechnology
Platform of the University of Tokyo, supported by the “Nanotechnology Platform” program of the Ministry of
Education, Culture, Sports, Science and Technology (MEXT), Japan. The XAS experiments at the Mn K-edge were
carried out under the approval of the Photon Factory Program Advisory Committee (PF-PAC 2014G614). The Mn
L2,3-edge experiments were carried out at the Synchrotron Radiation (SR) Center of Ritsumeikan University,
supported by the MEXT Project for the Creation of Research Platforms and Sharing of Advanced Research
Infrastructure. The authors are grateful to Dr. Yamanaka of the SR center of Ritsumeikan University for his kind
support in the XAS measurements.

Author Contributions: S.S. designed the study, performed the experiments, analyzed data and wrote the initial
draft of the manuscript. M.M. contributed to data collection and interpretation and critically reviewed the
manuscript. Both authors approved of the final version of the manuscript and agreed to be accountable for all
aspects of the work, including ensuring that questions related to the accuracy or integrity of any part of the work
are appropriately investigated and resolved.

Conflicts of Interest: The authors declare no conflicts of interests.

References

1. Novoselov, K.S.; Geim, A.K.; Morozov, S.V.; Jiang, D.; Zhang, Y.; Dubonos, S.V.; Grigorieva, I.V.; Firsov, A.
Electric Field Effect in Atomically Thin Carbon Films. Science 2004, 306, 666–669. [CrossRef] [PubMed]

2. Novoselov, K.S.; Geim, A.K.; Morozov, S.V.; Jiang, D.; Katsnelson, M.I.; Grigorieva, I.V.; Dubonos, S.V.;
Firsov, A.A. Two-dimensional Gas of Massless Dirac Fermions in Graphene. Nature 2005, 438, 197–200.
[CrossRef] [PubMed]

3. Geim, A.K.; Novoselov, K.S. The rise of graphene. Nat. Mater. 2007, 6, 183–191. [CrossRef] [PubMed]
4. Sasaki, T.; Watanabe, M.; Hashizume, H.; Yamada, H.; Nakazawa, H. Macromolecule-like Aspects for

a Colloidal Suspension of an Exfoliated Titanate. Pairwise Association of Nanosheets and Dynamic
Reassembling Process Initiated from It. J. Am. Chem. Soc. 1996, 118, 8329–8335. [CrossRef]

5. Omomo, Y.; Sasaki, T.; Wang, L.; Watanabe, M. Redoxable Nanosheet Crystallites of MnO2 Derived via
Delamination of a Layered Manganese Oxide. J. Am. Chem. Soc. 2003, 125, 3568–3575. [CrossRef] [PubMed]

6. Osada, M.; Ebina, Y.; Funakubo, H.; Yokoyama, S.; Kikuchi, T.; Takada, K.; Sasaki, T. High-κ Dielectric
Nanofilms Fabricated from Titania Nanosheets. Adv. Mater. 2006, 18, 1023–1027. [CrossRef]

7. Sugimoto, W.; Iwata, H.; Yasunaga, Y.; Murakami, Y.; Takasu, Y. Preparation of Ruthenic Acid Nanosheets
and Utilization of Its Interlayer Surface for Electrochemical Energy Storage. Angew. Chem. Int. Ed. 2003, 42,
4092–4096. [CrossRef] [PubMed]

8. Fukuda, K.; Saida, T.; Sato, J.; Yonezawa, M.; Takasu, Y.; Sugimoto, W. Synthesis of Nanosheet Crystallites of
Ruthenate with an α-NaFeO2-Related Structure and Its Electrochemical Supercapacitor Property. Inorg. Chem.
2010, 49, 4391–4393. [CrossRef] [PubMed]

9. Otsu, K.; Suzuki, S.; Miyayama, M. Anisotropy in Lithium Ion Conduction in Laminated Thin Film of
Montmorillonite Nanosheets. Semicond. Sci. Technol. 2014, 29, 064011. [CrossRef]

10. Xu, X.; Takada, K.; Fukuda, K.; Ohnishi, T.; Akatsuka, K.; Osada, M.; Hang, B.T.; Kumagai, K.; Sekiguchi, T.;
Sasaki, T. Tantalum Oxide Nanomesh as Self-standing One Nanometre Thick Electrolyte. Energy Environ. Sci.
2011, 4, 3509–3512. [CrossRef]

11. Osada, M.; Ebina, Y.; Fukuda, K.; Ono, K.; Takada, K.; Yamaura, K.; Takayama-Muromachi, E.; Sasaki, T.
Ferromagnetism in Two-dimensional Ti0.8Co0.2O2 Nanosheets. Phys. Rev. B 2006, 73, 153301. [CrossRef]

http://dx.doi.org/10.1126/science.1102896
http://www.ncbi.nlm.nih.gov/pubmed/15499015
http://dx.doi.org/10.1038/nature04233
http://www.ncbi.nlm.nih.gov/pubmed/16281030
http://dx.doi.org/10.1038/nmat1849
http://www.ncbi.nlm.nih.gov/pubmed/17330084
http://dx.doi.org/10.1021/ja960073b
http://dx.doi.org/10.1021/ja021364p
http://www.ncbi.nlm.nih.gov/pubmed/12643719
http://dx.doi.org/10.1002/adma.200501224
http://dx.doi.org/10.1002/anie.200351691
http://www.ncbi.nlm.nih.gov/pubmed/12973779
http://dx.doi.org/10.1021/ic100176d
http://www.ncbi.nlm.nih.gov/pubmed/20408578
http://dx.doi.org/10.1088/0268-1242/29/6/064011
http://dx.doi.org/10.1039/c1ee01389k
http://dx.doi.org/10.1103/PhysRevB.73.153301


Nanomaterials 2017, 7, 295 9 of 9

12. Osada, M.; Ebina, Y.; Takada, K.; Sasaki, T. Gigantic Magneto-Optical Effects in Multilayer Assemblies of
Two-Dimensional Titania Nanosheets. Adv. Mater. 2006, 18, 295–299. [CrossRef]

13. Shibata, T.; Takanashi, G.; Nakamura, T.; Fukuda, K.; Ebina, Y.; Sasaki, T. Titanoniobate and Niobate
Nanosheet Photocatalysts: Superior Photoinduced Hydrophilicity and Enhanced Thermal Stability of
Unilamellar Nb3O8 Nanosheet. Energy Environ. Sci. 2011, 4, 535–542. [CrossRef]

14. Okamoto, Y.; Ida, S.; Hyodo, J.; Hagiwara, H.; Ishihara, T. Synthesis and Photocatalytic Activity of
Rhodium-Doped Calcium Niobate Nanosheets for Hydrogen Production from a Water/Methanol System
without Cocatalyst Loading. J. Am. Chem. Soc. 2011, 133, 18034–18037. [CrossRef] [PubMed]

15. Wu, W.; Wang, L.; Li, Y.; Zhang, F.; Lin, L.; Niu, S.; Chenet, D.; Zhang, X.; Hao, Y.; Heinz, T.F.; et al.
Piezoelectricity of Single-Atomic-Layer MoS2 for Energy Conversion and Piezotronics. Nature 2014, 514,
470–474. [CrossRef] [PubMed]

16. Cai, L.; He, J.; Liu, Q.; Yao, T.; Chen, L.; Yan, W.; Hu, F.; Jiang, Y.; Zhao, Y.; Hu, T.; et al. Vacancy-Induced
Ferromagnetism of MoS2 Nanosheets. J. Am. Chem. Soc. 2015, 137, 2622–2627. [CrossRef] [PubMed]

17. Cheng, Y.C.; Zhu, Z.Y.; Mi, W.B.; Guo, Z.B.; Schwingenschlögl, U. Prediction of Two-Dimensional Diluted
Magnetic Semiconductors: Doped Monolayer MoS2 Systems. Phys. Rev. B 2013, 87, 100401. [CrossRef]

18. Wang, H.; Zhang, J.; Hang, X.; Zhang, X.; Xie, J.; Pan, B.; Xie, Y. Half-Metallicity in Single-Layered Manganese
Dioxide Nanosheets by Defect Engineering. Angew. Chem. Int. Ed. 2015, 54, 1195–1199. [CrossRef] [PubMed]

19. Peng, L.; Peng, X.; Liu, B.; Wu, C.; Xie, Y.; Yu, G. Ultrathin Two-Dimensional MnO2/Graphene Hybrid
Nanostructures for High-Performance, Flexible Planar Supercapacitors. Nano Lett. 2013, 13, 2151–2157.
[CrossRef] [PubMed]

20. Saha, S.; Pal, A. Microporous Assembly of MnO2 Nanosheets for Malachite Green Degradation.
Sep. Purif. Technol. 2014, 134, 26–36. [CrossRef]

21. Zhai, W.; Wang, C.; Yu, P.; Wang, Y.; Mao, L. Single-Layer MnO2 Nanosheets Suppressed Fluorescence of
7-Hydroxycoumarin: Mechanistic Study and Application for Sensitive Sensing of Ascorbic Acid in Vivo.
Anal. Chem. 2014, 86, 12206–12213. [CrossRef] [PubMed]

22. Kalantar-zadeh, K.; Ou, J.Z.; Daeneke, T.; Mitchell, A.; Sasaki, T.; Fuhrer, M. Two Dimensional and Layered
Transition Metal Oxides. Appl. Mater. Today 2016, 5, 73–89. [CrossRef]

23. Fukuda, K.; Nakai, I.; Ebina, Y.; Tanaka, M.; Mori, T.; Sasaki, T. Structure Analysis of Exfoliated Unilamellar
Crystallites of Manganese Oxide Nanosheets. J. Phys. Chem. B 2006, 110, 17070–17075. [CrossRef] [PubMed]

24. Suzuki, S.; Miyayama, M. Preparation and Electrode Properties of Novel Redoxable Nanosheets of Mn-Ni
Oxide With and Without Vacancy Defects. J. Ceram. Soc. Jpn. 2017, 125, 293–298. [CrossRef]

25. Izumi, F.; Momma, K. Three-Dimensional Visualization in Powder Diffraction. Solid State Phenom. 2007, 130,
15–20. [CrossRef]

26. Shannon, R.D. Revised Effective Ionic Radii and Systematic Studies of Interatomic Distances in Halides and
Chalcogenides. Acta Crystallogr. Sect. A Found. Crystallogr. 1976, 32, 751–756. [CrossRef]

27. Osada, M.; Sasaki, T. Exfoliated Oxide Nanosheets: New Solution to Nanoelectronics. J. Mater. Chem. 2009,
19, 2503–2511. [CrossRef]

28. Kadoma, Y.; Uchimoto, Y.; Wakihara, M. Synthesis and Structural Study on MnO2 Nanosheet Material by
X-ray Absorption Spectroscopic Technique. J. Phys. Chem. B 2006, 110, 174–177. [CrossRef] [PubMed]

29. Brown, I.D.; Altermatt, D. Bond-Valence Parameters Obtained from a Systematic Analysis of the Inorganic
Crystal Structure Database. Acta Crystallogr. Sect. B Struct. Sci. Cryst. Eng. Mater. 1985, 41, 244–247.
[CrossRef]

30. Ravel, B.; Newville, M. ATHENA, ARTEMIS, HEPHAESTUS: Data Analysis for X-ray Absorption
Spectroscopy using IFEFFIT. J. Synchrotron Radiat. 2005, 12, 537–541. [CrossRef] [PubMed]

31. Momma, K.; Izumi, F. VESTA: A Three-Dimensional Visualization System for Electronic and Structural
Analysis. J. Appl. Cryst. 2008, 41, 653–658. [CrossRef]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1002/adma.200501810
http://dx.doi.org/10.1039/C0EE00437E
http://dx.doi.org/10.1021/ja207103j
http://www.ncbi.nlm.nih.gov/pubmed/21999601
http://dx.doi.org/10.1038/nature13792
http://www.ncbi.nlm.nih.gov/pubmed/25317560
http://dx.doi.org/10.1021/ja5120908
http://www.ncbi.nlm.nih.gov/pubmed/25641111
http://dx.doi.org/10.1103/PhysRevB.87.100401
http://dx.doi.org/10.1002/anie.201410031
http://www.ncbi.nlm.nih.gov/pubmed/25424379
http://dx.doi.org/10.1021/nl400600x
http://www.ncbi.nlm.nih.gov/pubmed/23590256
http://dx.doi.org/10.1016/j.seppur.2014.07.021
http://dx.doi.org/10.1021/ac503215z
http://www.ncbi.nlm.nih.gov/pubmed/25393423
http://dx.doi.org/10.1016/j.apmt.2016.09.012
http://dx.doi.org/10.1021/jp061402h
http://www.ncbi.nlm.nih.gov/pubmed/16928001
http://dx.doi.org/10.2109/jcersj2.16242
http://dx.doi.org/10.4028/www.scientific.net/SSP.130.15
http://dx.doi.org/10.1107/S0567739476001551
http://dx.doi.org/10.1039/b820160a
http://dx.doi.org/10.1021/jp053854k
http://www.ncbi.nlm.nih.gov/pubmed/16471517
http://dx.doi.org/10.1107/S0108768185002063
http://dx.doi.org/10.1107/S0909049505012719
http://www.ncbi.nlm.nih.gov/pubmed/15968136
http://dx.doi.org/10.1107/S0021889808012016
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Discussion 
	Materials and Methods 
	Conclusions 

