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Abstract 

 

Synthesis, Characterization, and 

Application of  

Transition Metal Oxide Nanoplates 

 

Mihyun Park 

School of Chemical and Biological Engineering 

  The Graduate School 

Seoul National University 

 

Two-dimensional (2D) nanocrystals have attracted tremendous 

attention from many researchers in various disciplines, because of their 

unique properties. Recently, several studies on the colloidal synthesis of 

2D transition metal oxide nanostructures have been reported. This 

dissertation describes the synthesis and utilization of 2D metal oxide 

nanostructures via the “bottom-up” approach.  

Firstly, lamellar-structured ultrathin manganese oxide nanoplates have 



 

 

ii 

 

been synthesized from the thermal decomposition of manganese(II) 

acetylacetonate in the presence of 2,3-dihydroxynaphthalene, which 

promoted 2D growth by acting not only as a strongly binding ligand but 

also as a structure-directing agent. The – interactions between the 

2,3-dihydroxynaphthalene promoted the synthesis of ultrathin 

manganese oxide nanoplates with thicknesses of ca. 1 nm. Additionally, 

the nanoplate widths could be controlled in the range 8–70 nm by 

controlling the – interactions using various coordinating solvents. 

These hydrophobic manganese oxide nanoplates were ligand-

exchanged with amine-terminated poly(ethyleneglycol) to generate 

water-dispersible nanoplates and applied to T1 contrast agents for 

magnetic resonance imaging (MRI). They exhibited very high 

longitudinal relaxivity (r1) value of up to 5.5 mM
−1

 s
−1

 due to the high 

concentration of manganese ions exposed on the surface. 

Secondly, layered sodium manganese oxide nanomaterials were 

successfully synthesized using ultrathin manganese oxide nanoplates as 

precursors. The crystal structure of the nanostructured sodium 

manganese oxides was revealed to be a turbostratic structure. Further, 

the crystal structure of nanostructured sodium manganese oxide was 

successfully transformed to P2-Na0.7MnO2.05 by heat treatment. The 
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prepared sodium manganese oxide materials were applied as cathode 

materials for sodium-ion batteries. The materials were shown to deliver 

high capacity with stable cycling performance. 

Finally, ultrathin titanate nanosheets with a thickness of 0.5 nm were 

successfully synthesized from the non-hydrolytic sol–gel reaction of 

tetraoctadecyl orthotitanate via the “heat-up” method. The synthesized 

nanosheets were easily assembled into layered structures by reaction 

with hydroxide ion in basic solutions such as LiOH, NaOH, and KOH. 

The layer-structured nanosheets were employed as anode materials for 

lithium ion batteries. The nanosheet materials showed fast rapid 

charging and discharging rates as well as stable cycling due to 

mechanical stability of the 2D structure. Ultrathin morphology of 2D 

titanate electrodes affected not only the diffusion path of Li
+
 ions but 

also the reaction mechanism from the insertion reaction of the crystal 

interior to the surface reaction. Furthermore, electrodes composed of 

layer-structured nanosheets exhibited superior cycling and rate 

performances.  

Keywords: Two-dimensional, nanoplates, manganese oxide, 

titanate, sodium manganese oxide, battery 

Student Number: 2006-23215
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Chapter 1. Review of Chemical Synthesis and 

Applications of Two-Dimensional Metal Oxide 

Nanoparticles 

 

1.1 Introduction 

 

Since early 1990s, nanomaterials have attracted tremendous attention 

from scientists in various fields.
[1]

 There have been simultaneous rapid 

development of the synthetic chemistry of nanomaterials.
[2]

 Shape- and 

size-controlled synthesis of various nanoparticles have been 

investigated not only for their property characterizations but also for 

their various potential applications,
[3]

 since the chemical, mechanical, 

and physical properties of nanoparticles, in contrast to those of bulk 

materials, are known to be strongly affected by size and shape. 

Only recently has the synthesis and characterization of two-

dimensional (2D) nanocrystals been developed because of the difficulty 

in modulating anisotropic growth of nanocrystals.
[4]

 2D nanocrystals 

with uniform-sized thicknesses have shown exotic physical properties 



 

 

2 

 

which are important for sensing, catalysis, and energy storage 

applications.
[5]

 For example, 2D semiconductor nanocrystals, a type of 

quantum well structure that has been successfully synthesized using 

colloidal chemistry (Figure 1.1), exhibited an extremely narrow 

photoluminescence (Figure 1.1e).
[4b]

 2D metal nanocrystals including 

gold, silver, and palladium nanoplates have attracted tremendous 

attention due to their surface plasmon resonance features, which can be 

systematically tuned by controlling the morphology of the nanocrystals 

(Figure 1.2).
[4f ]

  

Although transition metal oxide (TMO) nanocrystals have been 

investigated in various fields, the colloidal synthesis of 2D TMO 

nanocrystals has not been extensively studied. Since the 1990s, 2D 

TMO nanostructures have been typically prepared by the exfoliation of 

bulk layered materials,
[6]

 however, these synthetic routes have limited 

control over the dimensions of the nanosheets (Figure 1.3).  

Recently, colloidal chemistry utilizing a high-temperature organic 

solvent has been applied to the synthesis of 2D TMO nanocrystals in 

order to control their size and crystallinity,
[7]

 in which stabilizing 

ligands play a critical role in 2D-shape formation. 

This chapter presents a summary of reported chemical synthetic 
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procedures toward 2D TMOs from two different viewpoints. One is the 

chemical exfoliation process (“top-down”), the other is direct synthesis 

of 2D nanocrystals using colloidal chemistry (“bottom-up”) (Figure 

1.4).
[8]

 In addition, potential applications of the 2D TMO materials will 

be described. 
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Figure 1.1 Characterization of single-layered CdSe nanosheets. (a) 

Transmission electron microscopy (TEM) image and selected-area 

electron diffraction (SAED) pattern (inset). (b) TEM image of rolled 

nanosheets. (c) Non-contact-mode atomic force microscopy (AFM) 

image and the height along the corresponding line in the AFM image. 

(d) Synchrotron radiation X-ray diffraction (XRD) pattern. The inset 

shows the 2D XRD pattern UV-Vis absorption spectrum and 

photoluminescence (PL) spectrum of single-layered CdSe nanosheets 

(from Ref. [4b], Son, J. S.; Wen, X. D.; Joo, J.; Chae, J.; Baek, S.-I.; 

Park, K.; Kim, J. H.; An, K.; Yu, J. H.; Kwon, S. G.; Choi, S.-H.; Wang, 

Z.; Kim, Y.-W.; Kuk, Y.; Hoffmann, R.; Hyeon, T. Angew. Chem., Int. 

Ed. 2009, 48, 6861). 
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Figure 1.2 Control of morphology (shape evolution) of silver 

nanoplates through heating and photoinduction (from Ref. [4f], Tang, 

B.; Xu, S.; Hou, X.; Li, J.; Sun, L.; Xu, W.; Wang, X. ACS Appl. Mater. 

Interfaces 2013, 5, 646). 
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Figure 1.3 Exfoliation of bulk layered materials for TMO nanomaterial 

synthesis. (a) Structural model for the tetrabutylammonium ion 

intercalated phase, and (b) reaction diagram for a system of 

H0.13MnO2∙0.7H2O and tetrabutylammonium hydroxide solution (from 

Ref. [6b], Omomo, Y.; Sasaki, T.; Wang, L.; Watanabe, M. J. Am. Chem. 

Soc. 2003, 125, 3568).  

  

(a)                           (b) 
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Figure 1.4 Synthetic schemes of for “top-down” and “bottom-up” 

approaches for 2D metal oxide nanocrystals (from Ref. [8], Wang, Q.; 

O’Hare, D. Chem. Rev. 2012, 112, 4124). 
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1.2 Synthesis of 2D Metal Oxide Nanocrystals 

 

1.2.1 Exfoliation of Inorganic Layered Compounds 

 

 The exfoliation of layered structures is one of the most extensively 

developed routes for producing nanosheets with sub-nanometer 

thicknesses. The exfoliated nanosheets can be used as building units for 

the fabrication of novel organic−inorganic or inorganic−inorganic 

nanocomposite materials. Since Sasaki et al. first reported the 

delamination of bulk-layered titanates into single-layered titanate,
[6a]

 

various kinds of metal oxide nanosheets have been synthesized using 

the exfoliation technique.
[9]

 Not only have layered single-metal oxide 

structures been prepared, but also layered binary-metal oxide structures 

have been successfully exfoliated to the corresponding nanosheet 

structure, including oxides of titanium, manganese, and niobium, as 

well as perovskite-structured binary oxides (Figure 1.5, Table 1.1). 

For example, Omomo et al. reported the swelling and exfoliation 

behavior of layered protonated manganese oxide;
[6b]

 nanosheet 

formation was found to be entirely dependent on the concentration of 
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tetrabutylammonium (TBA) hydroxide (Figure 1.3). Typical 

intercalation behaviors were observed at low concentrations of TBA 

ions, with inter-sheet distances of 1.25 nm. An increase in TBA ion 

concentration resulted in intercalation and osmotic swelling behaviors, 

as revealed by XRD profiles. Osmotic swelling occurred with a large 

excess of TBA ions, resulting in an elongation of inter-sheet distance to 

3.5–7 nm. The separated nanosheets exhibited high 2D anisotropy with 

submicron lateral dimensions and thicknesses of 0.8 nm. 

Recently, Nakamura et al. demonstrated the synthesis of TMO-

monolayered nanodots such as titanium oxide, manganese oxide, and 

tungsten oxide, by exfoliating the 2–5 sized nanocrystals synthesized in 

aqueous solutions (Figure 1.6).
[10]

 Titanate and tungstate nanosheets of 

2–5 nm lateral size exhibited a blue shift of the band gap energies. This 

report demonstrated that the exfoliation process in aqueous media could 

generate ultrathin objects, even in nanometer lateral dimensions. 

The chemical exfoliation of layered compounds is induced by 

electrostatic repulsion by the introduction of charged bulky molecular 

guests (e.g., TBA salts, tetramethylammonium salt, and 

tetraethylammonium salt) into the layer interface.
[8,11]

 Completion of 

the chemical exfoliation process is highly affected by the composition 
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and chemical properties of both the layer and stacked arrangement of 

the lamellar crystals. Alkali metal–incorporated layered TMOs such as 

K0.45MnO2, Cs0.7Ti1.825O2, and KCa2Nb3O10 have typically been used as 

starting materials for the transformation of layered materials to 

protonated metal oxides by acidic treatment (Figure 1.7). Although this 

exfoliation technique can be utilized for the synthesis of various kinds 

and sizes of oxide materials, even nanosheets with nanosized 

dimensions, this synthetic strategy still has several limitations including 

difficulty in controlling the size and shape of the resulting nanosheets, 

like other “top-down” approaches.   



 

 

11 

 

 

Figure 1.5 Structure of typical oxide nanosheets (from Ref. [9b], Ma, 

R.; Sasaki, T. Adv. Mater. 2010, 22, 5082). 
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Figure 1.6 Structure and morphology of tungsten oxide–monolayered 

nanodots (from Ref. [10], Nakamura, K.; Oaki, Y.; Imai, H. J. Am. 

Chem. Soc. 2013, 135, 4501). 
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Figure 1.7 Schematic representation of layered material exfoliation 

(from Ref. [11a], Bizeto, M. A.; Shiguiharab, A. L.; Constantino, V. R. 

L. J. Mater. Chem. 2009, 19, 2512). 
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Table 1.1 Library of oxide nanosheets (from Ref. [9a], Masuda, Y., Ed. 

Nanofabrication, InTech, Rijeka, 2011). 
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1.2.2 Direct Synthesis of Nanosheets using Colloidal Chemistry 

 A colloidal chemistry route for the synthesis of nanocrystals has 

become the accepted method of fabricating uniformly sized 

nanocrystals with a high degree of control in size and shape; however, 

to achieve this degree of control, a rigorous understanding of the 

properties of individual nanocrystals such as crystal structure and 

electronic structure of the individual nanostructures is required for a 

systemically designed synthetic scheme. Three main strategies exist to 

synthesize 2D nanocrystals using colloidal chemistry:
[12] 

1) Eliminating 

high-energy facets during the crystal growth, 2) applying structure-

directing agents for the formation of soft templates, and 3) use of a 

ligand that can selectively adhere to a specific facet as a surfactant. 

These strategies employ interactions between organic surfactants and 

the inorganic surface, which have a key role in determining the shape 

of the nanocrystals (Figure 1.8).  
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Figure 1.8 Shape control of colloidal nanocrystals. (a) Kinetic shape 

control at high growth rate. The high-energy facets grow more quickly 

than low-energy facets in a kinetic regime. (b) Kinetic shape control 

through selective adhesion. The introduction of an organic molecule 

that selectively adheres to a particular crystal facet can be used to slow 

the growth of that side relative to others, leading to the formation of 

rod- or disk-shaped nanocrystals (from Ref. [12], Yin, Y.; Alivisatos, A. 

P. Nature 2005, 437, 664). 
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1.2.2.1 Elimination of High-Energy Facets During Crystal Growth 

Crystal coalescence, or Ostwald ripening, a phenomenon occurring 

during nanocrystal growth, occurs rapidly to reduce surface energy. In 

contrast to Ostwald ripening, oriented attachment
[13]

 involves a 

spontaneous self-organization process such that common 

crystallographic orientations are shared between the adjacent particles 

(Figure 1.9). Through this process, removing surface energy 

associated with unstable bonds reduces overall energy; in other words, 

the driving force for this process is decrease in free energy in the 

surface and grain boundaries. 2D nanostructures can be produced 

through the oriented attachment process with control of dimensions 

and morphology; the surfactants on the high-energy facet may in fact 

play a crucial role in shape transformation.  

2D-structured TiO2 can be synthesized through a two-step process by 

using small nanocrystals as a building block.
[14] 

Chen et al., 

demonstrated the formation of large TiO2 anatase nanosheets using 

small anatase nanosheets with exposed (001) facets (Figure 1.10). To 

maintain the 2D structure during the growth steps, 

polyvinylpyrrolidone (PVP) was used to assist in the oriented 

attachment process by adsorption to the (001) facets.  
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A further example of a spontaneous oriented attachment process 

during the synthesis of 2D nanosheets using small nanocrystals as 

building blocks was reported.
[15] 

Maoz et al., described the synthesis 

of highly defective MgO nanosheets using thermal decomposition 

reactions.
[15a]

 The lateral dimensions of the resulting MgO nanosheets 

were 100–1000 nm with thicknesses of 3–5 nm. Ultrathin WO3 

nanosheets have also been synthesized by a 2D-oriented attachment 

process.
[15b] 

A solid–liquid phase arc discharge route was used to form 

the WO3 nanocrystals; nanosheets with thicknesses of 4–5 nm were 

then formed from nanocrystal arrangements acting as a building block.  
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Figure 1.9 Schematic representation of classical and non-classical 

crystallization (from Ref. [13a], Wohlrab, S.; Pinna, N.; Antonietti, M.; 

Cölfen, H. Chem. Eur. J. 2005, 11, 2903). 
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Figure 1.10 SEM images of anatase TiO2 nanosheet samples (a) 

prepared without PVP and (b) with addition of PVP. (c) Schematic 

illustration of the formation of the nanomosaic (from Ref. [15], Chen, J. 

S.; Liu, J.; Qiao, S. Z.; Xu, R. Lou, X. W. Chem. Commun. 2011, 47, 

10443). 
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1.2.2.2 Application of Structure-Directing Agents for the 

Formation of Soft Templates 

 

Organic–inorganic hybrid nanostructures have been successfully 

synthesized by introducing appropriate organic surfactants that function 

as structure-directing agents.
[16] 

Niederberger reported the synthesis of 

hybrid nanostructures mostly composed of rare-earth metal oxides, 

Re2O3, and derivatives of benzyl alcohol. The 2D nanostructures 

composed of oxides of samarium, neodymium, and gadolinium with 

ultrathin thickness are displayed in Figure 1.11. The nanocrystals were 

assembled to form a lamellar structure by – interactions between 

benzoate or biphenolate moieties adsorbed on the surface. 

In the aforementioned systems, structure-directing agents promote the 

formation of 2D nanostructures with highly anisotropic shapes by 

strongly binding with the inorganic nanostructure surface to confine the 

specific faces. Structure-directing agents act as “soft” templates for the 

synthesis of large superstructures by interacting with each other 

through molecular forces such as van der Waals, H-bonding, and – 

interactions, allowing for the facile synthesis of highly ordered 2D 

nanostructures. However, these organic–inorganic hybrid materials are 
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typically synthesized by a hydrothermal method, which is difficult to 

scale up and provides poor control of size and morphology. 

Periodic biphasic arrays (i.e., lamellar structures) of metal oxides were 

systemically demonstrated by Huo et al. by controlling the organic 

array assembly at the inorganic–organic interfaces, although the 

resulting structures were not nanocrystalline.
[17]

 Numerous lamellar 

structures were generated using synthetic routes involving the species 

S
+
I
−
, S

−
I
+
, S

+
X

−
I
+
, and S

-
M

+
I− (S: surfactant, I: inorganic species, X: 

intermediate anion, M: intermediate cation). Various TMOs and 

hydroxides, including tungsten oxide, were transformed into lamellar 

phases by the coordination of various organic surfactants (Table 1.2). 

 Using a similar approach, surfactants have been employed as 

structure-directing agents in high-temperature organic media using 

thermal decomposition reactions,
[18]

 as opposed to hydrothermal or 

solvothermal reactions.
[16]

 The Cao group reported the solution-phase 

synthesis of Gd2O3 nanoplates with thicknesses of ca. 1.1 nm, 

corresponding to the unit cell edge length (Figure 1.12).
[18a]

 The 

nanoplates were synthesized by the thermal decomposition of 

gadolinium(III) acetate in the presence of surfactants in a non-

coordinating solvent. Oleylamine and oleic acid were used as ligands 
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on the nanoplates. 

Yu et al. also reported the synthesis of lanthanide oxide nanoplates–

in particular, samarium oxide nanoplates–using a thermal 

decomposition reaction of samarium(III) acetate hydrate.
[18b]

 Oleic acid 

was added in the presence of oleylamine (employed as the surfactant 

and solvent) to obtain samarium oxide nanoplates of 10 nm in size with 

uniform thicknesses of 1.1 nm. When decanoic acid was substituted for 

oleic acid, micrometer–long samarium oxide nanowires with 

dimensions of 1.1 nm  2.2 nm were obtained. It appeared that the 

identity of the oleic acid used as surfactant played a key role in the 2D 

growth of samarium oxide.  

Similar synthetic methods have also been reported for the synthesis of 

other 2D rare-earth metal oxide nanoplates including La2O3, Nd2O3, 

Y2O3, and Pr2O3;
[18]

 however, the starting materials employed in 

combination with structure-directing agents were limited to rare-earth 

metal oxides. Symmetry-breaking phenomena were observed between 

the equivalent crystal faces during rare-earth metal oxide nanoplate 

synthesis; the crystal growth tendencies of rare-earth metal oxides tend 

to affect 2D nanoplate growth. 
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Figure 1.11 TEM images of (a) samarium oxid- and (b) neodymium 

oxide-benzoated hybrid nanostructures, (c) gadolinium oxide- and (d) 

neodymium oxide-biphenolate hybrid nanostructures (from Ref. [16a], 

Pinna, N.; Niederberger, M. Chem. Commun. 2011, 47, 10443).  
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Figure 1.12 (a) XRD and (b) small-angle XRD of cubic Gd2O3. (c, d) 

TEM images of Gd2O3 nanoplates. (e, f) Proposed model for the 

nanoplate dimensions and assembly of nanoplate stacks, respectively 

(from Ref. [18a], Cao, Y. C. J. Am. Chem. Soc. 2004, 126, 7456). 
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Table 1.2 Typical synthetic results using different inorganic precursors 

and surfactants for preparation of lamellar arrays (from Ref. [17a], Huo, 

Q.; Margolese, D. I.; Ciesla, U.; Demuth, D. G.; Feng, P.; Gier, T. E.; 

Sieger, P.; Firouzi, A.; Chmelka, B. F.; Schuth, F.; Stucky, G. D. Chem. 

Mater. 1994, 6, 1176).  
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1.2.2.3 Use of Ligands That Selectively Adhere as Surfactants to 

Specific Facets 

 

Metal oxide nanosheets with monolayer thicknesses are mainly 

prepared by exfoliation techniques, which are multi-step processes; 

however, there are some reports of one-pot syntheses of mono-layered 

TMOs in aqueous systems, in which tetramethylammonium cations are 

introduced as a surfactant adhered to the monolayer nanosheets.
[19]

 

Kai et al. demonstrated the room-temperature synthesis of  

manganese oxide nanosheets with lateral dimensions of 50–500 nm.
[19a]

 

The thickness of the nanosheet was approximately 0.9 nm, which was 

characterized by AFM height profiles. The nanosheet was synthesized 

by the chemical oxidation of Mn
2+

 ions in the presence of 

tetramethylammonium cations; the same manganese oxide nanosheet 

could be obtained by replacement with bulky TBA cations. On the other 

hand, when primary amines were employed as nanosheet surfactants 

instead of tetramethylammonium cations, layered hybrid materials were 

readily obtained. 

Tae et al. reported the large-scale synthesis of various-sized diamond-

shaped lepidocrocite titanate molecular sheets of 0.75 nm thickness.
[19e]
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Tetramethylammonium hydroxide was also employed for the selective 

growth of the layer-structured titanate nanocrystals. Lateral sizes of the 

titanate nanosheets were controlled by aging time and concentrations. 

By controlling the lateral dimensions, the exciton absorption bands 

could also be controlled, which was confirmed by UV-Vis spectroscopy. 

Using a similar approach, ammonium cations can be employed as 

surfactants to inhibit the growth of a specific face of titanate crystals. 

Recently, titanate nanodisks were synthesized via the non-hydrolytic 

sol–gel route.
[20]

 A mixture of titanium butoxide, benzyl alcohol, and 

oleylamine was heated to 190 C for 20 h. Oleylamine was protonated 

during the reaction, which allowed for its adsorption onto the surface of 

the titanate nanodisks.  

Another representative example is the synthesis of TiO2 anatase 

crystals that can be selectively anisotropically grown by terminating the 

{001} facets. Since the first report of this technique by Yang et al. 

(Figure 1.13),
[21]

 the synthesis of 2D anatase nanocrystals utilizing the 

reactive {001} facets has been extensively explored. Yang et al. 

demonstrated the synthesis of micron-sized anatase nanocrystals with a 

large percentage of reactive {001} facets by adsorption of fluorine ions 

using TiF4 and HF aqueous solutions. They also demonstrated through 
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theoretical simulations that the fluorine-terminated (001) faces are 

more stable than (101) faces.  

Various synthetic methods such as solvothermal, hydrothermal, and 

heat-up reactions in high-temperature organic media have been 

developed for the preparation of 2D anatase nanocrystals.
[22]

 Those 

methods share a common synthetic strategy; namely, hydrogen fluoride 

plays an important role in the reaction to terminate the {001} surface. 
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Figure 1.13 The morphology of TiO2 anatase single crystals (from Ref. 

[21], Yang, H. G.; Sun, C. H.; Qiao, S. Z.; Zou, J.; Liu, G.; Smith, S. C.; 

Cheng, H. M.; Lu, G. Q. Nature 2008, 453, 638). 
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1.3 Applications of 2D Metal Oxide Nanostructures 

 Metal oxide materials have found applications in many areas of 

chemistry, physics, and materials science as a result of their numerous 

advantageous properties.
[23] 

The properties of metal oxides are 

extremely diverse, as metal oxide characteristics are dependent on 

variable factors such as the nature of the metal ion, atomic arrangement, 

and crystal structure. Although their properties may be controlled and 

altered during nanostructure preparation, the application of metal oxide 

nanostructures remains fully dependent on the characteristic properties 

of metal oxide materials.
[24]

 Metal oxides are used in the fabrication of 

microelectronic circuits, sensors, piezoelectric devices, fuel cells, and 

coatings for the passivation of surfaces against corrosion, in addition to 

their use as catalysts. Nanostructures are advantageous materials in 

terms of their short diffusion length, tolerance of mechanical stress, and 

large surface area with respect to efficiency of the materials. 2D 

nanostructures typically have large surface areas with tunable 

properties; accordingly, the performance enhancement of various 

applications including sensors, electrodes for energy sources, and 

catalysts has been examined. 
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Various fabrication methods and surface-treatment processes have 

been previously developed toward synthesis of 2D nanosheets for 

applications of great research interest. This section presents a summary 

of fabrication methods for 2D nanosheets, as well as a discussion of 

several applications using 2D nanosheets. 

 

1.3.1 Assembly Methods for Exfoliated Nanosheets 

Assembled nanosheets demonstrate unique physical properties and 

outstanding phenomena induced by their collective properties.
[25] 

Exfoliated nanosheets can be organized and assembled by utilizing the 

charged surface in a colloidal suspension. Various assembled structures 

have been fabricated by applying a wet-process synthetic technique, 

including nanoparticles and nanosheet hybrid structures,
[26]

 polymer 

and nanosheet-assembled structures,
[25b, 27]

 and alternating nanosheet–

assembled structures.
 

Several fabrication techniques have been 

designed, involving flocculation, the Langmuir–Blodgett method, and 

layer-by-layer self-assembly (Figure 1.14). 

 Small counter-ions or positively charged molecular complexes were 

used to induce the flocculation of negatively charged nanosheets.
[28]
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Through flocculation, negatively charged nanosheets were assembled 

into lamellar structures with a turbostratic layer ordering. Manganese 

oxide nanosheets were assembled using Li
+
 ions, which produced 

layered lithium manganese oxide without a defined interlayer order.
[28a]

 

Flocculated titanium oxide nanosheets induced by rare-earth ions (Eu
3+

, 

Tb
3+

) have also demonstrated photoluminescence;
[28b]

 the incorporated 

amounts of rare-earth ions were found to be much higher than direct 

ion-exchanged samples. In some cases, nanoparticle incorporation 

progressed simultaneously during the flocculation process. For example, 

RuOx-doped KCa2Nb3O10 nanosheets have been reported to possess 

outstanding photocatalytic reaction efficiencies;
[28c]

 when illuminated 

with UV light, ruthenium ions converted into RuOx nanoparticles, 

which were intercalated between the exfoliated nanosheets. 

Similarly, synthesized nanosheet-coated hydrophobic surfactants were 

precipitated in polar solvents, resulting in lamellar-structured 

nanosheets.
[20]

 Metal nanoparticles and nanosheet hybrid structures 

were also achieved by the addition of a metal ion in the ligand-

exchanged nanosheets (Figure 1.15). 

 Multilayered architectures for use in high-dielectric materials, 

memory devices, capacitors, and energy storage applications were 
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fabricated using layer-by-layer assembly methods, including the 

Langmuir-Blodgett method and electrostatic sequential deposition.
[9b,29]

 

In the Langmuir-Blodgett film deposition method, the charged surface 

helps to float the nanosheets at the air–water interface, leading to the 

successful transfer of nanosheets onto the substrates. In contrast, 

electrostatic sequential deposition requires a counterpart to charged 

nanosheets; polycations such as polydiallyldimethylammonium 

chloride (PDDA), polyethylenimine (PEI), and poly(styrene-4-

sulfonate) (PSS) were employed as counterparts for exfoliated 

nanosheets. Layer-by-layer assembly was achieved by sequential 

dipping of the substrate in a colloidal suspension of nanosheets and an 

aqueous solution of suitable polyelectrolytes; heterostructures or 

superlattice structures could be introduced by controlling the sequence 

of dipping steps. For example, superlattice assemblies of MnO2 and 

TiO2 nanosheets,
[29a]

 and superlattice assemblies of Ti0.8Co0.2O2
0.4− 

and 

Ti0.6Fe0.4O2
0.4− 

were reported.
[29b]
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Figure 1.14 Schematic assembling processes for nanosheets (a) 

flocculation, (b) electrostatic sequential deposition, and (c) Langmuir–

Blodgett method (from Ref. [9b], Ma, R; Sasaki, T. Adv. Mater. 2010, 

22, 5082). 
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Figure 1.15 Versatile building blocks for the design of hybrid 

nanostructures (from Ref. [20], Dinh, C.-T.; Seo, Y.; Nguyen, T.-D.; 

Kleitz, F.; Do, T.-O. Angew. Chem. Int. Ed. 2012, 51, 6608). 
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1.3.2 2D Nanostructures for Energy Storage Electrode 

Materials 

Electrodes for use in energy storage devices are one of the most 

studied areas in the applications of nanostructured oxide materials.
[30]

 

Various issues related to energy storage devices including energy 

density, durability, and economic efficiency are still being intensively 

studied for further improvement. In particular, the development of high-

energy and high-power density electrode materials with stable cycling 

has received a tremendous amount of attention in energy storage device 

research (Figure 1.16). 2D-structured electrodes have a high potential 

for fast lithium storage in lithium ion batteries.
[31]

 Some 2D-structured 

materials exhibited high rate performances owing to the fast charging 

reaction of Li
+
 ion on shortening the Li

+
 ion diffusion path.

[32]
 High 

lithium-capacity materials often exhibited large volume changes during 

lithium insertion/deinsertion reactions,
[30a-d]

 resulting in poor 

recyclability. 2D nanoarchitectures including carbon composites were 

examined to improve cycling performances, which can provide a 

barrier to volume change of the nanocrystals.
[33] 
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Figure 1.16 2D structures for electrode materials: 1) nanoporous 

nanosheets; 2) ultrathin nanosheets; 3) flowerlike structures assembled 

by nanosheets; 4) sandwich-like nanosheets; 5) wavelike nanosheets, 

and; 6) nanosheets with specific facets (from Ref. [31] Liu, J.; Liu, X.-

W. Adv. Mater. 2012, 24, 4097). 
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1.4 Dissertation Overview 

 Synthesis of 2D metal oxide nanocrystals remains to be fully 

explored with respect to the development and enhancement of physical 

properties. In this regard, a need exists for the development of various 

synthetic approaches and modified methods employing the bottom-up 

approach. The present dissertation is focused on the synthesis, 

characterization, and application of 2D metal oxide nanostructures. 

The first part describes the large-scale synthesis of ultrathin 

manganese oxide nanoplates and their applications to magnetic 

resonance imaging (MRI) T1 contrast agents. Lamellar-structured 

ultrathin manganese oxide nanoplates have been synthesized from the 

thermal decomposition of manganese(II) acetylacetonate in the 

presence of 2,3-dihydroxynaphthalene, which promoted 2-D growth by 

acting not only as a strongly binding ligand, but also as a structure-

directing agent. The width of the ultrathin manganese oxide nanoplates 

with thicknesses of ca. 1 nm could be controlled from 8–70 nm using 

various coordinating solvents. These hydrophobic manganese oxide 

nanoplates were ligand-exchanged with amine-terminated 

poly(ethyleneglycol) to generate water-dispersible nanoplates and 



 

 

40 

 

applied to T1 contrast agents for use in MRI. The prepared nanoplates 

exhibited very high longitudinal relaxivity (r1) values of up to 5.5 

mM
−1 

s
−1

 due to their high manganese ion concentrations exposed on 

the surface. In addition, a strong contrast enhancement of in vitro and in 

vivo MR images was observed at very low doses.  

The second part describes synthesis of sodium manganese oxide 

nanostructures using ultrathin manganese oxide nanoplates as starting 

materials for use in sodium ion battery cathodes. It was demonstrated 

that the morphology of sodium manganese oxide was easily controlled. 

Furthermore, the crystal structure of the prepared nanoplates was 

successfully transformed to micrometer-sized P2-Na0.7MnO2.05 plates 

by a simple heat-treatment process. The nanostructured sodium 

manganese oxide and micrometer-sized sodium manganese oxides were 

applied as cathode materials for sodium ion batteries. The prepared 

structures displayed improved electrochemical performances compared 

to the previously reported sodium manganese oxides.  

The last part describes two-dimensional assemblies of ultrathin 

titanate nanosheets for lithium ion battery anodes. Ultrathin titanate 

nanosheets with 0.5 nm thicknesses were successfully synthesized by a 

non-hydrolytic sol–gel reaction of tetraoctadecyl orthotitanate via a 
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heat-up method. The synthesized nanosheets were easily assembled 

into layered structures by reaction with hydroxide ions in basic 

solutions such as LiOH, NaOH, and KOH. The layer-structured 

nanosheets were employed as anode materials for lithium ion batteries 

in an attempt to obtain fast charging and discharging effects utilizing 

2D-structured electrodes and stable cycling induced by the 

mechanically stable layered structure. The ultrathin morphology of the 

2D titanate electrodes affected not only the diffusion path of Li
+
 ions 

but also the reaction mechanism from the insertion reaction of the 

crystal interior to the surface reaction. Finally, the electrodes of the 

layer-structured nanosheets were observed to have superior cycling and 

rate performances. 
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Chapter 2. Large-scale Synthesis of Ultrathin 

Manganese Oxide Nanoplates and their 

Applications to Highly Efficient T1 MRI Contrast 

Agents 

 

2.1 Introduction 

 

Nanoplates and related two-dimensional (2-D) nanostructured 

materials have attracted tremendous attention from many researchers in 

various disciplines for their unique properties.
[1] 

Thin 2-D 

nanomaterials have many potential applications in catalysis, solar cells, 

and electrochemical devices as a result of their high surface areas, 

which provide enhanced interfacial interactions. There have been 

several reports on the synthesis of thin 2-D nanomaterials with a 

uniform thickness of < 2 nm.
[2]

 Several groups have synthesized 

nanosheets of metal chalcogenides with thickness of 1–2 nm via the 

reaction of metal precursors with chalcogenide reagents.
[2a-e]

 Various 

oxide nanocrystals of sub-2 nm thickness were synthesized using 
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colloidal synthetic methods.
[2f]

 However, colloidal synthesis of ultrathin 

2-D transition metal oxide nanostructures with thickness of less than 1 

nm has been rarely reported.
[2g-k]

 

Surfactants, which are extensively utilized for the colloidal synthesis 

of nanocrystals, are sometimes used as structure-directing agents for 

the synthesis of ultrathin 2-D nanostructured materials.
[3]

 Consequently, 

it is very important to choose appropriate surfactants that are able to 

induce confined crystal growth. In general, strongly binding surfactants 

inhibit crystal growth, resulting in small-sized nanoparticles.
[4]

 For 

example, surfactants with bidentate enediol groups such as dopamine 

and catechol have been used to synthesize iron oxide nanoparticles of < 

2.5 nm.
[5]

 Consequently, careful selection of surfactants having both 

strong binding moiety and a structure-directing capability is critical for 

the synthesis of ultrathin 2-D nanoplates. In this chapter, I report on the 

synthesis of manganese oxide nanoplates with subnanometer thickness 

from thermal decomposition of manganese(II) acetylacetonate in the 

presence of 2,3-dihydroxynaphthalene (2,3-DHN), which promoted 2-

D growth by acting not only as a strongly binding surfactant but also as 

a structure-directing agent. In other words, strong binding of the 

bidentate enediol ligand of 2,3-DHN to the various surfaces
[6]

 and the 
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- interaction regulating the self-assembly of naphthalene rings
[7]

 have 

seemingly led to the formation of the ultrathin nanoplates. Furthermore 

the synthesized ultrathin nanoplates were successfully applied as a 

magnetic resonance imaging (MRI) contrast agent with an extremely 

high relaxivity due to their high surface-to-volume ratio.  
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2.2 Experimental Section 

2.2.1 Chemicals  

Manganese(II) acetylacetonate (Mn(acac)2, 98%), 2,3-

dihydroxynaphthalene (2,3-DHN, 90%), benzyl ether (99%) were 

purchased from Aldrich Chemical Co. Iron(III) acetylacetonate 

(Fe(acac)3, 99%), oleylamine (80-90%) was purchased from Acros 

Organics.  

2.2.2 Synthesis of 8 nm sized MnOx nanoplates 

 Synthesis was carried out under an argon atmosphere using standard 

Schlenk line techniques. In a typical synthesis, 2 mmol of Mn(acac)2 

(0.506 g) was added to a mixture containing 4 mmol of 2,3-DHN 

(0.640 g) and 10 g of benzyl ether. The mixture solution was degassed 

at room temperature for 1 h. The solution was then heated to 300 C at 

a heating rate of 10 C min
-1

, and was maintained at this temperature 

for 10 min. After cooling the solution to room temperature, a mixture 

of 10 mL of chloroform and 50 mL of methyl alcohol was added to the 

solution. The solution was then centrifuged at 1700 rpm for 10 min to 

precipitate the nanoplates. The separated nanoplates were washed using 

20 mL of chloroform and 50 mL of methyl alcohol.  
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2.2.3 Synthesis of 20 nm sized MnOx nanoplates 

 2 mmol of Mn(acac)2 (0.506g) was added to a mixture containing 4 

mmol of 2,3-DHN (0.640 g) and 10 g of oleylamine. The mixture 

solution was degassed at room temperature for 1 h. The solution was 

then heated to 300 C at a heating rate of 10 C min
-1

, and was 

maintained at this temperature for 30 min. The rest of the procedures 

are the same as above. 

2.2.4 Synthesis of FeOx nanoplates 

 2 mmol of Fe(acac)3 (0.706 g) was added to a mixture composed of 

4  mmol of 2,3-DHN (0.640 g) and 10 g of oleylamine. The mixture 

solution was degassed at room temperature for 1 h. The solution was 

then heated to 300 C at a heating rate of 10 C min
-1

, and was 

maintained at this temperature for 5 min. The rest of the procedures are 

the same as above. 

2.2.5 Ligand exchange 

 20 mg of the nanoplates and 80 mg of amine-terminated 

polyethylene glycol (NH2-PEG; Mw. 2000) was mixed in 30 mL of 

CHCl3, and then the solvent was removed by evaporation, and finally 

kept under vacuum at 120 C for 1h. The addition of water resulted in 
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the production of a dark brown suspension. The residual organic 

compound was removed by two cycles of filtration and 

ultracentrifugation at 40000 rpm for 4 h. To investigate the possibility 

of leaching of Mn(II) ion from the nanoplates, Mn(II) ion 

concentrations of the solutions before and after the ultracentrifugation 

were measured by inductively coupled plasma atomic emission 

spectroscopy (ICP-AES). 

2.2.5 Dye conjugation 

 For dye conjugation, 20 mg of nanoplates was ligand-exchanged 

with 60 mg of NH2-PEG and 20 mg of NH2-PEG-NH2 (Mw. 2000) 

using a similar procedure described above. The resulting ligand-

exchanged nanoplates were dispersed in 2 ml of carbonate buffer (100 

mM, pH 9.5), and 0.2 mg of rhodamine-B-isothiocyanate (RITC) 

 solution. After 

2 h incubation, free RITC was removed using PD-10 desalting column 

by washing with phosphate buffered saline (100 mM, pH 7.4). 

2.2.6 Characterization 

 The synthesized nanoplates were characterized by transmission 

electron microscopy (TEM), scanning transmission electron 
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microscopy (STEM), X-ray diffraction (XRD), X-ray photoelectron 

spectroscopy (XPS), and atomic force microscopy (AFM). TEM and 

STEM images were obtained with JEOL 2010 and FEI Tecnai F-20 

microscopy operated at 200KV. Powder X-ray diffraction patterns were 

obtained with a Rigaku D/Max-3C diffractometer equipped with a 

rotating anode and a Cu Kα radiation source ( = 0.15418 nm). The Mn 

K-edge X-ray absorption spectra were recorded on the 10A beam line 

at the Pohang Light Source (PLS). The optical properties were 

characterized by using a JASCO V-550 UV-VIS spectrophotometer.  

Synchrotron-radiation X-ray diffraction measurements were 

performed at B2 station of Cornell High Energy synchrotron Source at 

Cornell University. The monochromatic synchrotron X-ray beam was 

optimized at energy of 25 keV, equivalent to the wavelength of 0.486 

angstrom. The original 1 mm X-ray beam was collimated into a smaller 

size of 100 microns. Upon shooting of X-ray beam on the samples, a 

series of two-dimensional X-ray diffraction images were collected by a 

large area MAR345 detector. The detector has a total pixel number of 

3450 × 3450 (vertical vs horizontal) in which the single pixel size is 

100 microns. The distance between the sample and detector was 

calibrated by a standard CeO2 powder.  
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2.2.7 Cell viability 

 The viability in the presence of nanoplates were evaluated using 3-

[4,5-dimethylthialzol-2-yl]-2,5-diphenyltetrazolium bromide (MTT, 

Sigma) assay. MCF-7 cells, which are human breast cancer cells, were 

seeded into 96-well plates at a density of 1 × 10
4
 per well in 200 μL of 

media and grown overnight. The cells were then incubated with various 

concentrations of the nanoplates (0, 1.56, 3.13, 6.25, 12.5, 25, 50 and 

100 μg Mn mL
-1

) for 24 h. Following this incubation, cells were 

incubated in media containing 0.1 mg/mL of MTT for 1 h. Thereafter, 

the MTT solution was removed and the precipitated violet crystals were 

dissolved in 200 μL of DMSO. The absorbance was measured at 560 

nm using a VersaMax™ microplate reader (Molecular Devices). 

2.2.8 Measurement of MRI properties of the nanoplates 

 A 1.5 T clinical MRI scanner was used to measure the T1 and T2 

relaxation times for various concentrations of the nanoplates dispersed 

in water. (Mn concentration measured by inductively coupled plasma 

atomic emission spectroscopy (ICP-AES)) An IR-FSE sequence with 

30 different values of TI (TR/TE/TI = 4400 ms/13 ms/24-4000 ms) for 

T1 measurements and a conventional CPMG sequence with 12 
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different TE values (TR/TE = 3300 ms/13, 26, 39, 52, 70, 140, 210, 

280, 400, 800, 1200, and 1600 ms) for T2 measurements were 

performed with a head coil on the 1.5 T MRI scanner. T1 and T2 

relaxation times were calculated by fitting the signal intensities with 

increasing TE or TI to a mono-exponential function or ‘|[1-(1-k)*exp(-

TI/T1)]*Mo|’ by using a non-linear least squares fit of the Levenberg-

Marquardt algorithm. To prepare in vitro MR phantom, MCF-7 cells 

were seeded onto culture dishes at a density of 1 × 10
6
 per plate in 10 

mL of media and grown overnight. Following this, nanoplates of 

various concentrations (0-100 μg Mn mL
-1

) were added. After 24 h, the 

cells were washed twice in PBS to remove free nanoplates and then 

detached by the addition of 1 mL of trypsin/EDTA. After centrifugation 

at 1500 rpm for 5 min, cells were dispersed in 2 mL of culture media 

and transferred to a 1.5 mL microtube. Cell pellets were prepared by 

centrifugation at 2000 rpm for 5 min. The measurement parameters are 

as follows: flip angle = 73, ETL = 1, TR = 500 ms, TE = 10 ms, field of 

view FOV = 120 × 120 mm
2
, matrix = 256 × 256, slice thickness / gap 

= 2 mm / 2 mm, NEX = 2.0   

In vivo MR images were obtained by the following procedure. The in 

vivo experiments were approved by
 
the Institutional Animal Care and 
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Use Committee (IACUC) of the Clinical Research Institute of Seoul 

National University Hospital. Mice (weight ~ 25 g) were imaged using 

a wrist coil on a 1.5 T MRI scanner. After acquisition of pre-injection 

images, an appropriate dose of the nanoplates was intravenously 

injected via tail vein. The animal images were acquired up to a week. 

The measurement parameters are as follows: flip angle = 15, ETL = 1, 

TR = 5.8 ms, TE = 22.1 ms, field of view FOV = 80 × 80 mm
2
, matrix 

= 256 × 256, slice thickness / gap = 1.4 mm / 1.4 mm, NEX = 2.0 

2.2.9 Tissue imaging 

 Mice were sacrificed after intravenous injection of RITC 

conjugated nanoplates. Liver was harvested, fixed with 4% 

formaldehyde, and embedded in paraffin. The tissues were sectioned 

and mounted on slide glasses. The slides were counterstained with 

DAPI. Fluorescence images were acquired by confocal laser scanning 

microscopy.  
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2.3 Results and Discussion 

Transmission electron microscopic (TEM) and scanning transmission 

electron microscopic (STEM) images show that ultrathin manganese 

oxide nanoplates with thickness of about 1 nm were assembled into a 

lamellar structure (Figure 2.1). The width of the nanoplates was 

controlled by changing the solvents (Figure 2.2). The width of the 

nanoplates synthesized using benzyl ether was smaller (~ 8 nm, Figure 

2.1a and 2.1b) than that of the nanoplates produced using oleylamine (~ 

20 nm, Figure 2.1c and 2.1d). It was possible to prepare the nanoplates 

of width up to ~70 nm using octyl ether as a solvent (Figure 2.2). In the 

case of various ether solvents, the mean width of the nanoplates 

decreased as the solubility of 2,3-DHN in ether increased. Aromatic 

ether seems to enhance the solubility of 2,3-DHN through - 

interaction.
 
Therefore, employing an alkyl ether (e.g. octyl ether) as 

solvent resulted in aggregation of 2,3-DHN and nanoplates with large 

width were produced. The presence of highly ordered lamellar 

structures implies that 2,3-DHN molecules on the neighboring 

nanoplates are interdigitated. 
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Figure 2.1 TEM (a, c) and STEM (b, d) images of the lamellar 

structured manganese oxide nanoplates with width of 8 nm (a, b) and 

20 nm (c, d).  
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 Figure 2.2 Large area TEM images of the nanoplates synthesized in 

various solvents. (a) Benzyl ether (8 nm), (b) phenyl ether (15 nm), (c) 

oleylamine (20 nm), and (d) octyl ether (70 nm). 
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The detailed arrangement of the intercalating 2,3-DHN molecules 

was investigated by UV/VIS absorption spectroscopy. Stacked 

aromatic rings exhibit distinct changes in absorption band compared to 

the free-standing monomeric species.
[7b,8]

 Two possible arrangements 

of the aromatic rings, head-to-tail (J-aggregation, stabilized) and head-

to-head (H-aggregation, destabilized), are  distinguished by red- and 

blue-shifts of the absorption peak in the UV/VIS spectra, respectively. 

The observed absorption spectrum of the assembled nanoplates was 

broader and red-shifted compared to that of monomeric 2,3-DHN, 

suggesting that 2,3-DHN molecules on the adjacent nanoplates are in a 

head-to-tail arrangement (Figure 2.3). 
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Figure 2.3 (a) UV-VIS absorption spectra of free 2,3-DHN (red) and 

manganese oxide nanoplates (green). (b) Schematic diagram of J- 

aggregated nanoplates  
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 The lamellar structure of the assembled nanoplates was further 

characterized by small-angle X-ray diffraction (SAXRD) using a 

synchrotron radiation source. In Figure 2.4, the SAXRD data clearly 

demonstrate the lamellar ordering of the nanoplates. The peak at 2θ = 

1.6° indicates an inter-plate distance of 1.8 nm. Considering that the 

molecular dimension of a naphthalene ring is about 0.89 Å
[9]

 and that 

neighboring naphthalene rings are in a head-to tail arrangement, the 

estimated thickness of the nanoplates is less than 1 nm. The estimated 

thickness is well-matched with observed thickness in high resolution 

TEM (HRTEM) images (Figure 2.5). The HRTEM images 

demonstrated that the strong binding ability of 2,3-DHN inhibited 

growth along the thickness direction, resulting in nanoplates with sub-

nm thickness.  
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Figure 2.4 Small angle X-ray diffraction patterns of 8 nm and 20 nm-

sized manganese oxide nanoplates. 
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Figure 2.5 High resolution TEM images of the nanoplates with width 

of (a) 8 nm, and (b) 20 nm. 

 

 

  



 

 

67 

 

The current synthetic process is easy to scale up, and when the reaction 

was proceeded using 20 mmol of manganese precursor, 3.8 g of 

manganese oxide nanoplates were obtained in a single batch (Figure 

2.6). Furthermore, lamellar-structured iron oxide nanoplates were 

produced by a similar synthetic process (Figure 2.7), demonstrating that 

the current synthetic method can be extended to other metal oxide 

nanoplates. Interestingly, the interlamellar spacing extracted from the 

SAXRD data of the iron oxide nanoplates was comparable to that of 

manganese oxide nanoplates. 
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Figure 2.6 Large-scale synthesis of 20 nm-sized nanoplates. (a) A 

photograph showing 3.77 g of the synthesized nanoplates. (b) TEM 

image of the nanoplates. 

 



 

 

69 

 

 

Figure 2.7 Characterization of iron oxide nanoplates. (a, b) TEM 

images with different magnification, and (c) small angle XRD pattern. 
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X-ray absorption near-edge structure (XANES) at the Mn K edge 

was employed to elucidate manganese oxidation state of the 

nanoplates.
[10]

 The Mn K-edge XANES spectra of the nanoplates and 

various standard manganese oxides (MnO, Mn3O4, Mn2O3, and MnO2) 

are shown in Figure 8. 

 As the oxidation state increased the main edge peak shifted to 

higher energy. These XANES spectra clearly showed that the 

nanoplates are mainly composed of Mn(II) species. Furthermore, the 

small absorption at pre-edge region indicated the octahedral symmetry 

of Mn ions in the nanoplates. 

 The wide angle XRD pattern of the 20 nm nanoplates using a 

synchrotron radiation source is highly complicated because the peaks 

from the lamellar structure overlap with those from the crystal structure 

of the individual nanoplates (Figure 2.9). Moreover, surface 

reconstruction resulted from huge compressive stress exerted on the 

sub-nm thick nanoplates can dramatically modify the XRD pattern.
[11]

  

To characterize the crystal structure, the nanoplates were annealed 

under Ar atmosphere at 500 C, and the resulting XRD pattern matched 

very well with MnO structure. Furthermore, when both 8 nm-sized 

manganese oxides nanoplates and 5 nm-sized spherical MnO 
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nanoparticles were oxidized at 400 and 500 C under air, both 

nanostructured materials were transformed into Mn3O4 or Mn2O3 

(Figure 2.10). From the XANES and XRD data after thermal treatments, 

I propose that the nanoplates have a modified MnO crystal structure.  
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Figure 2.8 XANES spectra of 8 nm and 20 nm-sized manganese oxide 

nanoplates, and various standard manganese oxide samples (from the 

bottom, MnO, Mn3O4, Mn2O3, LiMn2O4, and MnO2). Inset is pre-edge 

region of the spectra. 
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Figure 2.9 Wide angle XRD patterns of the manganese oxide 

nanoplates characterized by synchrotron radiation source. 
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Figure 2.10 Wide angle XRD patterns of 8 nm-sized nanoplates after 

heat treatment under (a) Ar atmosphere, and (b) air. (c) A XRD pattern 

of 5 nm-sized spherical MnO nanoparticles after heat treatment under 

air 
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To evaluate the performances of the nanoplates as an MRI contrast 

agent, the nanoplates were dispersed in water by ligand exchange with 

amine-terminated polyethylene glycol (NH2-PEG). The resulting 

aqueous dispersion containing the nanoplates was nearly transparent, 

suggesting that most of the 2,3-DHN was removed and the lamellar 

structure was delaminated to form well-dispersed nanoplates.
[12]

 The 

STEM image showed that the nanoplates were well-dispersed on a 

TEM grid (Figure 2.11a). UV/VIS absorption spectra showed a 

significant decrease of the absorption peak of 2,3-DHN, demonstrating 

that most of 2,3-DHN was removed during the ligand exchange 

reaction (Figure 2.11b). Dynamic light scattering result revealed that 

the hydrodynamic diameter of the 8 nm-sized nanoplates was only 23 

nm (Figure 2.12).  
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Figure 2.11 8 nm-sized nanoplates after ligand exchange process. (a) 

STEM image of water dispersed nanoplates. (b) UV-VIS absorption 

spectra of the nanoplates before (green) and after ligand exchange 

(blue).  
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Figure 2.12 8 nm-sized nanoplates after ligand exchange process. 

Number weighted DLS data of the nanoplates. 
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To investigate potential leaching of manganese ions, I compared the 

manganese concentration of the supernatant solutions after keeping for 

1 and 7 d in the presence of nanoplates and subsequent 

ultracentrifugation. A very similar and small amount of manganese ion 

was detected in the supernatant solutions after keeping at room 

temperature for 1 and 7 d (Table 1). I presume that the detected small 

amount of manganese ion is resulted from the diffusion of the 

nanoplates to the supernatant solution after ultracentrifugation (Figure 

2.13), and that nearly no manganese ion was leached.  
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Table 2.1 Stability test of water dispersed manganese oxide nanoplates 

Sample 

solutions (30 

mL) 

Origina

l water-

dispers

ed 

solutio

n 

Supernatant solution 1 

d after ligand exchange 

process and subsequent 

ultracentrifugation 

Supernatant 

solution after 

keeping for 7 d and 

subsequent 

ultracentrifugation 

Precipitat

e after 

keeping 

for 7 d 

Concentration 

(mM) 

24.5 

1
st
 2

nd
 1

st
 2

nd
 

23.7 

0.08 0.08 0.08 0.06 
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Figure 2.13 A photograph of water dispersed 8 nm-sized nanoplates 

after ultracentrifugation at 40000 rpm. 
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MR relaxivity was measured with a 1.5 T clinical MR scanner. The 8 

nm and 20 nm-sized nanoplates were found to have longitudinal 

relaxivity (r1) values of 5.5 and 2.13 mM
-1

s
-1

, and transverse relaxivity 

(r2) values of 9.86 and 4.31 mM
-1

s
-1 

(based on the Mn ion 

concentration), respectively. There were several efforts to increase r1 of 

nanoparticle-based MRI contrast agents, including synthesis of hollow 

nanoparticles or nanostructured metal-organic frameworks.
[13]

 The 

observed r1 values of the nanoplates are among the highest compared to 

those of previously reported manganese oxide nanoparticle-based MRI 

contrast agents (Table 2.2). To examine the correlation between the 

surface to volume ratios and longitudinal relaxivity values, Pearson 

product moment correlation was used. It is calculated by dividing the 

covariance of the two variables by the product of their standard 

deviations. The Pearson coefficient, calculated from a set of manganese 

oxide nanoparticles, was 0.93, indicating a strong correlation between 

the surface area and the longitudinal relaxivity value. A large number 

of paramagnetic manganese ions exposed on the surface accelerates 

spin relaxation process of water protons, and consequently shortens T1 

relaxation time.
[14]
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Table 2.2 Relaxivity comparison of various MnO-based nanostructured materials. 

Material S/V r1 r2 

MnO 

Nanoplate 

8 nm 2.92 5.5 9.86 

20 nm 2.1 2.13 4.31 

MnO Spherical 

Nanoparticle
55

 

3 nm 2 2.38 7.27 

5 nm 1.2 1.39 3.66 

11 nm 0.55 0.99 2.84 

13 nm 0.46 0.41 1.26 

MnO Hollow 

Nanoparticle
56

 

20 nm Spherical 

Nanoparticles 

0.3 0.35 8.68 

20 nm hollow 

Nanoparticles 

0.68 1.15 6.737 

Pearson Correlation Coefficient 

Between S/V and r1 

0.93 
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In vitro and in vivo MR imaging experiments were performed using 

the 8 nm-sized nanoplates. Before MR imaging, the cytotoxic effect of 

the nanoplates on MCF-7 cells was measured by 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetra-zolium bromide (MTT) assay 

for determination of adequate dose level (Figure 2.14). The MTT assay 

result showed that the manganese oxide nanoplates are toxic to cells at 

a manganese concentration of over 25 μgmL
-1

.  

Figure 2.15a shows the in vitro cellular MR images acquired after 

incubation with 5, 10, and 20 μgmL
-1

 of the nanoplates for 24 h. Even 

with a very small dose, a discernible difference between the brightness 

levels of control cells and cells incubated with the nanoplates was 

observed, and the brightness was enhanced as the manganese ion 

concentration increased. The ability to obtain a bright image with a low 

dose of contrast agent is strongly desirable for in vivo MRI applications.  

To test the feasibility of the nanoplates as an MR contrast agent, an in 

vivo MR study was performed on mice. Coronal MR images (Figure 

2.15b to 2.15d) were acquired after intravenous injection of the 

nanoplates. The contrast of blood vessels and entire organs including 

brain rapidly increased. This MR contrast enhancement effect could be 
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readily observed for the whole body image even with injection of 0.25 

mg of Mn (measured by ICP-AES) per kg of mouse body weight. 

Biodistribution of the injected nanoplates was investigated for up to 

one week (Figure 2.16). Upon entering the bloodstream, the nanoplates 

were distributed throughout the entire body, including the liver, gall 

bladder, and kidney. The MR signal of the liver and spleen was 

enhanced immediately after the injection of the nanoplates due to rapid 

uptake by the reticuloendothelial system (RES). After a while, the gall 

bladder was enhanced since the bile duct was in the route of excretion 

of hepatocytes. It was estimated the nanoplates were taken up not only 

by Kupffer cell, which is the representative cell of the RES, but also by 

the hepatocytes. Hepatic uptake of the nanoplates was demonstrated by 

confocal laser scanning microscopy image of the liver cells after the 

intravenous injection of RITC conjugated nanoplates (Figure 2.17).
[15]

 

Finally, after a week, the brightness of the MR images dropped 

dramatically to that of the pre-injection model. 
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Figure 2.14  Cellular toxicity was examined by MTT test using MCF-

7 cell-line. 
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Figure 2.15 In vitro and in vivo T1-weighted MR images. (a) In vitro 

MR images of MCF-7 cells incubated with various concentrations of 8 

nm nanoplates. In vivo MR images of a mouse (b) before injection, 

immediately after the injection of the nanoplates at (c) 0.25 mgkg
-1

, and 

(d) 2.5 mgkg
-1

 Mn dose. 
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Figure 2.16 In vivo MR images of the whole body of a mouse model 

from before injection to 1 week after the injection of the nanoplates 

with Mn doses of (a) 0.25 mgkg
-1

, and (b) 2.5 mgkg
-1

. Upper panels 

show liver, gall bladder, intestinal tract. Kidneys are shown in lower 

panels. 
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Figure 2.17 (a) Time dependent MR signal intensity enhancements of 

the liver and spleen after injection into a mouse. (b) Confocal 

fluorescence microscopy images of liver 30 min after the intravenous 

injection of RITC conjugated 8 nm sized manganese oxide nanoplates. 
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2.4 Conclusion 

In conclusion, ultrathin manganese oxide nanoplates were 

synthesized via thermal decomposition of manganese(II) 

acetylacetonate in the presence of 2,3-dihydroxynaphthalene (2,3-

DHN). π-π stacking interactions between the naphthalene ring on the 

nanoplate surface are responsible for the formation of an ordered 

lamellar structure. 2,3-DHN molecules act not only as a stabilizer but 

also as a structure-directing agent. The nanoplates were successfully 

applied as a T1 MRI contrast agent, and showed a significant increase 

in relaxivity values, which can be attributed to their sub-nm thickness. 

Consequently, contrast enhancement of MR images was observed with 

a very low dose. The current synthetic process is easy to scale up to 

produce multi-grams quantities of the nanoplates. Furthermore, the 

synthetic approach can be generalized to fabricate other sub-nm thick 

nanoplates of transition metal oxides such as iron oxide, and can be 

also used to produce ultrathin nanoplates that can be potentially applied 

to other areas such as energy storage and conversion, catalysis, and 

optoelectronics. 
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Chapter 3. Synthesis of Layered Sodium 

Manganese Oxide for Sodium-Ion Battery 

Cathodes 

 

3.1 Introduction 

 

With the increasing requirements and demands for energy storage 

devices, research directed towards electrode materials has attracted 

increasing attention.
[1]

 Lithium-ion (Li-ion) batteries are one of the 

most popular technologies for rechargeable energy storage systems 

because of their high energy density and long service life;
[2]

 however, 

for large-scale energy storage devices such as electric vehicle and 

energy storage systems, concerns still remain regarding the economic 

feasibility of Li-ion batteries and the potential limitation of global 

lithium supplies. 

Sodium-ion (Na-ion) batteries have recently returned to the spotlight 

due to their higher economic efficiencies (lower cost) and an abundant 

sodium reserve.
[3]

 Nevertheless, it is relatively hard to find appropriate 
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electrode materials, especially cathode materials, which can 

accommodate the reversible insertion and extraction of Na
+
 ions. The 

ionic radius of Na
+
 is larger than Li

+
, which makes it difficult to 

transport Na
+
 within electrode materials. However, some simulation 

results have shown that Na
+
 ion migration barriers in some compounds 

are similar or lower than the corresponding Li
+
 ion migration barriers, 

e.g., layered structures, NASICON structures.
[4]

  

 Sodium-based layered structures are one of the most studied cathode 

materials in Na-ion battery applications,
[5]

 similar to the Li-based 

layered oxides.
[6]

 In the case of sodium manganese oxide, Caballero et 

al. reported the application of P2-Na0.6MnO2 as a cathode material, 

which showed a large initial capacity of 160 mAh g
−1

;
[5a]

 however, poor 

cycling performances were also observed. A capacity loss up to 50% 

was observed within 10 cycles due to structural degradation. In this 

chapter, the synthesized of a layered NaxMnO2 structure using ultrathin 

manganese oxide nanoplates as precursors is described. The crystal 

structure was successfully transformed to P2-Na0.7MnO2.05 by a simple 

heat-treatment process. The material exhibited stable cycling 

performances with high capacities compared to that previously reported 

for sodium manganese oxide materials. 
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3.2 Experimental Section 

3.2.1 Chemicals 

Manganese(II) acetylacetonate (Mn(acac)2, 98%), 2,3-

dihydroxynaphthalene (2,3-DHN, 90%), and benzyl ether (99%) were 

purchased from Aldrich Chemical Co. Ethylene glycol was purchased 

from Tokyo Chemical Instruments.  

3.2.2 Synthesis of 8 nm-Sized MnOx Nanoplates 

The synthesis was carried out under an argon atmosphere using 

standard Schlenk line techniques. In a typical synthesis, 10 mmol of 

Mn(acac)2 (2.53 g) was added to a mixture containing 30 mmol of 2,3-

DHN (4.8 g) and 50 g of benzyl ether. The mixture was degassed at 

room temperature for 1 h. The solution was then heated to 290 C at a 

heating rate of 10 C min
−1

, and was maintained at this temperature for 

10 min. After addition of methanol to the solution, the solution was 

centrifuged at 1700 rpm for 10 min to precipitate the nanoplates. The 

separated nanoplates were washed using CHCl3 (40 mL) and methanol 

(160 mL).  
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3.2.3 Synthesis of NaxMnO2 Nanostructures Using MnOx 

Nanoplates  

The nanoplates (1.8 g) were dispersed in THF (50 mL) and stirred 

with mild heating at 50 C. A 1 M NaOH ethylene glycol−water 

solution (1:1 v/v; 40 mL) was added to the prepared nanoplate solution. 

The resulting solution was stirred for 2 d at 50 C. The solution was 

then centrifuged at 1700 rpm for 20 min to precipitate the nanoplates. 

The precipitated particles were heated to 500 C in a tubular furnace 

under air atmosphere and then kept that at this temperature for 5 h. 

3.2.4 Heat-Treatment Process  

The NaxMnO2 nanostructure was dispersed in water and sonicated 

for 30 s. The aqueous solution was then centrifuged at 1700 rpm for 30 

min. Samples of the precipitated particles were heated to 600, 700, or 

800 C in a tubular furnace under air atmosphere and then kept at the 

indicated temperature for 5 h. 

3.2.5 Characterization 

The nanosheets were characterized by transmission electron 

microscopy (TEM), field emission scanning electron microscopy (FE-

SEM), X-ray diffraction (XRD), and X-ray absorption spectroscopy 

(XAS). TEM and FE-SEM images were obtained on JEOL EM-2010 



 

 

99 

 

and JSM-6701F microscopes, respectively. Powder XRD patterns were 

obtained on a Rigaku D/Max-3C diffractometer equipped with a 

rotating anode and a Cu Kα radiation source (= 0.15418 nm). Mn K-

edge XAS were recorded on the 10C beam line at the Pohang Light 

Source II (PLS II). 

 

3.2.6 Electrochemical Characterization 

The composite electrodes were prepared by spreading a slurry of 

NaxMnO2 active materials (70 wt%), carbon black (Super P, 20 wt%) as 

a conductive agent and polyvinylidene fluoride (10 wt%) as a binder in 

N-methylpyrrolidone solution, onto a piece of aluminum foil current 

collector. The slurry was then dried at 120 C and pressed. 

Electrochemical performances were evaluated using 2032 coin cells 

with a Na metal anode and 0.8 M NaClO4 in an ethylene carbonate–

diethyl carbonate (1:1 v/v) electrolyte solution with a polypropylene 

(PP) separator. Na metal was used as the counter and reference 

electrode. Galvanostatic experiments were performed at a current 

density of 12 mA g
−1

 at 30 C with a WBCS 3000 battery measurement 

system (WonATech Co.).   
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3.3 Results and Discussion 

The synthetic strategy employed toward sodium manganese oxide 

(NaxMnO2) preparation is based on the thermal treatment of 

nanomaterials. The heat treatment of ultrathin manganese oxide 

nanoplates induces the reaction of sodium ion with manganese oxide 

nanoparticles, with simultaneous removal of the hydrophobic organic 

layer on the manganese oxide nanoplates. Through this process, P2-

NaxMnO2 was successfully synthesized using ultrathin manganese 

oxide nanoplates as starting materials. A schematic presentation is 

depicted in Figure 3.1. Firstly, the ultrathin manganese oxide 

nanoplates were prepared using a previously described synthetic 

method (Figure 3.2a, b).
[6]

 The prepared nanoplate dispersion in THF 

was mixed with an aqueous NaOH solution; the resulting solution was 

stirred with heating at 70 C for 2 d. After centrifugation of the solution, 

the resulting powders were then heated at 500 C under air atmosphere. 

The adsorbed Na
+
 ions on the manganese oxide nanoplate surface 

reacted with the nanoplates during the heat-treatment process, resulting 

in conversion of the nanoplates to nanostructured NaxMnO2 particles 

(NaxMnO2-500). The discussion in Chapter 2.3 describes the 
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transformation of non-treated-manganese oxide nanoplates to bulky 

Mn2O3 particles by heat treatment at 500 C under air atmosphere; 

however, the nanoplates containing adsorbed Na
+
 ions were 

transformed to sodium manganese oxide nanostructures through the 

heat treatment process, rather than the bulky manganese oxides 

obtained from the un-treated nanoplate. It is thus presumed that sodium 

hydroxide treatment of the nanoplate surface plays the role of a barrier 

to prevent the particle fusion.
[7]
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Figure 3.1 Schematic description of the synthesis of NaxMnO2 
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The morphology evolution of the nanoplates was monitored by 

transmission electron microscopy (TEM) (Figures 3.2(a)–(d)). The as-

prepared manganese oxide nanoplates were observed to have well-

assembled structures with overall size of 8 nm and thicknesses of less 

than 1 nm (Figures 3.2(a), (b)). This ultrathin thickness and the lamellar 

structure properties appeared to be advantageous for Na
+
 diffusion and 

reaction on the surface; through the reaction with Na
+
 ions, the 

nanoplates were successfully transformed to the NaxMnO2-500 

particles. The sizes of NaxMnO2-500 were found to increase during the 

reaction with Na
+
 ion (Figure 3.2d). Dimensions of the NaxMnO2-500 

were ca. 10 nm with a thickness of ca. 5 nm. As shown in the inset of 

Figure 3.2c, d-spacings of the lattice fringes were indicative of 

interlayer distances of 0.56 nm. The size and shape of the sodium 

manganese oxide nanoplates were easily controlled by changing the 

size of manganese oxide nanoplates precursors; when manganese oxide 

nanoplates increased to 20 nm in size were used as a precursor in the 

synthetic procedure, 30 nm-sized NaxMnO2 nanocrystals were obtained 

(Figure 3.3). 

The crystal structure was examined by powder X-ray diffraction 

(XRD) measurements. The XRD patterns of NaxMnO2 nanoparticles 
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shown in Figure 3.4 revealed strong peaks at 2θ = 15.7 and 31.4, 

which can be assigned to the (001) and (002) planes of the layered 

structure, respectively. The measured layer distance of 0.56 nm was 

similar to that of Na0.7MnO2.05 (JCPDS# 27-0751). The atomic ratio of 

Na and Mn was measured to be 0.8 by inductively coupled plasma 

atomic emission spectroscopy (ICP-AES). In addition, the XRD 

profiles from 2θ = 35 to 2θ = 80 could be correlated with typical 

profiles of layered structures with turbostratic disorder.
[9]
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Figure 3.2 TEM images of (a, b) manganese oxide nanoplates, and (c, 

d) NaxMnO2-500. 
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Figure 3.3 TEM images of (a) 30 nm-sized manganese oxide 

nanoplates, and (b) resulting sodium manganese oxide nanoplates. 
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Figure 3.4 The XRD patterns of NaxMnO2 nanoplates   
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For the synthesis of the ordered-layered structure, further heat 

treatment was performed on the NaxMnO2-500 nanostructures. Powder 

samples of turbostratic disordered NaxMnO2-500 were heated to 

different temperatures of 600 C, 700 C, and 800 C (denoted as 

NaxMnO2-600, NaxMnO2-700, and NaxMnO2-800, respectively). The 

crystal structures of the sodium manganese oxides were examined by 

powder XRD. An increase in calcination temperature resulted in a 

decrease in the full width at half maximum. When heat-treated at 800 

C, the sodium manganese oxides were observed to have transformed 

to the crystalline phase. The XRD pattern of the NaxMnO2-800 was 

well matched to Na0.7MnO2.05 (JCPDS# 27-0751) (Figure 3.5).  

 Morphology of the NaxMnO2-800 was characterized through 

scanning electron microscopy (SEM) and TEM analysis. Further heat-

treatment processing of NaxMnO2-500 triggered the aggregation of the 

sodium manganese oxide nanoparticles, causing a significant increase 

in the size of the particles. SEM image of NaxMnO2-800 revealed the 

presence of tens of plates of few-micrometer widths in a stacked 

arrangement (Figure 3.6). Although the shapes of the plates were not 

uniform, the layer structures appeared to have been constructed by the 

self-assembly of similarly shaped plates. It was also observed that 
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relatively small-sized particles were adsorbed on the surface of the 

plates. A more detailed morphological analysis of the NaxMnO2-800 

was obtained by TEM analysis. TEM images confirmed the two-

dimensional shape of NaxMnO2-800 (Figure 3.7); high-resolution TEM 

(HRTEM) image also revealed that the plates were piled one top of one 

another. In addition, the observed lattice fringe of the overlapping 

plates demonstrated the highly crystalline structure of the NaxMnO2-

800 nanomaterial.  
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Figure 3.5 XRD patterns of sodium manganese oxide particles heat-

treated under different temperatures between 500 and 800 C. 

  



 

 

111 

 

 

Figure 3.6 SEM images illustrating: (a) stacked arrangement of 

NaxMnO2-800 and (b) small-sized particles on NaxMnO2-800.  
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Figure 3.7 (a) A TEM image and (b) a HRTEM image of NaxMnO2-

800. 
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The current synthetic process can be extended to other nanostructured 

materials. For example, a similar synthetic process was used to produce 

nanostructured lithium manganese oxides (Figure 3.8). A procedure 

employing an aqueous LiOH solution of nanoplates was used in place 

of NaOH solutions. The mixture solution was stirred with heating at 

70
o
C for 2 d. After centrifugation of the resulting solution, the resulting 

powder was heated at 500 C under air atmosphere. Upon heating, the 

adsorbed Li
+
 ion on the manganese oxide nanoplate surface reacted 

with the nanoplates resulting in the conversion to nanostructured 

lithium manganese oxide particles; however, the crystal structure of the 

obtained nanoplates were spinel structured Li1.6Mn1.6O4 (JCPDS# 52-

1841), which differs from the turbostratic-structured layered sodium 

manganese oxide. 
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Figure 3.8 (a, b) TEM images and (c) XRD pattern of prepared lithium 

manganese oxide nanomaterial. * indicates the LiOH impurity. 
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The electrochemical performances were examined using a half-cell 

with Na metal as the counter electrode. The charge–discharge profiles 

of NaxMnO2 electrodes are displayed in Figure 3.9. All NaxMnO2 

electrodes examined were active in the reversible reaction with Na
+
 ion, 

and the profiles of nearly all electrodes showed a strong similarity 

between charge–discharge profiles; however, the profile of the NaMO-

800 was significantly different from the other electrodes. In contrast to 

the galvanostatic profiles of NaxMnO2-500, NaxMnO2-600, and 

NaxMnO2-700, the profile of the NaxMnO2-800 exhibited well-

developed potential plateaus. The potential plateau is a characteristic 

feature of biphasic domains during the intercalation process, while 

potential drops are correlated with single-phase domains. The sloping 

curves of the other NaxMnO2 electrodes were indicative of solid–

solution behaviors, which might be due to the disordered manganese 

oxide layer in the NaxMnO2 electrodes. 

 Layered sodium manganese oxides have already been described as 

functioning as the cathode materials in Na-ion batteries, although the 

reported crystal structures were not coincident with the NaxMnO2-800 

electrode.
[8a,12] 

The previously reported layered sodium nanomaterials 

delivered large initial capacities; however, a rapid capacity loss within 



 

 

116 

 

10 cycles was shown. On the other hand, the NaxMnO2 electrode 

prepared using nanoplates showed relatively stable cycle performances 

(Figure 3.10).  

The rate capabilities of NaxMnO2-500 and NaxMnO2-800 were 

evaluated by increasing the current gradually from 12 mA g
−-1

 to 1.2 A 

g
−1 

(Figure 3.11). Even though the NaMO-800 electrode exhibited a 

higher capacity, the nanostructured NaMO-500 showed a better rate 

capability due to its nanostructure. 
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Figure 3.9 Charge–discharge profiles of (a) NaxMnO2-500, (b) 

NaxMnO2-600, (c) NaxMnO2-700, and (d) NaxMnO2-800 electrodes. 
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Figure 3.10 Cycling performances of (a) NaxMnO2-500, (b) NaxMnO2-

600, (c) NaxMnO2-700, and (d) NaxMnO2-800 electrodes. 
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Figure 3.11 Rate capabilities of NaxMnO2-500 (diamond) and 

NaxMnO2-800 (square). 
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3.4 Conclusions 

In conclusion, sodium manganese oxides were successfully 

synthesized by using ultrathin manganese oxide nanoplates as 

precursors. By using differently sized manganese oxide nanoplates as 

precursors, the sizes of the resulting sodium manganese oxide 

nanostructures could be controlled. The crystal structure of the 

nanostructured manganese oxides revealed a turbostratic structure 

with an interlayer distance of 0.56 nm. Further heat treatment allowed 

for the crystal structure transformation to a P2-Na0.7MnO2.05-layered 

structure. The prepared sodium manganese oxide materials were 

examined as cathode materials of Na-ion batteries. Furthermore, the 

materials displayed a more stable cycling performance with higher 

capacities compared to the previously reported sodium manganese 

oxides. The synthetic approach can be generalized to fabricate other 

alkali metal oxide nanomaterials such as lithium manganese oxide, 

and can be potentially applied to other areas such as catalysis, energy 

storage and conversion devices. 
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Chapter 4. Two-dimensional Assemblies of 

Ultrathin Titanate Nanosheets for Lithium-Ion 

Battery Anodes 

 

4.1 Introduction 

During the last decade, the production of nanostructured titanium 

dioxide has gradually increased to include 0.7% of the global TiO2 

market, and is predicted to continue increasing.
[1]

 Nanostructured 

titanium oxides are found in a wide variety of applications such as 

printing inks and glass, solar cells, photocatalysis, water treatment 

agents, and lithium-ion batteries (LIBs). So far, variously shaped 

titanium oxide nanostructures
[2]

 such as nanoparticles, mesoporous 

materials, and nanotubes have been synthesized and investigated as 

well as their potential applications in various fields. 

 The emergence of two-dimensional (2D) synthetic chemistry as a 

new field of nanomaterial sciences
[3]

 has been accompanied by the 

development of colloidal chemistry processes to prepare 2D-

nanostructured metal oxide materials;
[4] 

however, relatively few reports 
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exist on the general synthesis and characterization of ultrathin 2D-

structured anatase nanocrystals.
[5]

 Crystal structure characterization of 

ultrathin titanium oxide nanostructures including nanotubes and 

nanosheets determined that the crystal structure was a lepidocrocite 

hydrogen titanate structure, not an anatase structure.
[6]

 During the 2D 

nanocrystal synthetic process, the surface reconstruction would occur 

by incorporation of protonated surfactants in order to stabilize the 

ultrathin 2D nanocrystals.
[6e]

 The lepidocrocite hydrogen titanate 

crystals are known to easily undergo topological transition to anatase 

crystals, since particular crystallographic features of lepidocrocite 

hydrogen titanate are very similar to those of anatase.
[6c]

  

A layered structure is observed in various situations arising both in 

nature and in artificial products. Recently, layer-structured materials 

were studied as a source of monolayer sheets by delamination using a 

bulky cation.
[7]

 Layered structures show excellent mechanical 

properties that are related to its hierarchical structure;
[8]

 between the 

layers, there are usually strong interactions induced by the infilling 

matrix, where pressures arising from the upper and lower layers 

provide a constrictive force.  

LIBs have been rapidly developed as major energy storage devices for 
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portable electronics and electric vehicles.
[9]

 Various materials such as 

metal oxides, as well as Si- and Sn-based materials have been 

examined as potential anode materials for high energy–density LIBs;
[10]

 

however, they often suffer from complicated fabrication processes and 

slow charging rates. Titanium oxide nanomaterials such as lithium 

titanate, and titanium dioxide have attracted considerable attention for 

their use as high-rate LIB anodes,
[11]

 because they can accommodate 

small ions such as Li
+
 and H

+
 through an insertion mechanism.

 [12]
 This 

chapter presents the synthesis of ultrathin titanate nanosheets using 

colloidal synthetic methods; a method in which the nanosheets are 

restacked to a layered structure in an alkaline solution is also described. 

The titanate structures are easily assembled into a layered structure 

because of the inherent nature of the layered crystal structure.
[13]

 

Finally, the resulting powder was employed as an anode material for 

LIBs by utilizing its nanostructured 2D nature, which is discussed in 

detail.  
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4.2 Experimental Section 

4.2.1 Materials 

Tetraoctadecyl orthotitanate and tri-n-octylamine (TOA) were 

purchased from Tokyo Chemical Instruments. Titanium(IV) 

isopropoxide (Ti(Oi-Pr)4) was purchased from Sigma-Aldrich. Oleyl 

amine and LiOH were purchased from Acros Organics.  

4.2.2 Synthesis of Titanate Nanosheets 

The syntheses of 2D nanocrystals were carried out under an argon 

atmosphere using standard Schlenk line techniques. In a typical 

synthesis of 30-nm sized titanate nanosheets, 10 mmol (11.26 g) of 

tetraoctadecyl orthotitanate was added to 80 g of TOA. The resulting 

mixture was degassed at 60 C for 1 h. The solution was then heated to 

280 C at a heating rate of 2 C min
−1

. The reaction mixture was 

maintained at this temperature for 2 h. After cooling the solution to 

room temperature, a mixture of CHCl3 (20 mL) and ethanol (100 mL) 

was added to the solution. The solution was then centrifuged at 1700 

rpm for 10 min to precipitate the nanosheets. The separated nanosheets 

were washed using CHCl3 (50 mL) and ethanol (150 mL) several times. 

For the synthesis of 20 nm-sized titanate nanosheets, the same 
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procedures were employed except that 160 g of TOA was used. 

4.2.3 Layer Assembly Process 

The nanosheets (1.5 g) were dispersed in THF (50 mL). Next, 10 mL of 

an aqueous 1 M LiOH solution was added into the nanosheet dispersion. 

The mixed solution was then heated to 70 C and then stirred for 1 d. 

After cooling to room temperature, the solution was then centrifuged at 

1700 rpm for 20 min to precipitate the nanosheets. The separated 

nanosheets were washed twice with using water and THF and 

centrifuged at 1700 rpm for 30 min. The 2D nanocrystals were heated 

to 375 C in a tubular furnace under air atmosphere and then kept at 

this temperature for 5 h. 

4.2.4 Characterization 

The nanosheets were characterized by transmission electron 

microscopy (TEM), X-ray diffraction (XRD), Fourier-transform 

infrared (FT-IR) spectroscopy, Raman spectroscopy, atomic force 

microscopy (AFM), X-ray Absorption Near Edge Structure (XANES) 

spectroscopy, and X-Ray photoelectron spectroscopy (XPS). The TEM 

and STEM images were obtained on a JEOL EM-2010 microscope and 

a Tecnai F-20 microscope, respectively. The powder XRD patterns 
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were recorded on a Rigaku D/Max-3C diffractometer equipped with a 

rotating anode and a Cu Kα radiation source (= 0.15418 nm). The FT-

IR spectra were obtained with a Jasco Model FT-IR 200, and Raman 

spectra were acquired from a LabRam ARAMIS equipped with a diode 

laser (785 nm) as an excitation beam source. AFM images were 

acquired from Bruker Dimension FlatScan. XANES spectra were 

recorded on the 10C beam line at the Pohang Light Source II (PLS II). 

XPS (SIGMA PROBE, ThermoFisher Scientific, UK) was performed 

with Al Kα (1486.6 eV) as the X-ray source. 

4.2.5 Electrochemical Characterization 

The slurry prepared for the working electrode was composed of 70 wt% 

active material, 15 wt% Super P conductive carbon black and 15 wt% 

polyvinylidene fluoride by weight in N-methyl-2-pyrrolidinone. The 

prepared slurry was casted onto an aluminum foil, which acts as a 

current collector, and dried in an oven. This was followed by pressing 

to enhance both particle-to-particle contact and particle-to-current 

collector contact. Before the electrochemical cells (2016 type coin cell) 

were assembled in an argon-filled glove box, the working electrode was 

dried again at 120 C in a vacuum oven overnight. Li metal was used as 
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the counter and reference electrode. The electrolyte was 1.0 M LiPF6 

dissolved in ethylene carbonate (EC) and diethyl carbonate (DEC) (1:1 

volume ratio). The voltage window was between 1.0 and 3.0 V vs. 

Li/Li
+
. The electrochemical cells were galvanostatically charged and 

discharged with a WBCS3000 cycler (WonATech, Korea) at room 

temperature. 
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4.3 Results and Discussion 

4.3.1 Synthesis of Titanate Nanosheets 

Titanate nanosheets were synthesized by a non-hydrolytic sol–gel 

reaction of tetraoctadecyl orthotitanate via a “heat-up” method (Figure 

4.1). In the current synthesis, tertiary amine was used as a surfactant 

and template to yield the 2D titanate nanosheets. When tetraoctadecyl 

orthotitanate in tri-n-octylamine was heated at 280 C for 2 h, 

elliptically shaped nanosheets with dimensions of ca. 30 nm  20 nm 

were produced. The morphology of the single nanosheet was examined 

by atomic force microscopy (AFM). The AFM image obtained in 

tapping mode revealed a single nanosheet dispersed on the substrate 

with a lateral dimension of 30 nm (Figure 4.2). The height profile 

showed that the thickness of the nanosheet was about 0.7 nm. 

Considering the thickness was influenced by the organic layer, it 

matched well with the high-resolution transmission electron 

microscopy (HRTEM) image, which indicated the nanosheet 

thicknesses were ca. 0.5 nm (Figure 4.1d).  

The long alkyl chains of the titanium precursor are observed to play a 

critical role in inducing the 2D shape; when the titanium precursor was 
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changed from tetraoctadecyl orthotitanate to titanium(IV) isopropoxide, 

agglomerated titanium oxide nanoparticles were synthesized (Figure 

4.3). It was inferred that the remaining 1-octadecanol induced the 

protonation of tri-n-octylamine under the high temperature reaction 

conditions; it should be noted that protonated amines play a critical role 

in stabilizing the ultrathin morphology.
[6d] 

Varying the concentration of tetraoctadecyl orthotitanate also 

controlled the dimensions of the nanosheets. Decreasing the 

concentration of the titanium reagent to 50 mM allowed for the 

successful synthesis of smaller sized nanosheets with dimensions of ca. 

20 nm  15 nm (Figure 4.3). It is worthy to note that the nanosheet 

thickness remained consistent regardless of experimental conditions.  

The Raman spectrum of the as-synthesized nanosheets (λexc = 785 nm) 

in the 150–1000 cm
−1

 region is shown in Figure 4.5a. Raman spectral 

analysis confirmed that the structures were indeed composed of titanate 

nanosheets, which displayed very broad bands near 185, 268, 285, 382, 

445, 549, 674, and 701 cm
−1

, which was in good agreement with the 

previously reported lepidocrocite-type titanate structure.
[6a,c,d]

 

Additionally, the Ti K-edge X-ray absorption near-edge structure 

(XANES) analysis of the titanate nanosheet further confirmed the 
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crystal structure of the titanate nanosheets; the absorption spectrum was 

well matched with that of the lepidocrocite-type titanate structure. 

When the reaction was performed using 20 mmol of titanium precursor, 

1.8 g of titanate nanosheets were obtained in a single batch (Figure 4.6), 

demonstrating that the current synthetic process can be easily scaled up. 
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Figure 4.1 STEM images of (a, b) 30 nm-sized nanosheets, (c) TEM 

image, and (d) HR-TEM image of 30 nm-sized nanosheets. 
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Figure 4.2 AFM images of the nanosheets. (a, b) 3D, 2D mapping 

images, respectively, and (c) height profiles. 
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Figure 4.3 TEM images of agglomerated titania nanoparticles prepared 

using titanium(IV) isopropoxide. 
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Figure 4.4 TEM and STEM images of (a, b) 20 nm-sized nanosheets; 

(c, d) 30 nm-sized nanosheets. 
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Figure 4.5 (a) Raman spectrum of 30 nm-sized nanosheets and (b) 

XANES spectra of 30 nm-sized nanosheets and various standard 

titanium oxide samples (TiO, anatase, protonated titanate). 
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Figure 4.6 A photograph showing 1.87 g of the synthesized nanosheets.  
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4.3.2 Assembly of the titanate nanosheets 

As depicted in Figure 4.7, assembly of individual titanate nanosheets to 

form layered structures was easily achieved by removal of the 

hydrophobic surfactants on the as-synthesized nanosheets by treatment 

with LiOH. This procedure promotes the reaction of hydroxide ion with 

the surface Ti atoms while the Li
+
 ion remains on the surface of titanate 

nanosheet. The 30 nm-sized nanosheets were dispersed in THF and the 

solution was mixed with an aqueous LiOH solution.
[14]

 After the 

reaction with LiOH, the titanate sheets were collected by centrifugation. 

HRTEM images revealed that a few dozen of the titanate sheets were 

hierarchically assembled after reaction with LiOH (Figures 4.8a and 

4.8b). The distance between the two layers ranged from 0.6–1.2 nm, 

with the majority being in the region of 0.8–0.9 nm. The collected 

powder product was heated at 375 C for 5 h in a tube furnace. An 

examination of the obtained materials showed that the structure, 

morphology, and individual thickness of the 2D structure was nearly 

unchanged after the thermal treatment (Figure 4.8). FT-IR spectral 

analysis after treatment with LiOH revealed that a large portion of 

surfactant was removed and a strong hydroxyl peak appeared (Figure 

4.9a). 
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Small-angle XRD patterns demonstrated that inter-particle nanosheet 

distances were remarkably decreased after the assembly process (Figure 

4.10). The peak at 2θ = 4.35° for the as-synthesized nanosheets 

suggested an inter-particle distance of around 2.03 nm. On the other 

hand, after the assembly process, the broad peak across 6.50–12.15° 

was observed in the case of assembled nanosheets, indicating an inter-

particle distance between 0.73 and 1.36 nm. The maximum peak point 

at around 9.75° demonstrated that the most dominant inter-particle 

distance was 0.91 nm. These results are in accordance with the HRTEM 

study. Thus, it was concluded that, through the assembly process, the 

nanosheets were closely stacked together by replacing most of the 

hydrophobic surfactants with Li
+
 ions. 

  The wide-angle XRD patterns showed that the crystal structure was 

changed after the heat treatment, but the XRD peaks had sharpened 

slightly; this observation suggests that the particle size slightly 

increased (Figure 4.10b). Furthermore, layered assembly process could 

be achieved not only by using LiOH aqueous solution treatment but 

also by using NaOH or KOH solutions through a similar process 

(Figure 4.11), demonstrating that the current assembly process can be 

extended to various base solutions. In order to analyze the chemical 
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composition and oxidation states of titanium on the surface, X-ray 

photoelectron spectroscopy (XPS) was performed (Figure 4.12). In the 

survey spectrum, only Ti, O, and C were observed; Li was almost 

negligible due to the low sensitivity of lithium. No other impurity 

elements were observed to exist on the surface. The high-resolution 

XPS spectrum in the Ti 2p region indicated that oxidation states of Ti 

are mainly 4+ with minor amounts of 3+. Oxygen vacancies or Li
+
 ion 

chemisorptions on the surface would induce the reduction of Ti ion on 

the surface.
[15]
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Figure 4.7. Schematic illustration of layered assembly process. 
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Figure 4.8 TEM images of titanate nanosheets (a, b) after reaction with 

LiOH and (c, d) subsequently heat-treated at 375 C. Inset of (b) shows 

line profile measured at dotted white line in (b). 
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Figure 4.9 (a) FT-IR-spectra and (b) XRD patterns of the nanosheets as 

synthesized, after LiOH treatment and after heat treatment (blue green 

black line). 
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Figure 4.10 Small-angle XRD of titanate nanosheets before and after 

the assembly process (lower and upper lines, respectively). 
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Figure 4.11 TEM images of the titanate nanosheets treated by (a) KOH 

and (b) NaOH. 
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Figure 4.12 XPS spectra of titanate nanosheets after the assembly 

process (a) survey spectrum and (b) high-resolution spectrum of Ti 2p 

region. 
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4.3.3 Electrochemical performances of assembled titanate 

nanosheets 

Electrochemical performances of the layer-assembled titanate 

nanosheets were evaluated using coin-type half-cells. Charge and 

discharge voltage profiles are shown in Figure 4.13a. The Li
+
 

insertion/extraction was carried out in the voltage range of 1.0–3.0 V 

(vs. Li/Li
+
) with a rate of 1 C (= 168 mAh g

−1
). Previous reports on the 

examinations of TiO2 anatase anode material charging profiles showed 

a large plateau at ca. 1.7 V, indicating the insertion reaction of Li
+
 ions 

into vacant sites.
[12]

 However, no significant plateau was observed in 

the current 2D titanate nanosheets, similar to other previously reported 

titanate nanomaterials.
[16]

 When nanosheets were applied as the anode, 

the first discharge and charge capacities were 245 and 198 mAh g
−1

, 

respectively. The irreversible capacity loss was significantly reduced by 

repeating the cycles. The irreversible capacity loss in the first cycle 

could be due to a variety of reasons such as dangling bonds, defects, or 

the existence of water on the surface area.
[15]

 Although these conditions 

normally exist, the wider surface area of the 2D nanosheet electrode 

would increase the influence of these conditions. 

The cycling performances of the nanosheet anodes were tested over 
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200 cycles (Figure 4.13b). The stable cycling behavior was observed at 

charging/discharging rates of 1, 5, and 10 C. The charge capacity at a 

high rate of 10 C was 122 mAh g
−1

 after 200 cycles, which is very high 

considering that the capacity at 1 C is 168 mAh g
-1

. Thus, the layer-

assembled structure of the nanosheets enabled stable cycling 

performances.  

The rate performances of the 2D electrodes were also evaluated over a 

gradual increase in current rates at 0.1, 0.5, 1, 5, 10, and 50 C (Figure 

4.13c). The specific capacities, which were obtained by selecting the 

fifth charge capacity at each step, were 192, 175, 166, 141, 123, and 70 

mAh g
−1

, respectively. In addition, the capacity recovered to 165 mAh 

g
−1

 when the rate was reduced to 1 C after cycling at high rates, 

indicating the good structural stability and tolerance for high rate 

cycling of the electrode materials. These results indicated that 2D 

titanate anodes have a higher capacity and superior capacity retention 

than typical TiO2 nanoparticles.
[12]

 The enhancement of the cyclic 

stability and rate capability seems to be a result of reduction of the 

particle dimensions.  
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Figure 4.13 (a) Charge–discharge profiles of the assembled nanosheets 

at a rate of 1 C. (b) Cycling performances of the assembled nanosheets 

at rate of 1, 5, and 10 C. (c) Rate performance of the assembled 

nanosheets. 
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4.4 Conclusions 

In conclusion, ultrathin 2D titanate nanosheets with a thickness of 0.5 

nm were successfully synthesized. Through layer assembly processes, 

few dozen titanate sheets were hierarchically assembled without 

deformation of the 2D shape of individual titanate nanosheets, 

accompanied by removal of most of the hydrophobic surfactants, i.e., 

the surface of the 2D titanate nanocrystals was transformed to a 

hydrophilic layer for easy accessibility of Li
+
 ions. The layer-assembled 

2D nanocrystals were applied as anode materials for LIBs and showed 

superior electrochemical performances under high rates. The structure 

of nanocrystals leads to a fast charging reaction of Li
+
 ion due to 

shortened Li
+
 ion diffusion path. The ultrathin 2D titanate can be 

possibly applied to other areas such as catalysis, energy conversion, 

and development of optoelectronic devices. 
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초 록 

이차원 나노 물질은 이차원 모양만의 독특한 성질들로 인하

여 학계에서 관심 받고 있는 물질이다. 그에 따라, 최근 2D 

전이금속 산화물 합성에 관한 다양한 연구가 발표되고 있다. 

이 학위 논문에서는 상향식 접근방법을 통해 2D 금속 산화물 

나노입자를 합성하고 이를 응용하는 한 방법에 대하여 기술하

였다. 

 처음으로, 열분해 방법을 통하여 층상 형 구조를 이루는 매

우 얇은 산화망간 나노플레이트를 합성하였다. 2,3-

dihydroxynaphthalene을 산화망간 나노 플레이트의 리간드로 

사용하여 표면을 효과적으로 제어 할 수 있었을 뿐 아니라, 

분자 간 -인력을 통하여 2차원 라멜라 구조를 이루는 약

1 나노 정도의 두께를 지니는 산화망간을 합성할 수 있었다. 

뿐만 아니라 용매와 리간드 사이의 -인력을 조절하여 산

화망간 나노플레이트의 길이를 8 nm에서 70 nm까지 조절할

수 있었다. 또한, 표면 개질 반응을 통하여 나노 플레이트 

표면을 친수화 시킬 수 있었으며, 이를 자기공명영상 조영제

로 응용하여 자기공명 영상 증강 효과를 보여주었다.  

다음으로 앞에서 합성된 산화망간 나노플레이트를 사용하

여, 소듐 산화 망간 구조를 성공적으로 합성하였다. 소듐산화
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망간 나노입자의 모양과 크기는 산화망간 나노플레이트의 크

기를 변화시켜서 제어 가능하였으며, 그의 결정 구조는 층상 

거리가 약 0.56 나노미터 떨어진 turbostratic 구조로 밝혀졌

다. 결정성이 좋은 물질을 얻기 위하여 온도를 높여 열처리를

진행하였으며, 이를 통해서 층상형 구조인 P2-Na0.7MnO2.05 

마이크로 입자로 변화되었다. 이러한 소듐 산화 망간 층상구조

체는 소듐 이온 배터리의 양극 물질로 적용되었으며, 기존에

발표된 소듐 산화 망간 물질 전극에 비해 용량의 증가 뿐 아

니라 안정된 충 방전 특성을 보였다. 

마지막으로, 약 0.5 nm 두께의 매우 얇은 타이타네이트 나노

시트 구조를 성공적으로 합성하였다. 합성된 나노입자는 알칼

리 용액과의 반응을 통하여 손쉽게 층상형구조로 조립할 수 

있었으며, 이 과정을 통하여 두께나 모양은 변화 없이 소수성

의 표면이 친수성으로 개질 되었다. 이렇게 표면처리된 나노시

트를 리튬 이온 배터리 음극물질로 활용되었으며, 얇은 2D구

조를 활용하여 안정적이며 빠른 충방전 특성을 보여주었다. 

 

주요어:  2차원, 나노플레이트, 산화 망간, 타이타네이트, 소듐 

산화 망간, 배터리 

학번: 2006-23215 
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