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Abstract 

 

Synthesis of Tin and Cobalt  

Oxide-Carbon Nanocomposites for 

Lithium Ion Battery Anodes 

 

Dong Jun Lee 

School of Chemical and Biological Engineering 

The Graduate School 

Seoul National University 

 

Developing lithium ion battery (LIB) electrodes with high-energy-

density and improved stability is of primary importance to meet the 

challenges in electronics and automobile industries in the near future. 

High-capacity anode materials, including transition metal oxides, Si, Sn, 

and SnO2, generally suffer from a huge volume expansion during 

cycling, resulting in poor stability. For commercialization, the 

development of a facile and scalable synthetic method should be also 

considered. This dissertation includes the facile fabrication of 
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functional hybrid nanomaterials that effectively reduce mechanical 

stress-induced electrode degradation.  

Firstly, I report a simple synthetic method of carbon-based hybrid 

cellular nanosheets that exhibit outstanding electrochemical 

performance for many key aspects of lithium ion battery electrodes. 

The hybrid cellular nanosheets consisted of carbon cellular nanosheets 

loaded with SnO2 nanoparticles. The as-synthesized carbon nanosheets 

have well-ordered empty cubic cells encapsulated by carbon walls. I 

loaded SnO2 nanoparticles in the carbon cellular nanosheets by “ship-

in-a-bottle” vapor deposition method and tested the performance of the 

resulting SnO2-carbon nanosheets as LIB anode materials. When the 

hybrid nanosheets are cycled, the volume expansion of SnO2 is 

confined in the cells and the mechanical integrity is maintained, 

resulting in superior cycling stability. The sheet-like structure of the 

carbon nanosheets contributes to the short lithium ion diffusion length 

and facilitates electron transport through the carbon networks. As a 

result, the hybrid cellular nanosheet exhibited excellent battery 

performance, 914 mAh g-1 of average capacity over 300 cycles and a 

capacity reduction of only 20% at a high current density of 3000 mA g-1. 
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Secondly, various metal (oxy)hydroxide nanoplates with hexagonal 

shapes were fabricated by a simple and straightforward synthetic 

method. For their application as LIB anodes, polydopamine is coated 

on the nanoplates and the resulting hybrid materials are converted to 

mesoporous CoO@carbon core–shell nanoplates. Through evaluation 

of the carbon-thickness-dependent electrochemical performance, it is 

concluded that a proper amount of carbon coating is necessary for 

preventing conversion-induced degradation and improving battery 

performance. 

 

 

Keywords: lithium ion battery, anode materials, nanocomposite, 

metal oxide nanoparticles, energy storage. 
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Chapter 1. Introduction:  

Conversion Reaction Based Oxide Nanomaterials 

for Lithium Ion Battery Anode Materials 

 

1.1 Introduction 

 

Over the past two decades, rechargeable lithium ion batteries (LIBs) 

have become one of the most important power sources for portable 

electronic devices because LIBs exhibit many advantageous features 

including long life span, high reaction voltage, low self-discharge, 

wide temperature window, and lack of a memory effect.[1-5] Recently, 

they have also been incorporated into the development of hybrid 

electric vehicles (HEVs), plug in hybrid electric vehicles (PHEVs), 

and electric vehicles (EVs).[4-6] To be commercially successful in 

various EVs and to meet the increasing energy and performance 

expectations in electronic devices, LIBs should have increased energy 

densities. The most straightforward way to accomplish this objective 

is to develop high-voltage cathodes and high-capacity anodes.[7-13] 

However, developing high-voltage cathodes (~5.0 V) is extremely 
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challenging because conventional organic electrolytes are unstable at 

the high voltages.[7,8] Consequently, tremendous efforts have been 

devoted to developing high-capacity anode materials for LIBs.[9-13] 

Various nanomaterials, including Li4Ti5O12 and SnO2 nanoparticles, 

have been employed as anode materials, and some have shown 

superior electrochemical properties.[14-20] Among them, nanostructured 

transition metal oxides such as iron oxide and manganese oxide have 

attracted a great deal of attention due to their high theoretical capacity 

since the early 2000s.[21-24] The reaction between lithium and nano-

sized transition metal oxides, the so-called “conversion reaction,” is 

shown in Equation 1. 

MxOy + 2yLi+ + 2ye- ↔ xM0 + yLi2O (M = transition metals)  (1) 

Figure 1.1 shows a schematic illustration of the conversion 

reaction of transition metal oxides for LIB anodes. From Equation 1, 

2y lithium ions can be stored per formula unit of metal oxide through 

a conversion reaction, causing a structural change and amorphization 

of transition metal oxides that involves large volume expansion. At the 

end of lithiation, nanoscale transition metal clusters are embedded in 

the lithium oxide (Li2O) matrix. During de-lithiation, these transition 

metal clusters are oxidized to form amorphous transition metal oxide. 
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The theoretical capacity (q) of the electrode materials can be described 

as follows: 

q = Qm/m        (2) 

where Qm is the total quantity of charge that can be stored in an 

electrode molecule, and m is the molecular weight (g) of the electrode 

materials. Because Qm can be obtained by multiplying the number of 

moles of stored electrons (n, which is equal to 2y in Equation 1) and 

the Faraday constant (F = 96485 C mol-1 = 26801 mAh mol-1), 

Equation 2 can be converted as follows. 

q = nF/m = 26801(n/m) [mAh g-1]     (3) 

Most conversion reaction-based transition metal oxides have 

much higher theoretical capacities than graphite (372 mAh g-1), and 

some can exceed 1000 mAh g-1. Despite the high theoretical capacity, 

conversion reaction-based oxide nanomaterials should be further 

optimized to overcome other unsatisfactory electrochemical properties 

including voltage hysteresis.[22,23] A difference in voltages exists 

between the discharge and charge profiles, causing huge round-trip 

energy density inefficiency. In addition, very large volume changes 

occur during charge and discharge leading to cycle fading. A low 

initial Coulombic efficiency and rate capability should also be 



４ 

 

improved. Exploitation of nanostructured materials can effectively 

alleviate the strain derived from the volume change, resulting in 

enhanced specific capacity retention. Furthermore, nanostructured 

materials can provide large electrode–electrolyte contact areas and 

shorten diffusion length of lithium ion in the active materials, leading 

to a high rate capability.[24-29] To address these issues, various metal 

oxide nanostructures having many different morphologies and 

compositions have been investigated as LIB anodes. In chapter I, I 

summarize recent progress on the development of nanostructured 

metal oxides for LIB anodes. All potentials in this review are given 

versus Li+/Li.  
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Figure 1.1. Schematic illustration of the conversion reaction of a 

metal oxide in a lithium-ion battery. 
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1.2 Nanostructured Metal Oxides for Lithium Ion 

Battery Anodes 

 

1.2.1 Iron Oxide 

Iron oxide has attracted much attention as anode materials for LIBs 

because of its very high theoretical capacity (924 mAh g-1 for Fe3O4 

and 1007 mAh g-1 for Fe2O3), low cost, and environmental benignity. 

Conversion reactions in iron oxide were first observed in the 1980s 

using molten salt electrolytes.[30] However, the electrochemical 

reversibility of these electrodes was much lower than the theoretical 

expectation. A breakthrough occurred in the 2000s that improved the 

electrochemical reversibility when nanometer-scale iron oxide was 

introduced.[21]  

The α-Fe2O3 (hematite) and Fe3O4 (magnetite) are the most 

explored iron oxides. The conversion reaction involves severe 

structural reorganization and volumetric changes.[31] As shown in a 

typical voltage profile of iron oxide, a plateau at about 0.8 V 

corresponding to the full reduction of FeOx to a Fe0/Li2O mixture 

occurs followed by electrolyte decomposition that provides additional 

capacity and interfacial storage.[32] Moreover, the initial cycle exhibits 
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a different profile from subsequent cycles, which is related to 

activation processes and an irreversible capacity loss.  

Various shaped α-Fe2O3 nanostructures have been evaluated to 

improve the electrochemical properties. Hollow nanostructured α-

Fe2O3 has been shown enhanced electrochemical performances while 

alleviating volume expansion during cycling effectively.[33-42] Hard 

templates (silica[33]) and soft templates (organic nanotube,[34] quasi-

emulsion,[36] and metal-organic-framework[37,38]) have been utilized 

frequently followed by etching processes, such as calcination or 

soaking, to create hollow interior structures. α-Fe2O3 microboxes 

derived from Prussian blue microcubes exhibited a reversible capacity 

of 945 mAh g-1 after 30 cycles.[38] However, hollow structures 

sacrifice volumetric specific capacities due to low tap densities of 

active materials. Therefore, a thick electrode with a high mass loading 

is needed, but a thick electrode makes it difficult to provide effective 

electrical pathway during cycling. 

Another strategy for enhancing battery performance is making 

composites with carbonaceous materials. Carbon can provide 

mechanical strength against deformation and act as electron-transfer 

channels between the current collector and active materials. Moreover, 
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a carbon coating on the electrode surface can prevent excessive 

formation of a solid electrolyte interphase (SEI) layer.[42] Many α-

Fe2O3 compounds and carbon structures, such as reduced graphene 

oxide (RGO),[43] carbon nanotubes (CNTs),[44] and carbon 

matrices,[45,46] showed good battery performance, including capacity 

retention and rate capability.  

Mesoporous α-Fe2O3 nanostructures also have been employed as 

anode materials. Mesoporous silica NPs[47] and metal-organic 

frameworks (MOF)[48] are typically used as templates. For example, 

mesoporous α-Fe2O3 prepared using an Fe-containing MOF exhibited 

a capacity of 911 mAh g-1 after 50 cycles at a 0.2 C-rate.[49] The 

capacity of mesoporous α-Fe2O3 increased slowly during the initial 

cycles. This increase might be caused by the reversible formation of a 

gel-like layer at low potentials,[50] or incomplete de-conversion 

reactions owing to the presence of electrically disconnected regions in 

the electrode.[22] A capacity of 424 mAh g-1 was achieved when cycled 

at 10 C. α-Fe2O3 nanostructures deposited on current collectors, such 

as copper[50] and nickel foil,[51] have been also evaluated for LIB 

anodes. These nanostructures maintain direct electric contact with 

current collectors, allowing omission of carbon additives in the 
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electrode. There are still limitations in the film thickness, however, 

resulting in a low volumetric specific capacity.  

Magnetite has problems similar to other conversion reaction-

based transition metal oxides, including volume expansion, excessive 

SEI formation, and low Coulombic efficiency. Hence, various 

nanostructures have been tested to overcome these problems. Such 

nanostructures include hollow structures,[52] mesoporous structures,[53] 

nanocomposites with graphene,[54-57] carbon nanotubes,[58,59] carbon 

matrixes,[60-66] and nanostructures deposited on metal current 

collectors.[67] Lee et al. reported that excessive SEI formation can be 

minimized by changing the geometric configuration.[54] 10-nm-sized 

iron oxide NPs[68] are assembled to secondary particles and calcined in 

an inert gas to form mesoporous iron oxide nanoparticle clusters 

(MIONCs). By comparing the electrochemical properties with random 

aggregates of iron oxide nanoparticles (RAIONs), the MIONCs 

exhibited enhanced cyclic stability and Coulombic efficiency. The 

MIONCs exhibited a thin and compact SEI layer on their surfaces and 

maintained their original morphology even after 20 cycles, while 

RAIONs were buried under an excessive SEI layer. 

Although diverse hierarchical nanostructures have been 
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synthesized via a template method, they require complicated 

procedures including fabrication of templates, impregnation of 

precursors, and removal of template. It remains a challenge to develop 

facile and scalable syntheses of hierarchical nanostructures. A 

hierarchical C/Fe3O4 nanocomposite has been developed by a simple 

one-pot reaction.[63] The synthetic route involves mixing of iron 

chloride with sodium dodecyl sulfate (SDS) solution, followed by 

addition of pyrrole without any washing steps (Figure 1.2a). The 

residual Fe3+ ions acted as an oxidant for polymerization of pyrrole. 

After calcination in argon, the resulting C/Fe3O4 nanocomposite 

exhibited a sea urchin-like morphology with diameters of hundreds of 

nanometers (Figure 1.2b). The interior of the C/Fe3O4 nanocomposite 

was composed of a nanoporous structure with irregular nano-sized 

subunits (Figure 1.2c). The C/Fe3O4 nanocomposite showed a 

capacity of 800–1000 mAh g-1 at a current of 100 mA g-1 up to 100 

cycles, demonstrating high reversibility (Figure 1.2d). At an 

increasing current of 2500 mA g-1, the C/Fe3O4 nanocomposite 

delivered 418 mAh g-1 (Figure 1.2e).  
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Figure 1.2. (a) Schematic illustration of synthetic procedure for a sea 

urchin-like porous C-Fe3O4 nanocomposite. TEM images of (b) 

prepared and (c) sectioned C-Fe3O4 nanocomposite. (d) Cycle 

performance and (e) rate properties of sea urchin-like C-Fe3O4 

nanocomposite. (from Ref. [62] J. E. Lee, S.–H. Yu, D. J. Lee, D.–C. 

Lee, S. I. Han, Y.–E. Sung, T. Hyeon, Energy Environ. Sci. 2012, 5, 

9528) 
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1.2.2 Manganese Oxide 

Manganese oxide has been investigated because of its high 

theoretical specific capacity, low reaction potential (0.2–0.5 V during 

the initial discharge),[22] and low voltage hysteresis (<0.8 V) compared 

with other transition metal oxides.[69] Manganese oxide has a variety 

of crystallographic structures, which include cubic rock salt (MnO, 

756 mAh g-1), inverse spinel (Mn3O4, 937 mAh g-1), hexagonal 

corundum (Mn2O3, 1019 mAh g-1), and a manganese dioxide structure 

(MnO2, 1223 mAh g-1).[24] Although manganese oxide has many 

advantages for use as an anode in LIBs, fully utilization of manganese 

oxide is difficult. Manganese oxide has extremely low electrical 

conductivity (~10-7–10-8 S/cm for Mn3O4) that hampers its usage and 

commercialization as an electrode material.[70]  

Understanding the reaction mechanism during charge/discharge 

cycling is very important for improving electrode stability as 

mentioned in the previous section. However, the structural and 

chemical changes during a conversion reaction make it difficult to 

investigate the reaction mechanism. In addition, the sensitivity of the 

reaction intermediates and products to ambient conditions impose 

limitations on ex situ techniques. Therefore, various in situ techniques 
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such as in situ transmission electron microscopy (TEM),[71] X-ray 

diffraction (XRD),[72] X-ray absorption spectroscopy (XAS),[73] and 

X-ray tomography,[74] have been recently adopted that reveal the 

events occurring during cycling. Lowe et al. analyzed the conversion 

reaction in a Mn3O4 electrode using in operando XRD and XAS 

techniques and proposed the mechanism depicted in Figure 1.3. 

Zhang et al. investigated the morphology, mechanical strength, and 

the formation of SEI on a MnO film at different states of 

charge/discharge using atomic force microscopy and force 

spectroscopy.[75] It is noteworthy that the distribution of the SEI layer 

on the electrode surface was highly inhomogeneous and proper 

strategies to achieve controllable SEI layers can be developed by 

means of different nanomaterial synthetic methods.  

A variety of manganese oxide nanostructures have been 

fabricated and tested in pursuit of high battery performance and stable 

cycling. Construction strategies are similar to those mentioned for iron 

oxide, including manganese oxide nanocomposites combined with 

conducting materials, such as carbon,[76-88] CNTs,[89-91] graphene,[92-96] 

N-doped carbon,[97-101] and reduced graphene oxide (RGO).[102-104] 

Controlling the morphology of manganese oxide has also been 
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demonstrated on mesoporous[73,105-108] and hollow structures.[109,110] 

Interestingly, some reports showed a U-shaped capacity and cycle 

number plots, in which the capacity decreased during the first few 

cycles and then increased slowly upon additional cycling.[79,97] In 

some cases, the capacity at the last cycle was much higher than the 

initial capacity.[94] This cycling behavior can be attributed to several 

factors including lithiation-induced reactivation[111] and generation of 

Mn4+ during the charge process. The latter occurs because Mn2+ was 

partly re-oxidized to a higher oxidation state.[77]  

Mn3O4 has a much lower electrical conductivity than Co3O4 and 

Fe3O4. In order to increase the electrical conductivity of Mn3O4, 

Mn3O4 NPs were grown on RGO using a two-step solution-phase 

method, resulting in the formation of Mn3O4-RGO hybrid material 

(Figure 1.4a).[70] About 10–20 nm-sized Mn3O4 NPs with high 

crystallinity were uniformly distributed on the RGO sheets (~10 wt%) 

(Figure 1.4b,c). A specific capacity of about 810 mAh g-1 was 

delivered at a current density of 40 mA g-1 after 50 cycles (Figure 

1.4d), which can be attributed to innate interactions between the 

graphene substrates and Mn3O4 NPs. Moreover, good dispersion of the 

Mn3O4 NPs on the RGO sheets can prevent aggregation during 
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cycling, which can facilitate the movement of charge carriers from 

current collectors through highly conducting 3D graphene networks.  

Mn2O3 has interesting properties for its use as an anode material 

for LIBs, such as a high theoretical capacity (1019 mAh g-1) and a 

relatively low operating voltage (average discharge voltage at 0.5 V 

and charge voltage at 1.2 V). These features can result in a higher 

energy density than that of other transition metal oxide-based anode 

materials. However, the low intrinsic conductivity of Mn2O3 can cause 

poor capacity retention and low rate capability. To address this issue, 

various types of mesoporous Mn2O3 nanostructures have been 

explored as anode materials[112-115] because large size voids can 

facilitate lithium ion diffusion and electrolyte access. Porous Mn2O3 

nanostructures were mainly synthesized by morphology-conserved 

phase transformation from Mn-containing precursors, such as 

MnCO3,
[116] Mn(OH)2,

[117] and Mn-glycolate.[118] Among these 

nanostructures, porous Mn2O3 nanoplates retained a capacity of 813 

mAh g-1 after 50 cycles at a current density of 100 mA g-1, whereas 

the capacity of the bulk Mn2O3 powder electrode degraded rapidly.[118] 

The improved electrochemical performance of the porous Mn2O3 

nanoplates can be attributed to the thin plate morphology and porous 
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structure. The thin plate morphology can provide abundant surface 

sites for electrochemical reactions and thereby increase specific 

capacity, while the porous structure can alleviate the electrode 

polarization during the discharge-charge process and thereby enhance 

the rate capability and capacity retention.  
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Figure 1.3. Schematic representation of proposed reaction mechanism 

of Mn3O4. (from Ref. [72] M. A. Lowe, J. Gao, H. D. Abruña, J. Mater. 

Chem. A 2013, 1, 2094)  
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Figure 1.4. (a) Schematic of preparation of Mn3O4/RGO. (b,c) TEM 

images of Mn3O4/RGO. (d) Rate properties of Mn3O4/RGO. (from Ref. 

[70] H. Wang, L.–F. Cui, Y. Yang, H. S. Casalongue, J. T. Robinson, Y. 

Liang, Y. Cui, H. Dai, J. Am. Chem. Soc. 2010, 132, 13978) 
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1.2.3. Cobalt Oxide 

CoO and Co3O4 are the main phases used as anode materials, in which 

the theoretical capacities are 715 and 890 mAh g-1, respectively.[119,120] 

The overall reactions for these two phases during cycling are shown in 

Equations 4 and 5. 

Co3O4 + 8Li+ + 8e- ↔ 3Co + 4Li2O     (4) 

CoO + 2Li+ + 2e- ↔ Co + Li2O      (5) 

These reactions induce large volume expansions of about 

100%,[121] which cause the agglomeration of active materials and a 

deterioration of mechanical integrity leading to poor capacity retention. 

Voltage plateaus for the Co3O4 electrode are observed at 1.3/0.8 V and 

2.2 V during initial discharge and charge, respectively.[122] In the case 

of the CoO electrode, voltage plateaus during initial discharge and 

charge occur at 0.7 and 2.1 V, respectively.[119]  

Many attempts have been made to discover the lithiation/de-

lithiation pathway using a variety of methods. Larcher et al. reported 

that there are two different pathways during initial lithiation of Co3O4. 

These two pathways are described in Equations 6 and 7.[121] 

Co3O4 + xLi+ + xe- ↔ LixCo3O4 (x ≤ 2)     (6) 

Co3O4 + 2Li+ + 2e- ↔ 3CoO + Li2O     (7) 
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They demonstrated that the lithiation pathway is governed by the 

morphology of the active materials and cycling conditions, such as 

current density and cycling temperature. During the first discharge, 

formation of lithium-inserted LixCo3O4 is favored in large-sized Co3O4 

(higher on-surface current densities), while the smaller crystal sizes 

(lower current densities) lead to intermediate formation of CoO. 

Structural evolution and reaction pathways were also studied by in situ 

TEM.[123,124] Luo et al. reported atomic resolution observation of 

lithiation- and de-lithiation-induced phase conversion of 5 nm-sized 

Co3O4 nanocubes.[123] In the early stage of lithiation, lithium ions 

diffuse into the spinel crystal structure, forming Li-intercalated 

LixCo3O4 resulting in a small volume expansion (about 20%). 

Interestingly, this microscopic observation is consistent with Equation 

6, as previous reports discovered. As more lithium ions are inserted 

into Co3O4, the lattice fringe disappears, indicating the amorphization 

of Co3O4 and the conversion to small Co-Li-O clusters. In the final 

phase, the Co-rich clusters are further reduced, and Co metal clusters 

and Li2O crystals nucleate and grow simultaneously. Co metal clusters 

are then interconnected and embedded into the Li2O matrix.  

For conversion reaction-based nanostructured metal oxides, a 
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gradual increase in capacity during the first few cycles is often 

observed. This capacity increase is more often observed in cobalt 

oxide. Sometimes unexpectedly high capacities exceeding the 

theoretical capacity were achieved for oxide materials. This 

phenomenon seems to occur owing to the following reasons such as 

formation of polymer/gel-like films,[125] defect-induced storage of 

lithium ions,[126] improved kinetics resulting from oxidation states 

higher than the initial state,[97] and capacitive behavior at the interface 

between metal nanoparticles and Li2O.[127] It has been widely accepted 

that polymer/gel-like film can participate in reversible lithium storage 

and is a dominant factor to increase the capacity.[128] Such films are 

formed by electrochemically driven ring-opening polymerization of 

electrolytes,[125] and the polymerization activity will depend on the 

metal species. Thus, cobalt oxide might result in a large increase in the 

capacity because of its high catalytic activity compared with other 

metal species. Although the exact mechanism for these events remains 

unclear, studies are underway seeking to better understand the 

mechanisms, which should give new insights into the fabrication of 

anode materials with enhanced electrochemical performance. 

Due to their attractive properties, various nanostructured cobalt 
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oxides have been developed. Wang et al. synthesized a highly ordered 

mesoporous Co3O4 nanostructure using KIT-6 mesoporous silica as a 

hard template. These materials exhibited a high specific capacity of 

about 1200 mAh g-1 at a current density of 50 mA g-1 and 700 mAh g-1 

at 300 mA g-1 at 100 cycles.[129] Wang et al. reported a facile synthesis 

of a Co3O4 nanobelt array on titanium foil through thermal treatment 

of cobalt carbonate hydroxide nanobelts synthesized by a 

hydrothermal method.[130] The resulting nanobelt array delivered a 

reversible capacity greater than 700 mAh g-1 after 30 cycles. In 

addition, diverse Co3O4 nanostructures, including 

nanowire/fibers/rods,[131-134] nanotubes,[122] hollow 

microspheres,[111,135-137] nanosheet/plates,[138,139] porous 

nanocapsules,[140] agglomerated nanoparticles,[141] and nanocages[142] 

have been investigated as LIB anodes.  

Recently, Wang et al. reported a synthesis method for 

multishelled Co3O4 hollow microspheres using polysaccharide-based 

carbonaceous microspheres and the hydrated cobalt ion ([Co(H2O)6]
2+) 

as a sacrificial template and precursor, respectively. These 

microspheres showed superior electrochemical performance in terms 

of capacity.[135] The number of shells in multi-shelled hollow spheres 
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are precisely controlled by varying the number of coordinated aquo 

groups within the cobalt ion ([Co(H2O)x]
2+, x = 3-6), which changes 

the diffusion rate of the cobalt ion. Among multi-shelled hollow 

microspheres with a shell number range of 1 to 4, triple-shelled Co3O4 

microspheres showed a promising capacity of 1616 mAh g-1 at 30 

cycles. This incredibly high capacity resulted from a combination of 

porous architecture, high surface area, and the interior cavities of 

multi-shelled microspheres. 

When cycle number increases, the capacity of a cell 

monotonically decreases because electrode materials suffer from 

mechanical degradation. These ‘dead’ cells cannot be restored to their 

original functionality. However, it has been reported that this 

degradation can be controlled to restructure the mesoporous 

architecture of mesoporous Co3O4 hollow spheres, and stabilize the 

SEI layer by high-rate lithiation-induced reactivation.[111] Figure 1.5a 

represents a schematic illustration of this reactivation process. During 

the first 90 cycles, the materials suffer from enormous capacity fading 

(Figure 1.5e). During this stage, the SEI layer repeatedly fragments, 

exfoliates, and changes its form, which makes the SEI layer thick and 

unstable. Figure 1.5c shows that SEI layers were cracked and very 
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thick due to repeated mechanical destruction and reformation. 

Surprisingly, after capacity fading, continuous lithiation at a high 

current density stimulated the reactivation of the electrode materials, 

gradually raising the specific capacity during the following cycles 

without any significant degradation. The scanning electron 

microscope (SEM) image in Figure 1.5d shows that the lithiation-

induced reactivation process makes the SEI layer thinner and stable 

leading to a smooth and completely encapsulated SEI layer after 850 

cycles. 

As discussed in previous sections, it is widely accepted that the 

electrochemical performance of nanostructured metal oxides can be 

enhanced by making composites with carbonaceous materials that can 

accommodate volume changes and act as a current collector. For these 

reasons, cobalt oxide-based composites with various carbon substrates 

such as graphene,[143-149] carbon nanotubes,[150,151] mesoporous 

carbon,[152] and amorphous carbon,[153-155] have been developed. 

However, more precise control is needed to directly synthesize cobalt 

oxide nanoparticle-carbon composites because cobalt is easily reduced. 

Approaches to fabricate metal oxide-carbon nanocomposites include 

heat treatment of various inorganic–organic conjugated precursors. 
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This approach has been applied for other metal oxides.[98,156,157] 

However, when a cobalt-organic precursor is heated in inert gas or 

vacuum conditions, cobalt oxides are reduced to metallic Co via a 

carbothermal reduction process accompanied by the simultaneous 

conversion of the organic precursor to carbon. This process results in 

the formation of a Co-carbon nanocomposite rather than a cobalt 

oxide-carbon composite.[153,154] Although the activation temperature 

for carbothermal reduction of cobalt oxide is expected to be over 

750 °C,[158] the high surface energy of the nanoparticles enabled them 

to be reduced at a temperature lower than 750 °C. After an oxidation 

step, the Co-carbon composite was converted to the cobalt oxide-

carbon composite, which could be utilized as an anode material. 

When a battery electrode is fabricated, active materials are mixed 

with conducting carbon and binder to enhance electrical conductivity 

and mechanical integrity, respectively. Normally, only a few weight 

percentage of these additives is typically incorporated into the micro-

sized materials. However, over ten percent of additives should be 

added for nanomaterials because of their high surface area. The 

capacity of the whole electrode actually decreased, however, when 

this addition was done. Consequently, additive-free electrodes are 
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highly attracted for nanostructured materials. Figure 1.6a shows a 

schematic representation of the synthesis of a binder-free CoO-

graphene composite electrode.[146] First, α-Co(OH)2 nanosheets with a 

thickness of ~2.6 nm are synthesized and mixed with graphene oxide 

prepared by Hummer’s method.[159] Note that positively-charged α-

Co(OH)2 nanosheets electrostatically interact with negatively-charged 

graphene oxide, producing a composite. When the composites are 

refluxed under reducing conditions, reduction of graphene oxide and 

growth/transformation of Co(OH)2 occurs simultaneously, resulting in 

a β-Co(OH)2-graphene composite. Interestingly, β-Co(OH)2 is 

completely coated on graphene due to electrostatic interactions. After 

drop-coating, drying, and sintering, binder-free CoO-graphene hybrid 

composites are fabricated on a Cu foil. The hybrid composite does not 

detach from the Cu foil even after bending, indicating that it has good 

adhesion and structural stability (Figure 1.6b). Figure 1.6c shows that 

CoO is uniformly and completely coated on graphene. Binder-free 

CoO-graphene hybrid composites have excellent electrochemical 

performance, showing capacities over 600 mAh g-1 at a high current 

density of 1 A g-1, even after 5000 cycles, owing to its two-

dimensional architecture and stable mechanical integrity (Figure 1.6d). 
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During discharge, CoO is converted to Co metallic clusters that are a 

few nanometers in size and Li2O, and the reduced metallic clusters 

and highly conductive graphene layer might facilitate the good rate 

performance. As shown in Figure 1.6e, CoO-graphene hybrid 

composites exhibit high cycling stability at various operating 

temperatures from 0 to 55oC. 
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Figure 1.5. (a) Schematic evolution of mesoporous hollow Co3O4 

sphere and SEI formation on long-term cycling. SEM images of 

hollow Co3O4 spheres (b) before cycling, (c) after 90 cycles, and (d) 

after 850 cycles at 1.12 C. The red dashed squares in (e) indicate the 

cracks in the SEI layers. The scale bars represent (b,c) 200 nm and (d) 

100 nm. (e) The entire lithiation-induced reactivation process and 

cycling performance. (from Ref. [111] H. Sun, G. Xin, T. Hu, M. Yu, 

D. Shao, X. Sun, J. Lian, Nat. Commun. 2014, 5, 4526) 
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Figure 1.6. (a) Schematic illustration of preparation of CoO/graphene 

hybrid. (b) Photograph and (c) TEM image of CoO/graphene hybrid. 

(d) Reversible lithium extraction capacity of CoO/graphene hybrid 

electrode at 1 A g-1 for 5000 cycles and (e) for 500 cycles at different 

temperature. (from Ref. [146] X.–l. Huang, R.–z. Wang, D. Xu, Z.–l. 

Wang, H.–g. Wang, J.–j. Xu, Z. Wu, Q.–c. Liu, Y. Zhang, X.–b. Zhang, 

Adv. Funct. Mater. 2013, 23, 4345)  
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1.2.4. Zinc Oxide 

ZnO has been considered as an alternative anode material due to its 

high theoretical capacity (978 mAh g-1), natural abundance, low cost, 

and environmental benignity. The reaction mechanism of ZnO can be 

separated into two steps as show in Equations 6 and 7.[160-162].  

ZnO + 2Li+ + 2e- ↔ Zn + Li2O      (6) 

Zn + Li+ + e- ↔ LiZn       (7) 

During lithiation, ZnO undergoes a conversion reaction to form 

Li2O and nano-sized metallic zinc clusters. This step is followed by an 

alloying reaction between lithium and the as-generated Zn 

nanoparticles. The main drawback of ZnO electrodes is capacity 

fading upon cycling caused by a huge volume expansion (about 

228%),[162,163] even at very low current densities. 

Considerable efforts have been put to develop a nanostructured 

ZnO electrode to improve its cycle performance.[157,161-172] In 

particular, ZnO-carbon composite materials, including ZnO-graphene 

composites and carbon-coated ZnO, have shown better 

electrochemical properties.[157,161-172] For example, the ZnO/graphene 

nanocomposite prepared by high-energy ball milling exhibited high 

cycle stability during 500 cycles with an initial reversible capacity of 
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783 mAh g-1. Yang et al. synthesized ZnO quantum dots embedded in 

porous carbon derived from a metal–organic framework (isoreticular 

MOF-1) (Figure 1.7a).[157] 3.5-nm ZnO quantum dots are well 

embedded without agglomeration in micron-sized cubic carbon 

(Figure 1.7b,c). They delivered a very high initial discharge capacity 

of about 2300 mAh g-1 (Figure 1.7d). The capacity decreased for the 

initial few cycles and then remained unchanged until the 50th cycle 

(Figure 1.7e). Recently, metal–organic framework-derived Zn@ZnO 

quantum dots/C core–shell nanorod arrays grown on a flexible carbon 

cloth showed excellent cycle performance during 100 cycles at a 

current density of 500 mA g-1.[166] 
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Figure 1.7. (a) Schematic illustrations of metal-organic framework 

(left) and carbon-coated ZnO quantum dots derived from a metal-

organic framework (right). (b) SEM image and (c) TEM image of 

carbon-coated ZnO quantum dots. Inset of (c) shows corresponding 

SAED pattern. (d) Voltage profiles and (e) cycle performance of 

carbon-coated ZnO quantum dots after heat treatment at 550 oC at a 

current density of 75 mA g-1. (from Ref. [157] S. J. Yang, S. Nam, T. 

Kim, J. H. Im, H. Jung, J. H. Kang, S. Wi, B. Park, C. R. Park, J. Am. 

Chem. Soc. 2013, 135, 7394) 
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1.2.5. Ruthenium Oxide 

RuO2 has a high electronic conductivity similar to Fe3O4.
[31,173] There 

are two distinct plateaus in the first discharge curves of RuO2. The 

first plateau at 2.1 V is associated with the lithium intercalation 

reaction with RuO2 to form the intermediate LixRuO2 phase (x≤1).[174] 

The second plateau at about 0.8 V is due to the conversion reaction to 

form Li2O and Ru metal clusters. Theoretically, RuO2 can store up to 

4 lithium ions per formula unit (806 mAh g-1). However, it has been 

reported that a much higher capacity (about 1130 mAh g-1) was 

delivered during the initial discharge.[175] Many researchers have 

proposed detailed reaction mechanisms for RuO2, including 

mechanisms for the origin of its additional capacity.[173-178] For 

example, Balaya et al. have proposed an overall reversible reaction 

mechanism for RuO2 using high-resolution TEM (HRTEM), selected 

area electron diffraction (SAED), XRD, and Raman spectroscopy, 

which can be summarized in Equations 8, 9, and 10.[175] 

RuO2 + 4Li+ + 4e- ↔ Ru + 2Li2O    (8) 

Li+ + e- + electrolyte ↔ SEI (Li)     (9) 

Li+ + e- + Ru/Li2O ↔ Li/Ru/Li2O    (10) 

Gregorczyk et al. have found that an intermediate crystal phase 
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for LixRuO2 formed during the first discharge. They reported that the 

reaction between amorphous RuO2 and Ru/Li2O was partially 

reversible during the subsequent cycles.[173] Hu et al. have proposed 

that formation of LiOH and its reversible reaction to form Li2O and 

LiH are responsible for the additional capacity of RuO2, using solid-

state nuclear magnetic resonance (NMR) spectroscopy and in situ 

synchrotron-based techniques (Figure 1.8).[174] Recently, Mao et al. 

observed a two-step process during the first lithiation of RuO2 

nanowires using in situ TEM.[176] Kim et al. demonstrated that fast 

lithium storage occurs in the grain boundary of newly generated nano-

sized Ru metal and Li2O using in situ synchrotron-based techniques of 

TEM, X-ray photoelectron spectroscopy (XPS), and galvanostatic 

intermittent titration.[177] 

Much research work on RuO2 has focused on determining 

reaction mechanisms. A few nanostructured RuO2 materials that show 

enhanced electrochemical properties have been reported. Still, the 

long-term cycle performance of RuO2 is not as good as other 

transition metal oxides. Gregorczyk et al. have prepared planar RuO2 

films and three dimensional core–shell MWCNTs/RuO2 electrodes by 

atomic layer deposition (ALD).[179] Planar RuO2 films exhibited a very 
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high initial discharge capacity of about 1450 mAh g-1 at C/200 and 

1300 mAh g-1 at C/20, but it decreased rapidly to ~400 mAh g-1 after 

40 cycles at C/20. Three dimensional core–shell MWCNTs/RuO2 

electrodes delivered about 1500 μAh cm-2 at the first cycle. This result 

dropped to about 600 μAh cm-2 after 20 cycles, and then remained 

stable until the 100th cycle. 
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Figure 1.8. Schematic representations of (a) reaction pathway and (b) 

the phase distribution at each stage with voltage profile for initial 

discharge. (from Ref. [174] Y.–Y. Hu, Z. Liu, K.–W. Nam, O. J. 

Borkiewicz, J. Cheng, X. Hua, M. T. Dunstan, X. Yu, K. M. Wiaderek, 

L.–S. Du, K. W. Chapman, P. J. Chupas, X.–Q. Yang, C. P. Grey, Nat. 

Mater. 2013, 12, 1130) 
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1.2.6 Tin Oxide 

Tin dioxide (SnO2), an n-type semiconductor with a wide band gap 

(3.6 eV for a bulk material), has been utilized for gas sensor, 

substrates of catalyst, and sensitized solar cells.[180-182] Researchers 

have paid more attentions to SnO2 as LIB anode materials because of 

its high theoretical capacity and low voltage, which are advantageous 

for fabrication of high-energy-density battery. Electrochemical 

reaction of SnO2 with lithium ions are as follows: 

SnO2 + 4Li+ + 4e- → Sn + 2Li2O     (11) 

Sn + xLi+ + xe- ↔ LixSn (x≤4.4)     (12) 

Equation 11 corresponds to the conversion reactions of transition 

metal oxides and known to be irreversible, resulting in large 

irreversible capacity and low Coulombic efficiency during the first 

cycle. Equation 12, so-called “alloying reaction”, represents the 

reversible storage of lithium ion. Overall, SnO2 has theoretical 

irreversible capacity of 711 mAh g-1 from Equation 11 and reversible 

capacity of 783 mAh g-1 from Equation 12.  

Recently, there are experimental evidences of the reversibility of 

the conversion reaction of SnO2-based materials. Kim et al. reported 

synchrotron-based studies on the detailed lithiation/de-lithiation 
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mechanism of a SnO2 electrode and gave a direct evidence of the 

reversibility of the conversion reaction.[183] Mesoporous SnO2 was 

fabricated via impregnation method using KIT-6 mesoporous silica as 

a sacrificial template, and in situ XAS study was performed in order to 

analyze the oxidation states and the bonding types in Sn-derived 

materials. Figure 1.9 shows Sn K-edge XAS data at separate regions 

of the first cycle. In the first discharge region, XANES spectra were 

apparently shifted to lower energy compared to pristine electrode, 

indicating Sn4+ was reduced to Sn0 through the conversion reaction 

(Figure 1.9a). Figure 1.9b represents XAS spectra in the middle 

discharge region. Compared to the first discharge region, there was 

little shift of XANES spectra where white line intensities were still 

decreasing. EXAFS spectra demonstrated that the amplitude of Sn–O 

peak declined and a Sn–Sn(Li) peak appeared. These results showed 

that both the conversion reaction and the alloying reaction 

simultaneously took place in the middle discharge region. In the last 

discharge region, decrease in edge energy would be expected because 

Sn is more electronegative than lithium. However, Figure 1.9c shows 

that XANES spectra were moved to high energy and it could be 

explained by charge transfer between Sn and lithium during the 
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alloying reaction. In addition, the intensity of the Sn–Sn peak in 

EXAFS spectra gradually decreased when more lithium was added to 

the electrode due to the lower scattering cross section of lithium 

compared to Sn. These XAS data exhibited that the alloying reaction 

was solely responsible for the capacity of the last discharge region. 

Figure 1.9d shows that the tendency observed in the last discharge 

region was reversed during the initial stage of charge, which indicated 

that only the de-alloying reaction took place. Interestingly, decreasing 

of Sn–Sn(Li) peak and increasing of Sn–O peak simultaneously 

started in the last charge region, representing the formation of SnOx 

(Figure 1.9e). This fundamental study on the reaction mechanism is 

not only helpful for better understanding of the complex reactions at 

SnO2-based nanoelectrode but useful for designing new electrode 

materials with unconventional high capacity. 

Similar to other high-capacity anode candidates, SnO2-based 

electrodes also suffer from huge volume expansion/contraction during 

cycling. To address the issue, various nanostructurs of SnO2 have been 

developed, including nanoparticles,[184] nanosheets,[185] nanoboxes,[186] 

mesoporous structures,[187] hollow spheres,[188] and nanowires.[189] 

Although many examples have demonstrated the effectiveness of 
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nanostructured SnO2 in terms of cycling stability, there is only limited 

success. By combining carbonaceous materials with SnO2 

nanostructures, cycling stability of SnO2-based anodes can be 

dramatically improved. Su et al. reported carbon-encapsulated SnO2-

graphene nanosheets which had a reversible capacity over 800 mAh g-

1 after 100 cycles.[190] Wang et al. also fabricated nanocomposites of 

SnO2-RGO nanosheets and surrounding polydopamine-derived carbon. 

The sample showed high rechargeable capacity of 718 mAh g-1 at the 

200th cycle at a current density of 100mA g-1.[191] Besides high 

performance of electrode materials, packing density of active material 

is also of great importance for practical applications. Liang et al. 

presented a synthetic method for bowl-like SnO2@carbon hollow 

particles that exhibited higher packing density compared to pristine 

hollow spheres. Owing to their unique structure, bowl-like hollow 

particles demonstrated 963 mAh g-1 of reversible capacity after 100 

cycles at a current density of 400 mA g-1 and 850 mAh g-1 even at an 

accelerated current density of 1600 mA g-1.[192] SnO2 aggregates 

hybridized with polydopamine-derived carbon were suggested as a 

superior candidate for anode materials.[193] 
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When SnO2 nanoparticles are located in a closed volume with a 

free space, volume expansion effect could be confined, which results 

in enhanced cycling stability. In addition to the confinement effect, 

increased conformal contact of Sn-based active materials with 

substrates can make conversion reaction of SnO2 partially reversible. 

In this point of view, SnO2@CMK-5 composites with a high loading 

level of SnO2 (>80 wt%) were tested as LIB anodes and exhibited 

enhanced electrochemical performance in terms of both capacity and 

cycling retention. The composites had very high specific capacity of 

1039 mAh g-1 after 100 cycles.[194] Jahel et al. reported ultrasmall 

SnO2 nanoparticles confined in micro/mesoporous carbon that showed 

extremely long cycle life as anode materials. SnO2 was incorporated 

into as-synthesized mesoporous carbon substrate using solution 

impregnation method. When the sample was galvanostatically cycled 

at a very high rate of 1400 mA g-1 (equal to 1C), the electrode 

provided reversible capacity 443 mAh g-1 even after 2000 cycles.[195] 
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Figure 1.9. Sn K-edge XANES and EXAFS spectra with 

corresponding voltage profile taken in (a) the first discharge region, (b) 

the middle discharge region, (c) the last discharge region, (d) the first 

charge region, and (e) the last charge region of first cycle. (f) Overall 

electrochemical reaction mechanism of mesoporous SnO2 during the 

first two cycles. (from Ref. [183] H. Kim, G. O. Park, Y. Kim, S. 

Muhammad, J. Yoo, M. Balasubramanian, Y.–H. Cho, M.–G. Kim, B. 

Lee, K. Kang, H. Kim, J. M. Kim, W.–S. Yoon, Chem. Mater. 2014, 26, 

6361) 
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1.2.7. Mixed Metal Oxides  

Mixed metal oxides containing AxB3-xO4 spinel structured oxides such 

as ferrite (AFe2O4),
[196-200] manganite (AMn2O4),

[201-202] and cobaltites 

(ACo2O4)
[201-204] have shown interesting electrochemical properties as 

LIB anodes. Although they have multiple transition metal cations, 

they exhibit one plateau during initial lithiation, whereas composites 

of different transition metal oxides show multiple initial plateaus. For 

example, Kim et al. have shown that three distinct plateaus were 

observed in the initial discharge curve of a simple mixture of Mn3O4, 

Fe3O4, and Co3O4 (Figure 1.10a), whereas only one plateau was 

observed in a solid solution of MnFeCoO4 with a higher specific 

capacity (Figure 1.10b).[205] This phenomenon is more clearly 

observed in differential capacity curves (Figure 1.10c). In addition, 

potentials of this plateau can be varied by controlling the transition 

metal cations and their composition. As can be seen in Figure 1.10d, 

the potential shifts to higher values as the content of cobalt increases 

in Mn–Co mixed metal oxides.[206] It has been demonstrated that the 

potential of the plateau changed as the composition of the mixed-

transition metal oxides change.[196] Hollow nanostructured metal 

oxides with tunable pore structures and compositions can be prepared 
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by galvanic replacement reaction. Figure 1.11a shows TEM images of 

the as-prepared Mn3O4 nanocrystals with a side dimension of ~20 nm 

and height of 10 nm. Various hollow nanoboxes with different ratios 

of Mn3O4/γ-Fe2O3 (Figure 1.11b-e) and γ-Fe2O3 nanocages (Figure 

1.11f) were synthesized by the galvanic replacement reaction with 

Mn3O4 nanocrystals and 1 ml of aqueous solutions of iron perchlorate 

having different concentrations. For battery applications, they were 

coated with polypyrrole in situ in the reaction mixture and carbonized 

at 500 °C. These prepared carbon-coated hollow Mn3-xFexO4 

nanoboxes and nanocages had different reaction voltages during initial 

discharge. The reaction voltages shifted from 0.400 to 0.818 V, 

proportional to the content of Fe in Mn3-xFexO4 (Figure 1.11g), 

indicating that the working voltage can be easily tailored. In addition, 

they all exhibited excellent cycle performance during 50 cycles with a 

high specific capacity of about 1000 mAh g-1 (Figure 1.11h). 

Several overall reaction mechanisms for mixed-transition metal 

oxides (AB2O4, A = Mn, Co, Ni, Cu, Zn, etc., and B = Fe, Mn, and Co, 

A≠B) have been proposed, and they can be generally divided into two 

types as shown in Equations 13, 14, 15, and 16. 

Type 1  
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AB2O4 + 8Li+ + 8e- ↔ A + 2B + 4Li2O   (13) 

Type 2  

AB2O4 + 8Li+ + 8e- ↔ A + 2B + 4Li2O (1st lithiation)  (14) 

A + Li2O ↔ AO + 2Li+ + 2e-    (15) 

2B + xLi2O ↔ B2Ox + 2xLi+ + 2xe-  

(x = 2 or 3 for ferrite, x = 2 or 8/3 for manganite and cobaltite) 

(16) 

If A = Zn, then further alloying reactions occur reversibly. If A = 

Mg or Ca, then MgO and CaO are formed after the first lithiation, and 

the generated MgO and CaO do not participate in further reversible 

reactions. Two single-transition metal oxides have been reported in the 

de-lithiated state in many previous reports, which strongly supports 

the Type 2 mechanism (namely, a displacive redox mechanism). 

ZnO/Mn3O4
[203] and ZnO/Fe2O3

[200] domains were observed in 

ZnMn2O4 and ZnFe2O4 electrodes, respectively, at a charged state 

after 1 cycle by ex situ TEM. Similarly, ZnO/Co3O4
[208] and 

FeO/Co3O4
[209] were found in ZnCo2O4 and FeCo2O4, respectively, at 

a charged state after 50 cycles by ex situ TEM. Liu et al. have shown 

the reversible conversion between polycrystalline MnO/Fe3O4 and 

Li2O/Mn/Fe after lithiation of MnFe2O4 on graphene using in situ 
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TEM.[200] Other proposed mechanisms have been introduced as well. 

For example, Kim et al. suggested a reaction mechanism for the 

MnFeCoO4 electrode based on ex situ TEM, XRD, and first principle 

calculations, which is summarized in Equation 17.[206] 

MnFeCoO4 + 8Li+ + 8e- ↔  

3Mn1/3Fe1/3Co1/3 (metal alloy) + 4Li2O   (17) 

Similar to many single-transition metal oxides, well-designed 

nanostructured materials can enhance electrochemical properties. 

Recently, self-assembled iron oxide/carbon hybrid nanosheets with a 

two-dimensional (2D) structure were developed by using a one-step 

preparation method using an iron-oleate complex and salt particles as 

a precursor and a template, respectively (Figure 1.12a).[197] The 

overall synthetic procedure includes mixing the iron-oleate complex 

and NaCl salt, followed by heat treatment in Ar, and washing with 

water. As shown in the SEM and TEM images, the resulting 

nanosheets contained uniform-sized iron oxide nanoparticles 

embedded in a carbon matrix and maintaining a highly ordered 2D-

structure (Figure 1.12b,c). The size and composition of the hybrid 

nanosheets can be easily controlled by changing the relative amount of 

the iron-oleate precursor and other metal-oleate precursor, such as a 
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manganese-oleate complex. As a result, manganese-ferrite (MnxFe3-

xO4)/carbon nanosheets with different sizes and compositions were 

synthesized without changing morphology or structure. This method is 

quite simple and can be easily scaled up to multi-gram quantity. In the 

electrochemical testing of the ferrite/carbon nanosheets, a reversible 

capacity of 600 mAh g-1 after 50 cycles at a current density of 100 mA 

g-1 was observed (Figure 1.12f). Furthermore, at a very high rate of 

5000 mA g-1, 81.5% of the original capacity was maintained for 

manganese-ferrite/carbon nanosheets, attributable to the encapsulation 

of the conductive carbon nanosheets with highly ordered 2D structures 

(Figure 1.12g). Even after 10 charge/discharge cycles, the ferrite NPs 

retained their original size and morphology, and the 2D structure was 

maintained without deformation (Figure 1.12d,e). As a result, various 

metal oxide/carbon nanosheets can be synthesized by simple, 

inexpensive, and scalable methods.  
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Figure 1.10. Charge/discharge profiles of (a) a simple mixture of 

Mn3O4, Fe3O4, and Co3O4, and (b) MnFeCoO4. (c) Differential 

capacity curves of a simple mixture of Mn3O4, Fe3O4, and Co3O4, and 

MnFeCoO4 during initial discharge. (from Ref. [206] H. Kim, D.–H. 

Seo, H. Kim, I. Park, J. Hong, K.–Y. Park, K. Kang, Chem. Mater. 

2012, 24, 720) (d) The first discharge curves of Mn2O3, Mn2CoO4, 

Mn1.5Co1.5O4 and MnCo2O4. (from Ref. [207] P. Lavela, J. L. Tirado, 

C. Vidal-Abarca, Electrochim. Acta 2007, 52, 7986) 
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Figure 1.11. (a) HRTEM image of a single Mn3O4 nanocrystal. (b-f) 

HRTEM images of the hollow nanostructures synthesized by the 

reaction of Mn3O4 nanocrystals with 1 mL of aqueous solutions of 

iron (II) perchlorate having different concentrations from 0.4 M to 1.6 

M. The insets of (a-f) show the corresponding FT patterns. (g) First 

discharge curves and corresponding differential capacities, and (h) 

cycle performances of carbon-coated hollow Mn3-xFexO4. (from Ref. 

[196] M. H. Oh, T. Yu, S.–H. Yu, B. Lim, K.–T. Ko, M.–G. Willinger, 

D.–H. Seo, B. H. Kim, M. G. Cho, J.–H. Park, K. Kang, Y.–E. Sung, 

N. Pinna, T. Hyeon, Science 2013, 340, 964) 
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Figure 1.12. (a) Schematic representation of preparation of 

ferrite/carbon nanosheets. (b,c) TEM images of ferrite/carbon 

nanosheets. The inset of (c) indicates highly crystalline nature of the 

nanosheets. (d,e) TEM images of ferrite/carbon nanosheets after 10 

cycles. (f) Cycle performance and (g) rate properties of ferrite/carbon 

nanosheets. (from Ref. [197] B. Jang, M. Park, O. B. Chae, S. Park, Y. 

Kim, S. M. Oh, Y. Piao, T. Hyeon, J. Am. Chem. Soc. 2012, 134, 

15010) 
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1.3. Summary and Outlook 

Various nanostructured transition metal oxides react with lithium 

through a conversion reaction to form transition metal nanoclusters 

and Li2O matrixes. These conversion reaction-based oxides are 

considered as promising anode candidates to replace the currently 

used graphite due to their high theoretical capacity. A comprehensive 

review of recent progress and development on conversion reaction-

based transition metal oxides has been provided.  

Here, I emphasize some important aspects and development 

directions for designing high performance anodes based on conversion 

reactions: (1) Transition metal oxides should be carefully chosen 

because many properties, such as working voltage, theoretical capacity, 

and electrical conductivity, are dependent on the species and phases. 

In addition, composites with other suitable materials such as 

carbonaceous materials, or use of mixed metal oxides can overcome 

the problems associated with single-component transition metal 

oxides. Although chapter I focus on metal oxides, the anionic species 

can significantly affect the electrochemical properties, including the 

reaction potential and voltage hysteresis, in various conversion 

reaction-based MxAy compounds (M = transition metal, and A = N, F, 
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S, P, or H).[210]  

(2) The morphology significantly influences the electrochemical 

performance of electrode materials. There is great potential for the 

design of nanostructure morphologies with advantages in all the 

following aspects. First, the transport of both electrons and lithium 

ions is influenced by the morphology of the nanomaterials.[211] 

Specifically, lithium ion diffusion is directly affected by the particle 

size. For ion transport via solid-state diffusion in electrode materials, 

the following relationship can be established: 

τ = L2/D        (18) 

where τ is the characteristic time constant for diffusion, L is the 

diffusion length, and D is the ion diffusion coefficient. Therefore, 

nano-sized electrode materials can exhibit high rate capabilities by 

decreasing the diffusion length of the lithium ion within the active 

materials. Moreover, nanostructured electrode materials have high 

surface-to-volume ratios, which can increase the contact area between 

the electrode and the electrolyte, thereby enhancing the utilization of 

the active material because the electrochemical reaction occurs 

primarily on the particle surface. Second, nanostructures with high 

surface-to-volume ratios exhibit many side reactions on the electrode 
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surface, which can consume the lithium ions and electrolytes. The 

byproduct of excessive SEI formation can lead to additional side 

reactions and safety problems. Third, most conversion reaction-based 

materials undergo large volume changes during cycling, resulting in 

rapid cycle fading. This issue can be alleviated by the design of an 

appropriate morphology that can provide empty spaces to 

accommodate the volume expansion. 

(3) The proper design of nanostructures is critical to enhance the 

electrochemical performance of anode materials, as mentioned above. 

In addition, the electrochemical performance can be strongly affected 

by the measurement conditions, such as the mass loading, the 

electrode composition, the type and size of the battery cell, and the 

current density. Among the various measurement conditions, the mass 

loading and electrode composition should be considered for actual 

energy density. To some extent, the utilization of active materials 

decreases as the loading level of the electrode and/or the ratio of the 

active materials increases. Maintaining the electrochemical properties 

of nanomaterials with a high loading level of active materials and a 

low amount of additives is highly challenging. I hope this summay is a 

useful resource for understanding conversion reaction-based transition 
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metal oxide anodes, and will provide some insight into the 

development of advanced energy storage materials.  

 

* The contents of this chapter was published on Small.[212] 
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Chapter 2. Hybrid Cellular Nanosheets for High-

Performance Lithium Ion Battery Anodes 

 

2.1 Introduction 

The development of the next-generation energy-storage devices 

is of primary importance to meet the challenges in electronics and 

automobile industries in the near future.[1-6] In particular, there has 

been increasing interest in the development of new multicomponent 

nanomaterials that can overcome a number of intrinsic limitations of 

single-component electrode materials for lithium ion batteries 

(LIBs).[7-11] The considerable volume changes of the active materials 

from lithiation and de-lithiation lead to the mechanical deformation, 

causing the high internal resistance and low cycle stability. This is 

especially pronounced for the high-capacity anode materials such as 

Si,[12-16] Ge,[17-19] Sn,[20] SnO2,
[21-24] and Fe2O3

[25-28] because they have 

very large volume change during cycling. Also, the side reactions at 

the interface between the electrolyte and the active material can 

decrease in the Coulombic efficiency and cause safety problems.[29-31] 

Since the early 2000s, multicomponent nanostructures that consist of 
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hollow carbon shell encapsulating active materials have attracted 

strong interest because they can provide very effective solutions to 

these limitations of anode materials.[32-42] In this structure, the carbon 

shell confines the active material within a closed volume so that the 

loss of capacity due to pulverization and agglomeration can be 

minimized and good electric contact with the active material can be 

ensured during cycling. Furthermore, assembled structure of carbon 

shells can reduce the contact area between the electrolyte and the 

active materials inside of the shell, reducing the formation of the 

solid-electrolyte interphase (SEI). Also, the extended carbon network 

of the assembled structure can facilitate the electron transport.[43,44] So 

far, various carbon-based multicomponent hybrid nanostructures for 

LIB anodes have been reported to exhibit high electrochemical 

performance either in long stability, high capacity, or high rate 

capability.[45-50] Based on these previous reports, an ideal hybrid 

nanostructure that combines key aspects of the electrode materials 

including cycling stability, specific capacity, and rate performance is 

highly anticipated.  

Herein, a new synthetic method of carbon-based hybrid 

nanosheets that exhibit outstanding performance in many key aspects 
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of the LIB anode is reported. While the synthetic procedure is simple 

and straightforward without any separate assembly process, as-

prepared nanosheets have close-packed uniform cubic empty “cells” 

of ~12 nm side length that are enclosed by 3.5 nm-thick carbon walls. 

The inorganic anode materials are incorporated into the empty cells by 

simple vapor deposition. Our preparation method is easier and simpler 

than that of the previously reported hybrid nanomaterials.[45-50] The 

cubic cells enclosed by the carbon walls provide enough space for the 

volume change of the inorganic active material inside and retain the 

mechanical integrity during lithiation and de-lithiation. Also, the cubic 

shape ensures the maximum packing density and the larger contact 

area with the active material compared to the spherical shape with the 

same volume. The nanosheet structure provides short diffusion length 

of lithium ions in the thickness direction and facile electron transport 

through its carbon network which is as large as hundreds of square 

micrometers. As a model system, the electrochemical properties of 

hybrid cellular nanosheets loaded with tin dioxide nanoparticles (SnO2 

NPs) were investigated. The cell tests showed that the high specific 

capacity of 913.9 mAh g-1 in average with excellent cycle retention of 

97.0% during 300 cycles when applied to LIB anodes. Also, when the 
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cycling current density was increased from 200 mA g-1 to 3000 mA g-1, 

the reversible capacity was decreased by only 20% from 941.3 mAh g-

1 to 745.5 mAh g-1. As a result, our hybrid cellular nanosheets showed 

outstanding performances in the key aspects of the LIB anode by the 

well-optimized carbon-based hybrid structure.  
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2.2 Experimental Section 

 

2.2.1 Chemicals 

MnCl2•4H2O, FeCl3•6H2O, Na2SO4, and SnCl2 were purchased 

from Sigma-Aldrich. Sodium oleate and tetraphenyltin were 

purchased from TCI and Alfa-Aesar, respectively. All reagents were 

used without further purification.  

 

2.2.2 Preparation of Carbon Cellular Nanosheets.  

Iron-oleate and manganese-oleate precursors were synthesized 

following a previously reported method.[51,52] For the synthesis of 

carbon cellular nanosheets, 18.0 g (20 mmol) of iron-oleate and 6.2 g 

(10 mmol) of manganese-oleate were mixed with 150 g of Na2SO4 

and the mixture was heated at 500 ºC under argon flow (100 sccm) for 

5 hr. After heating, carbon nanosheets embedded with manganese 

ferrite (MnFe2O4) nanocubes were washed with hot water for 2 hr to 

remove Na2SO4 and MnFe2O4 nanocubes were etched with 

hydrochloric acid. Carbon cellular nanosheets were collected from the 

aqueous suspension by centrifugation and thermally treated at 800 ºC 

for 5 hr to improve the conductivity of carbon.  
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2.2.3 Synthesis of SnO2-Carbon Cellular Nanosheets and SnO2 

Nanosheets.  

In vapor deposition method, 100 mg of carbon cellular 

nanosheets and 800 mg of tetraphenyltin were mixed with mortar and 

pestle. The mixture was heated at 350 ºC for 3 hr under vacuum. As-

synthesized SnO2-carbon nanosheets were used without additional 

purification. SnO2 nanosheets were prepared by annealing SnO2-

carbon hybrid cellular nanosheets at 500 ºC for 5 hr under air. 

 

2.2.4 Characterization.  

TEM analysis was performed using a JEOL JEM-2100F (Jeol). 

STEM and EDS mapping images were obtained with a Tecnai F20 

(FEI) equipped with EDAX Tecnai 136-5 detector. SEM analysis was 

carried out on a SUPRA 55VP FE-SEM (Carl Zeiss). XPS 

measurement was done by a Sigma Probe instrument (ThermoFisher 

Scientific) with Al Kα (1486.8 eV) as X-ray source. The pass energy is 

100 eV for wide scan and 20 eV for narrow scan. XPS data analysis 

was performed using Avantage software. X-ray diffraction was 

measured by a D/Max-3C diffractometer (Rigaku) equipped with a 
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rotating anode and a Cu Kα radiation source (λ = 0.15418 nm), 

nitrogen isotherm by a 3FLEX surface characterization analyzer 

(Micromeritics), Raman spectrum by a T64000 spectrometer (Horiba 

scientific) with an excitation wavelength of 514 nm, and TGA by a 

Q5000 IR thermogravimetric analyzer (TA Instruments). Small-angle 

X-ray scattering (SAXS) data was measured in 4C beamline of 

Pohang Light Source (PLS-II, South Korea). 

 

2.2.5 Electrochemical Characterization.  

Working electrodes were prepared by coating copper foil with a 

slurry made of active material, super P, and polyvinylidene fluoride 

(70: 15: 15 wt%) in n-methyl-2-pyrrolidinone solvent and drying in an 

vacuum oven. After cooling, the electrode film on the foil was 

compressed with a press roller to improve the packing of active 

material. 2016 type coin cells were assembled in an argon-filled glove 

box. The electrolyte was 1.0 M LiPF6 dissolved in ethylene carbonate 

and diethyl carbonate with 1:1 volume ratio. The coin cells were 

galvanostatically charged and discharged in the voltage range of 0.01–

3.0 V (vs. Li+/Li) with a WBCS3000 cycler (WanA Tech). Cyclic 

voltammetry was measured using the same instrument. The coin cell 
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tests were carried out at 25 oC. Electrochemical impedance 

spectroscopy measurements were obtained with an AC signal 

amplitude of 5 mV over the frequency range from 100 kHz to 10 mHz. 

In order to observe the TEM images before and after electrochemical 

test, 2032 type coin cell was assembled using TEM grid loaded with 

SnO2-carbon hybrid cellular nanosheets as working electrode. The 

TEM grid was removed from cell after electrochemical test and 

washed with diethyl carbonate. After drying the TEM grid, TEM 

images after electrochemical test were obtained. 

 

2.2.6 In situ XANES Measurement.  

X-ray absorption spectroscopy was measured at the 8C nano-

probe XAFS beamline (BL8C) of PLS-II in the 3.0 GeV storage ring 

with a ring current of 300 mA. The beam source was a tapered in-

vacuum-undulator and a Si(111) double crystal monochromator was 

used. A secondary source aperture was used to adjust the beam size to 

be 0.3 mm (v) × 1 mm (h) in front of the ionization chambers. A high 

voltage of 3000 V was applied to the ionization chambers which were 

filled with a mixture gas of N2 and Ar to measure X-ray intensity. 

Modified 2032 type coin cells were used for in situ XANES 
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experiments. The coin cell was positioned so that the incident angle of 

the X-ray beam with respect to the surface of the electrode is 45°. A 

passivated implanted planar silicon (PIPS) detector was mounted at 

the sample stage at 90° position with respect to the incident beam. Sn 

K edge signal was measured using metallic Sn foil as a reference and 

each scan took about 23 min. Data processing and analysis were 

performed using ATHENA of IFEFFIT XAS data analysis suite. 
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2.3 Result and Discussion 

 

2.3.1 Synthesis of Hybrid Cellular Nanosheets.  

The synthesis of carbon cellular nanosheets is accomplished by a 

modification of the previously reported method from our group.[51,52] 

In the first step, carbon nanosheets embedded with MnFe2O4 

nanocubes are synthesized by heating a mixture of manganese- and 

iron-oleate precursors and sodium sulfate (Na2SO4) powder at 500 oC 

for 5 h under inert atmosphere (Figure 2.1a-c). During the heating 

process, both the formation of MnFe2O4 nanocubes and their self-

assembly take place at the surface of the sodium salt particles. At the 

same time, oleate ligands that cover the surface of the nanocubes are 

carbonized into the nanosheets. After the heating procedure, Na2SO4 

powder and MnFe2O4 nanocubes are removed by washing with water 

and acid etching, respectively, leaving the carbon cellular nanosheets 

(see Experimental Section for experimental detail). Compared to 

MnFe2O4-carbon hybrid nanosheets synthesized using only iron-oleate 

complex, smaller-sized nanocubes can be obtained using the mixture 

of manganese- and iron-oleate complexes,[52] which is advantageous 

for LIB application.  
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The porous structure of the carbon cellular nanosheets consists of 

uniform cubic empty “cells” of ~12 nm side length that are enclosed 

by 3.5 nm-thick carbon walls (Figure 2.2a,b). The cells form ordered 

arrays over the whole area of the nanosheets that is as large as 

hundreds of square micrometers. The cross-section of a nanosheet in 

scanning electron microscopy (SEM) image (Figure 2.2c) shows that 

the thickness is ~100 nm, which corresponds to <10 layers of the cells 

(see Figures 2.1d-f and 2.3 for additional electron microscopy images 

and small-angle X-ray scattering data of the carbon cellular 

nanosheets). Actually, this structure resembles the plant leaf tissue that 

is composed of the two-dimensional array of cells partitioned by cell 

walls (Figure 2.2d-f).  

Hybrid cellular nanosheets were prepared by introducing SnO2 as 

high capacity anode material inside the carbon cells via vapor 

deposition using tetraphenyltin [Sn(C6H5)4] as a precursor. This 

method is inspired from the well-known “ship-in-a-bottle” approach 

which is used for incorporation of various materials into the 

pores/cages of zeolites[53] or mesoporous materials.[54] The carbon 

cellular nanosheets are mixed with tetraphenyltin and heated at 350 oC 

for 3 h under vacuum. In this condition, vaporized tin precursor 
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infiltrated inside of the cells and subsequently turns into SnO2 NPs via 

thermal decomposition. The remaining unreacted precursor is 

evaporated away, leaving no residue on the exterior surface of the 

nanosheets. Figure 2.4a shows transmission electron microscopy 

(TEM) image of SnO2 NPs formed in the cells. The statistics of the 

size of SnO2 NPs, the side length of the empty cells, and the wall 

thickness are shown in Figure 2.4b. The size of the NPs is far smaller 

than the cavity volume of the cells. Since the lithiation of SnO2 NPs 

increases the volume by 300%, such a large difference in the cavity 

volume and the NPs is beneficial for better mechanical stability and 

reversible capacity of the electrode, as discussed below.  
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Figure 2.1. (a,d) Graphic illustrations and (b,e) the corresponding 

TEM images of the carbon cellular nanosheets before and after 

etching MnFe2O4 nanocubes. Pictures in (c,f) show that powder of the 

nanosheets was not attracted by a magnet after acid etching.  
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Figure 2.2. Carbon and SnO2-carbon cellular nanosheets. (a) SEM 

image, (b) TEM image and (c) cross-sectional SEM image of carbon 

cellular nanosheets. The scale bars in (b) and (c) are 100 and 200 nm, 

respectively. Schematic illustration of (d) a plant leaf, (e) its top and (f) 

cross-sectional structures resembling the carbon cellular nanosheets. 
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Figure 2.3. (a) Large-area TEM image and (b) electron diffraction 

pattern of carbon cellular nanosheets. (c) Fast-Fourier-transform (FFT) 

pattern of (a). (d) Small-angle X-ray scattering (SAXS) pattern of 

carbon cellular nanosheets. FFT pattern and SAXS pattern confirm the 

periodic mesostructure of cellular carbon nanosheets.  
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Figure 2.4. Carbon and SnO2-carbon cellular nanosheets. (a) TEM 

image of a SnO2-carbon hybrid cellular nanosheet showing SnO2 NPs 

in the cells. (b) Statistical analysis of the size of SnO2 NPs (blue), side 

length of the cells (black), and the thickness of the carbon walls (red). 
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2.3.2 Synthesis and Characterization of Hybrid Cellular 

Nanosheets.  

Detailed structure analysis of the carbon cellular nanosheets 

before and after incorporating SnO2 by “ship-in-a-bottle” method was 

performed by various techniques and the results are shown in Figure 

2.5 and 2.6. The pore size and volume of the cellular nanosheets are 

analyzed by N2 adsorption and desorption isotherm measurements 

(Figure 2.5a,b). Before the incorporation, pores with the sizes of 3.0 

nm, 5.1 nm, and 14.1 nm were identified from the carbon cellular 

nanosheets. The size of the largest pores (14.1 nm) matches the cubic 

cell size measured by TEM (~12 nm). After loading the NPs, the size 

of the largest pores was decreased to 12.4 nm and the pore volume 

was changed from 0.71 cm3 g-1 to 0.28 cm3 g-1. The reduction in both 

the pore size and volume is consistent with the observation from TEM 

that the cubic empty cells were occupied by the NPs.[55,56] X-ray 

diffraction (XRD) data from carbon and SnO2-carbon nanosheets are 

shown in Figure 2.5c. The two broad peaks from the carbon 

nanosheets at 2θ = 23 and 42º are assigned to the (002) and (101) 

planes of carbon.[57] On the other hand, the pattern of SnO2-carbon 

nanosheets is clearly indexed to tetragonal SnO2 (JCPDS card no. 41-
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1445). Raman spectroscopy data show that the peak intensity ratio of 

D and G bands from carbon (ID/IG) is almost identical in the spectra 

from carbon and SnO2-carbon nanosheets (Figure 2.5d), showing that 

the impregnation process does not affect the carbon structure of the 

nanosheets. After impregnation, signal from Sn4+ is observed in Sn 3d 

region by X-ray photoelectron spectroscopy (XPS) confirming the 

presence of SnO2 phase in the nanosheets (Figure 2.6a).[58] C 1s XPS 

data reveal that there are oxygen functional groups such as C−O and 

O−C=O in the carbon nanosheets, probably due to the acid etching 

treatment (Figure 2.6b). These oxygen functional groups can help the 

formation of SnO2 NPs at the interior wall of the carbon cells (see 

Figure 2.6c for the corresponding wide-scan XPS of Figure 2.6a and 

f).[59,60] According to thermogravimetric analysis (TGA), the carbon 

nanosheets contain no inorganic impurity while the content of SnO2 in 

SnO2-carbon nanosheets is 38.0 wt% (Figure 2.6d). The content of 

SnO2 can be controlled by varying the ratio of carbon nanosheets to 

precursor and/or by repeating the deposition process (Figure 2.7). 
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Figure 2.5. Structure analysis of carbon and SnO2-carbon cellular 

nanosheets. For all panels, blue indicates carbon cellular nanosheets 

and red represents SnO2-carbon cellular nanosheets. (a) N2 adsorption-

desorption isotherms and (b) the pore size distributions from the 

isotherm curves. (c) XRD plots. The diffraction peaks from SnO2-

carbon nanosheets are indexed to tetragonal SnO2. (d) Raman spectra. 

The bands at around 1600 cm-1 and 1360 cm-1 are assigned to G and D 

bands of graphite structure. 
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Figure 2.6. Structure analysis of carbon and SnO2-carbon cellular 

nanosheets. For all panels, blue indicates carbon cellular nanosheets 

and red represents SnO2-carbon cellular nanosheets. XPS spectra from 

(a) Sn 3d and (b) C 1s. The peaks are assigned by curve fittings 

indicated in different colors. (c) Wide-scan XPS spectra and (d) TGA 

curves of hybrid cellular nanosheets (red) and carbon cellular 

nanosheets (blue). 
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Figure 2.7. TGA curves of hybrid cellular nanosheets with various 

contents of SnO2. 
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2.3.3 Electrochemical Performance of Hybrid Cellular Nanosheets.  

Electrochemical performances of SnO2-carbon hybrid cellular 

nanosheets were investigated by a series of experiments in comparison 

with the carbon cellular nanosheets and SnO2 nanosheets. SnO2 

nanosheets are prepared by heating SnO2-carbon hybrid cellular 

nanosheets at 500 oC in air, leading to the formation of the nanosheets 

of sintered SnO2 NPs (Figure 2.8). The electrochemical cycling 

stability of SnO2-carbon hybrid, carbon, and SnO2 nanosheets was 

evaluated by galvanostatic charge–discharge in a potential range of 

0.01–3.0 V (vs. Li+/Li) at a constant current density of 200 mA g-1 

(Figure 2.9a). After 300 cycles, the reversible capacity of SnO2-

carbon hybrid nanosheets is changed from 941.3 mAh g-1 (1st cycle) 

to 913.3 mAh g-1 (300th cycle), showing outstanding cycle retention 

of 97.0%. The average capacity value of the hybrid nanosheets is 

higher than those from the previously reported SnO2-carbon 

nanostructures.[61-64] Carbon cellular nanosheets also exhibit relatively 

high cycling stability with the retention of 86.6% during 300 cycles 

and the average capacity was 463.0 mAh g-1. On the other hand, the 

capacity of SnO2 nanosheets rapidly decreases during the first 50 

cycles from 882.2 mAh g-1 (1st cycle) to 141.1 mAh g-1 (50th cycle). 
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The overall features of initial charge-discharge voltage profiles of 

SnO2-carbon hybrid nanosheets are similar to those of other SnO2-

carbon composite materials in the previous reports (Figure 2.10).[49,61] 

The initial discharge capacity and Coulombic efficiency are 1,910.7 

mAh g-1 and 49.3%, respectively. As shown in Figure 2.9b, the 

voltage profiles of SnO2-carbon hybrid nanosheets are so stable that 

the profile plots from the 100th to the 200th cycle are almost exactly 

overlapped on top of each other. Even at very high current densities of 

1000 and 3000 mA g-1, the hybrid cellular nanosheets exhibit high 

reversible capacities of 815.1 and 745.5 mAh g-1, respectively (Figure 

2.9c). It can therefore be concluded that the electrochemical properties 

of hybrid cellular nanosheets are comprehensively outstanding when 

compared with the other SnO2-based anode materials. 

The lithiation and de-lithiation of SnO2 NPs in the hybrid cellular 

nanosheets were investigated by cyclic voltammetry and in situ X-ray 

absorption near-edge structure (XANES) spectroscopy. It is known 

that there are two reactions between lithium and SnO2 taking place 

during charge and discharge processes[65]: 

SnO2 + 4Li+ + 4e- → Sn + 2Li2O      (1) 

Sn + xLi+ + xe-   LixSn (0 ≤ x ≤ 4.4)     (2) 
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Usually Reaction 1 is considered to be irreversible while 

Reaction 2 is responsible for the theoretical reversible capacity of 782 

mAh g-1. However, recently it was reported that Reaction 1 is partially 

reversible and contributing to the capacity of SnO2.
[66,67] Figure 2.11a 

shows three initial consecutive cyclic voltammograms (CVs) of the 

three nanosheets. The CVs of SnO2-carbon hybrid cellular nanosheets 

have the features from both carbon and SnO2 nanosheets. However, 

the anodic peaks at 0.53 and 1.23 V from SnO2-carbon nanosheets are 

shifted to the lower potentials compared to those from SnO2 

nanosheets that are observed at 0.58 and 1.25 V, respectively. The 

lower polarization suggests that the reaction of SnO2 in the hybrid 

nanosheets is different from that of pure SnO2. In order to investigate 

the electrochemical reaction process of SnO2 in detail, the temporal 

change in the oxidation state of Sn during cycling was investigated by 

in situ XANES measurements. As shown in Figure 2.11b, the white 

line intensity of the signals from SnO2-carbon hybrid nanosheets 

measured at the start and the end of the cycling are quite similar. On 

the other hand, the white line intensity from SnO2 nanosheets becomes 

far weaker after one cycle. Such difference in the white line intensity 

is attributed to the different oxidation state of Sn in the nanosheets. 
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According to the linear combination fit analysis using Sn metal, SnO, 

and SnO2 as the standards, both the hybrid nanosheets and SnO2 

nanosheets contain only SnO2 before cycling (see Figure 2.12 for the 

standard XANES data of Sn metal, SnO, and SnO2). However, after 

one cycle, the ratio of Sn:SnO:SnO2 was changed to 0:45:55 for the 

hybrid nanosheets and 26:51:23 for SnO2 nanosheets, demonstrating 

that tin oxide in the hybrid nanosheets can have better reversibility of 

the electrochemical reactions. In particular, it seems that a 

considerable amount of metallic Sn is oxidized to SnO2 via Reaction 1 

during de-lithiation of the hybrid nanosheets. 
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Figure 2.8. (a-d) TEM images, (e) SAED pattern, and (f) XRD pattern 

of SnO2 nanosheets. SAED and XRD pattern are well indexed to 

tetragonal SnO2. 
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Figure 2.9. Electrochemical characterization of SnO2-carbon, carbon, 

and SnO2 nanosheets for lithium ion battery anodes. (a) Cycling 

performance of the three kinds of nanosheets at a current density of 

200 mA g-1. (b) Voltage profiles of SnO2-carbon nanosheets 

corresponding to the SnO2-carbon data in (a). In (b), the current 

density was 200 mA g-1. (c) Voltage profiles of SnO2-carbon 

nanosheets at three current densities in the 2nd cycle. The black 

profile curves in (b,c) are identical. 
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Figure 2.10. Initial charge-discharge voltage profiles of SnO2-carbon 

hybrid cellular nanosheets at a current density of 200 mA g-1. 
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Figure 2.11. Electrochemical characterization of SnO2-carbon, carbon, 

and SnO2 nanosheets for lithium ion battery anodes. (a) Cyclic 

voltammogramms of the nanosheets. The scan rate was 0.1 mV s-1. 

The shift in the current peak positions is indicated with arrows. (b) In 

situ Sn K edge XANES data of SnO2-carbon and SnO2 nanosheets 

measured during the 1st cycle at the current density of 200 mA g-1 and 

the voltage range of 0.01–3.0 V (vs. Li+/Li). OCV indicates the 

XANES patterns measured just before starting the cycle. 
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Figure 2.12. Standard XANES data of Sn metal, SnO, and SnO2. 
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2.3.4 Structural Change of Hybrid Cellular Nanosheets by 

Lithiation and De-lithiation.  

Changes in the structure of SnO2-carbon hybrid cellular 

nanosheets induced by cycling were studied by extensive TEM 

analysis. As mentioned above, insertion of lithium into SnO2 leads to 

the formation of LixSn (x ≤ 4.4) embedded in Li2O matrix which is 

accompanied by large volume expansion of ~300%. TEM images in 

Figure 2.13a-c show how the size and the morphology of SnO2 NPs 

in the nanosheets change during the lithiation and de-lithiation. When 

fully lithiated (0.01 V vs. Li+/Li), SnO2 NPs are expanded almost 

completely filling the volume of the cell (Figure 2.13b). Interestingly, 

de-lithiation does not restore the NPs with the initial size and shape. 

Instead, SnO2-based active material is coated inside wall of the cell 

after de-lithiation (Figure 2.13c), indicating that the active material 

has good affinity (low interface energy) with the surface of the carbon 

wall. Also, this morphology maximizes its interface area with carbon. 

This can also be observed in large-area TEM images (Figure 2.14a 

and b). The good affinity and large interface area of the active material 

can explain the low polarization of the hybrid cellular nanosheets 

observed in cyclic voltammetry in Figure 2.11a. TEM images in 
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Figure 2.14c,d were taken from the same location of the nanosheets 

before and after the lithiation and de-lithiation cycle. Comparing those 

two images, it is clearly seen that the carbon cellular structure is 

hardly affected by the large volume change of SnO2-based active 

material inside of the cells. The spatial distribution of SnO2-based 

active material after 20 cycles was measured by energy-dispersive X-

ray spectroscopy (EDX) mapping of Sn and dark-field TEM (Figure 

2.15a-c, see Figure 2.16 for large-area STEM image). Both elemental 

mapping and dark-field images confirm that SnO2-derived active 

material is well confined in the cells without aggregation or leakage 

from the cells.  
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Figure 2.13. TEM analysis on the structural change of hybrid cellular 

nanosheets. Schematics of the morphology of SnO2 NPs and SnO2-

based active material structure in the carbon cells (top) and TEM 

images of hybrid cellular nanosheets (bottom) (a) before cycling, (b) 

after lithiation, and (c) de-lithiation. 
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Figure 2.14. TEM analysis on the structural change of hybrid cellular 

nanosheets. TEM images of hybrid cellular nanosheets after (a) 

lithiation and (b) de-lithiation. TEM images of hybrid cellular 

nanosheets (c) before and (d) after one cycle of lithiation and de-

lithiation from the same location. The red-dotted line indicates the 

same position on the nanosheet. 
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Figure 2.15. TEM analysis on the structural change of hybrid cellular 

nanosheets. (a) Dark-field scanning TEM image of hybrid cellular 

nanosheets after 20 cycles. The inset shows TEM image after 20 

cycles. (b) Dark-field scanning TEM image and (c) EDX mapping of 

Sn LIII edge after 20 cycles. The EDX mapping was performed in the 

red-dotted square in (b).  
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2.3.5 Structure-Induced Electrochemical Preformances 

TEM data discussed above reveal that the excellent 

electrochemical performances of SnO2-carbon cellular nanosheets are 

attributed to their unique hybrid structure (Figure 2.17). Because each 

cell has enough room for the volume change of SnO2 NPs, the carbon 

wall does not exert mechanical stress to the SnO2-based active 

material confined in the cell even when the active material is fully 

lithiated to the maximum volume expansion. The cubic shape of the 

cells allows the higher packing density as well as the larger interface 

area of the loaded active material with carbon, compared to the 

spherical shape with the same volume. Well-ordered cellular structure 

of the nanosheets is rigid enough to confine the active material inside 

of the cell during cycling, keeping the mechanical integrity of the 

electrode film. Lithium ion diffusion length can be as short as 100 nm 

in the thickness direction of the nanosheets. At the same time, facile 

electron transport is possible through the carbon network of the 

nanosheets. Consequently, the structure of the hybrid cellular 

nanosheets is well-optimized for the high-performance anodes in 

terms of the specific capacity, cycling stability, and rate capability.  

  



１１１ 

 

 

 

 

 

 

 

Figure 2.16. Illustration of a SnO2-carbon hybrid cellular nanosheet 

and its features that contribute to the electrochemical performance. 
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2.4 Conclusion 

A practical synthetic method to prepare carbon nanosheets with 

cellular structure by a simple heating and etching procedure was 

developed. Carbon cellular nanosheets have unique cubic cavity cells 

forming well-ordered close-packed array. These cells can be easily 

loaded with inorganic active materials in various ways including 

“ship-in-a-bottle” method. Cellular nanosheets loaded with SnO2 NPs 

showed outstanding electrochemical performance as LIB anodes. The 

specific capacity of SnO2-carbon hybrid nanosheets was 913.9 mAh g-

1 in average with the retention of 97.0% during 300 cycles. Also, when 

the cycling current density was increased from 200 mA g-1 to 3000 

mA g-1, the reversible capacity was decreased by only 20% from 941.3 

mAh g-1 to 745.5 mAh g-1. According to cyclic voltammetry, in situ 

XANES, and TEM analyses, such high performance is closely related 

to cellular structure of the hybrid nanosheets. The cubic cells provide 

enough room to accommodate the large volume change of the active 

material as well as the large interface area between the loaded active 

material and the carbon wall. As a result, the hybrid structure shows 

high reversibility of lithiation and de-lithiation. In addition, well-

ordered rigid cellular nanosheet structure ensures the mechanical 
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integrity and facile lithium ion and electron transport. In conclusion, it 

is show that very effective hybrid nanostructured electrode material 

can be prepared via a relatively simple procedure. Because the 

synthesis of carbon cellular nanosheets can be easily generalized to 

obtain various other nanostructures, it is highly expected that this 

approach would be applied to fabricate many kinds of hybrid 

nanostructured materials for extensive electrochemical device 

applications. 

 

* The contents of this chapter was published on Journal of the 

American Chemical Society.[68] 
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Chapter 3. Facile Synthesis of Hexagon-shaped 

Metal (oxy)hydroxide Nanoplates and their 

Applications for Lithium Ion Battery Anode 

Materials 

 

3.1. Introduction 

The development of new electrode materials with higher energy 

density and improved cycling stability is being demanded by many 

industries to meet the increasing needs for rechargeable lithium ion 

batteries (LIBs).[1-8] Nanostructured transition metal oxides are 

considered promising candidates for LIB anode materials because they 

are environmentally friendly, have a high theoretical capacity, and are 

reasonably priced.[9-11] During lithiation, transition metal oxides are 

converted to metal nanoclusters and a Li2O matrix, which 

simultaneously leads to a huge volume expansion of ~300%.[9-11] This 

severe volume change during repeated lithiation and de-lithiation can 

cause a deterioration of the mechanical integrity of the electrode, 

resulting in poor capacity retention and safety problems for the cell. 

Hybrid nanomaterials made up of a high-capacity metal oxide core 
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and encapsulating carbon layers have received increasing attention as 

a possible solution, because they can effectively relieve mechanical 

stress and minimize side effects caused by structural deformation.[12-16]  

Metal (oxy)hydroxides are also a focus in LIB development by 

many researchers because of their versatility. First, metal 

(oxy)hydroxide nanomaterials can act as a precursor for fabricating 

nanostructured metal oxides because they can be transformed to a 

metal oxide via a simple heat treatment.[17-24] In addition, 

nanocomposites of metal oxide nanocrystals and carbon can be 

obtained by synthesizing hybrid materials of metal (oxy)hydroxide 

and organic substrates followed by heat treatment.[16,25-26] Furthermore, 

metal (oxy) hydroxides themselves are attractive materials for energy 

devices including LIB electrodes,[27] supercapacitors,[28-30] and 

electrochemical catalysts.[31-34] Although a variety of metal 

(oxy)hydroxide nanostructures have been developed, theses 

nanomaterials are generally fabricated using autoclave-based reactions 

that are time- and energy-consuming, thus mass production is 

difficult.[20-23,35-40] Besides, colloidal synthesis of multicomponent 

metal (oxy)hydroxide nanocrystals with controllable ratios have rarely 

been achieved. 
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Herein, we report a simple method to synthesize hexagon-shaped 

metal (oxy)hydroxide nanoplates and show their application to LIB 

anode electrodes. Metal (oxy)hydroxide nanoplates were synthesized 

under mild and aqueous conditions while avoiding time- and energy-

consuming reactions. Moreover, this particular synthetic method is 

generally applicable to the fabrication of single-metallic 

(oxy)hydroxides (for example, Co(OH)2, MnO(OH), FeO(OH), and 

Mg(OH)2)), and mixed-metal (oxy)hydroxides. In addition, the atomic 

ratio of the metal species can be controlled by adjusting the precursor 

ratio. To utilize metal (oxy)hydroxide nanoplates as anode materials 

for LIBs, polydopamine was coated on Co(OH)2 nanoplates in a 

controlled manner and converted to a nitrogen-doped carbon shell by 

heat treatment, where the transformation of Co(OH)2 to mesoporous 

CoO simultaneously occurred. CoO@C nanocomposites with various 

carbon layer thicknesses were tested as LIB anodes in order to 

validate the effect of carbon coatings on electrochemical performance. 

CoO@C with a 6.5-nm-thick carbon shell exhibited higher reversible 

capacity and improved cycling stability compared with those having a 

thinner carbon shell. The experimental results suggest that the 

appropriate thickness of the carbon shell is important for improving 
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the cycling stability and minimizing side-reactions. 
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3.2. Experimental Section 

 

3.2.1 Chemicals  

Tetramethylammonium bromide (TMAB), FeSO4·7H2O, 

MnCl2·4H2O, CoCl2·6H2O, MgSO4·H2O, and dopamine 

hydrochloride were purchased from Sigma-Aldrich (USA). NaOH, 

hydrogen peroxide solution (34.5%) were obtained from Samchun 

Chemical (South Korea). Deionized water was obtained from a Milli-

Q water purification system (Millipore, USA).  

 

3.2.2 Synthesis of Hexagon-shaped Metal (oxy)hydroxide 

Nanoplates  

Before the synthesis, deionized water was degassed under 

vacuum to eliminate dissolved oxygen. To synthesize Co(OH)2 

nanoplates, 0.6 ml of NaOH aqueous solution (2 M) and 130 mg of 

TMAB were dissolved in 50 ml of H2O and the solution was stirred 

vigorously. During the process, argon (or inert gas) was bubbled 

through the solution to remove dissolved air. The mixture was heated 

to 70 oC at a heating rate of 2 oC min-1. When the temperature reached 

50 oC, 1.5 ml of CoCl2 solution (0.67 M, 238 mg of CoCl2·6H2O 
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dissolved in 1.5 ml of H2O) was quickly added. After the temperature 

reached 70 oC, the solution was further aged for 10 min and cooled to 

room temperature. To remove unreacted reagents and purify as-

synthesized Co(OH)2 nanoplates, the reacted solution were 

centrifuged and washed several times with H2O and ethanol. Finally, 

the product was dispersed in 50 ml of H2O. For the fabrication of 

various hexagon-shaped nanoplates such as MnO(OH), FeO(OH), 

Mg(OH)2, metal precursor was replaced to MnCl2·4H2O, FeSO4·7H2O, 

and MgSO4·H2O, while the other synthetic steps remained unchanged. 

In particular, when FeO(OH) nanoplates were prepared, 12 ml of 3% 

H2O2 solution was added to the resulting solution containing Fe(OH)2, 

which led to the oxidation of Fe2+ and the formation of δ-FeO(OH). 

For mixed-metal (oxy)hydroxide nanoplates, the desired ratio of metal 

precursors were mixed where the total concentration of metal ions was 

kept constant. 

 

3.2.3 Polydopamine Coating on Metal (oxy)hydroxide Nanoplates 

and Transformation to Metal Oxide@Carbon Core–Shell 

Nanoplates  

The procedure to synthesize the MOx@C core–shell nanoplate 
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with ~20% carbon is as follows. Dopamine hydrochloride (72 mg) 

was added to the solution containing metal (oxy)hydroxide nanoplates 

and aged at room temperature for 20 h under rigorous stirring (For the 

FeO(OH)@polydopamine, 3 ml of 0.1 M NaOH solution was co-

added as basic catalyst) to introduce a polymer coating on the 

nanoplates. After the reaction ended, the mixture was centrifuged and 

washed with H2O and ethanol to remove free-standing polydopamine. 

The final product was isolated via centrifugation and dried at 80 oC 

oven for 5 h. The dried powder was heated at 350 oC for 3 h under an 

inert atmosphere, where the metal (oxy)hydroxide and polymer were 

converted to metal oxide and carbon. 

 

3.2.4 Characterization 

Transmission electron microscopy, scanning transmission 

electron microscopy, and energy-dispersive X-ray spectroscopy were 

performed using a JEOL JEM-2100F (Jeol) operated with Oxford 

EDS instrument. X-ray diffraction was carried out on a D/Max-3C 

diffractometer (Rigaku) equipped with a rotating anode and a Cu Kα 

radiation source (λ = 1.5418 Å). Elemental analyses were conducted 

by a Flash2000 elemental analyzer (Thermo scientific). Nitrogen 
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adsorption/desorption isotherm was measured by a 3FLEX surface 

characterization analyzer (Micromeritics).  

 

3.2.5 Electrochemical Characterization 

Working electrodes were fabricated by coating copper foil with a 

slurry composed of active material, polyvinylidene fluoride (as a 

binder), and super P (as a conducting agent) (70:15:15 wt%) in n-

methyl-2-pyrrolidinone (NMP) solvent, followed by drying overnight 

in a vacuum oven. After drying, the film on the copper foil was 

pressed using a roller to enhance the packing and contact of the 

electrode materials. To prevent air contamination, coin cells (2016 

type) were assembled in a glove box under an inert atmosphere. 1.0 M 

LiPF6 solution dissolved in a mixture of ethylene carbonate and 

diethyl carbonate with an equal volume ratio was used as the 

electrolyte. Lithium foil was used as a reference and counter electrode. 

The coin cells were galvanostatically charged and discharged in the 

potential range of 0.01–3.0 V (vs. Li+/Li) with a WBCS3000 cycler 

(WanA Tech, Korea). All the coin cell tests were carried out at a 

constant temperature of 25 oC. 
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3.3 Result and Discussion 

 

3.3.1 Synthesis and Characterization of Hexagon-shaped Metal 

(oxy)hydroxide Nanoplates 

Figure 3.1a shows the transmission electron microscopy (TEM) 

image of hexagon-shaped β-Co(OH)2 nanoplates, which were 

synthesized via a modified precipitation method under mild and 

aqueous conditions. When CoCl2 was injected into the solution 

containing NaOH and tetramethylammonium bromide in an oxygen-

free reaction medium, the Co2+ cation rapidly reacted with the OH– 

anion, resulting in the formation of pink-colored β-Co(OH)2 

nanoplates. The average diameter and thickness of the β-Co(OH)2 

nanoplates were measured to be 122 and 9 nm, respectively. The X-

ray diffraction (XRD) pattern of the β-Co(OH)2 nanoplates clearly 

matched hexagonal β-Co(OH)2 crystal structure (Figure 3.1d, JCPDS 

card no. 30-0443). It is worth mentioning that the full-width at half 

maximum (FWHM) of the peaks are different and depend on the (hkl) 

index of the peak. This discrepancy in the FWHM indicates a highly 

anisotropic structure for the β-Co(OH)2 nanoplates.[41] A high-

resolution TEM image demonstrated that the lateral face of the 
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hexagon-shaped nanoplates correlated with the (110) plane with a 

plane distance, where the lateral edge was matched with the [100] 

direction of β-Co(OH)2 (Figure 3.1b). Interestingly, a selected area 

electron diffraction (SAED) pattern of a single β-Co(OH)2 nanoplate 

has a six-fold point pattern, which indicates a highly crystalline nature 

for the β-Co(OH)2 nanoplates (Figure 3.1c). In addition to β-Co(OH)2 

nanoplates, (oxy)hydroxide nanoplates consist of other metal 

components could also be synthesized only by changing the metal 

precursor while keeping other synthetic conditions unchanged. Figure 

3.2a-c show TEM images of hexagon-shaped MnO(OH), FeO(OH), 

and Mg(OH)2 nanoplates. Similar to β-Co(OH)2 nanoplates, other 

metal (oxy)hydroxide also have hexagonal shapes and high 

crystallinity. For manganese oxyhydroxide, as-synthesized Mn(OH)2 

nanoplates were oxidized during the washing step, which was 

confirmed by the color change of products from milk-white to 

brown.[42] When as-synthesized Fe(OH)2 nanoplates were exposed to 

air, an undesirable dissolution-recrystallization process of iron 

hydroxide took place, which led to the deformation of the original 

structure.[43] To prevent structural degradation, a hydrogen peroxide 

solution was added to the reacted solution to oxidize the as-
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synthesized Fe(OH)2 and terminate the dissolution-recrystallization 

process, resulting in the formation of δ-FeO(OH) without any 

noticeable structural deformation. Crystal structures of 

(oxy)hydroxide nanoplates were characterized by XRD measurements 

(Figure 3.3a-c). During the formation of metal (oxy)hydroxide 

nanoplates, the elimination of oxygen from the reaction media is 

necessary. When the same procedure was performed in air, a mixture 

of nanoplates and nanoparticles was obtained. XRD data confirmed 

that metal oxides were formed rather than metal (oxy)hydroxide 

(Figure 3.4). Reactions of metal ions with hydroxide ions in an 

aqueous solution are shown in Eq. (1), (2), and (3).[44] 

M2+ + 2OH– → M(OH)2      (1) 

M(OH)2 → MO + H2O      (2) 

3MO + 1/2O2 → M3O4      (3) 

In the absence of oxygen, reaction (2) and (3) are hardly noticeable, 

and metal hydroxide was the main product. In the presence of oxygen, 

however, reaction (2) and (3) were accelerated, resulting in the 

formation of metal oxide.  

Interestingly, mixed-metal (oxy)hydroxides could be synthesized 

using the same procedure with a mixture of metal precursors at a 



１３２ 

 

specific ratio. TEM images of mixed-metal (oxy)hydroxides 

demonstrated that all of the mixed-metal (oxy)hydroxide nanoplates 

have hexagonal shapes (Figure 3.2d-i for Co-Mn, Co-Fe, Mn-Fe, Co-

Mg, Co-Mn-Fe, and Co-Mn-Fe-Mg (oxy)hydroxide nanoplates, 

respectively). XRD patterns of multi-metal (oxy)hydroxides in Figure 

3.3d-i also show that there was no evidence of the heterogeneous 

formation of (oxy)hydroxides. Energy-dispersive X-ray spectroscopy 

(EDX) elemental mapping for mixed-metal (oxy)hydroxides indicate 

that metal species are uniformly distributed in the nanoplates (Figure 

3.5 and 3.6). We concluded that the growth kinetics and lattice 

mismatches of metal hydroxides are in a comparable range, where 

distinct difference in the kinetics and/or lattice parameters results in 

the formation of separate (oxy)hydroxides or heterogeneous 

(oxy)hydroxides. Ratios between the metal species in multi-metal 

(oxy)hydroxides measured by EDX are close to the initial values. 

These results corroborate the versatility of a synthetic method that is 

easy, reproducible, scalable, and applicable for fabricating various 

metal (oxy)hydroxide nanoplates. To further investigate the 

homogeneity of mixed-metal (oxy)hydroxides, SAED and energy-

filtered TEM (EFTEM) elemental mapping were performed on a 
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single nanoplate of a mixed-metal (oxy)hydroxide. Figure 3.7 and 

Figure 3.8 show that every metal species are uniformed distributed 

along a nanoplate composing single crystal structure. 
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Figure 3.1. (a) TEM and (b) high-resolution TEM image of hexagon-

shaped Co(OH)2 nanoplates. (c) Selected-area electron diffraction 

(SAED) pattern of a single nanoplate. (d) XRD data of Co(OH)2 

nanoplates. 
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Figure 3.2. TEM images of metal (oxy)hydroxide nanoplates with 

various combination. (a) Mn, (b) Fe, (c) Mg, (d) Co-Mn, (e) Co-Fe, (f) 

Mn-Fe, (g) Co-Mg, (h) Co-Mn-Fe, and (i) Co-Mn-Fe-Mg. Scale bars 

in (a-i) indicate 100 nm. 
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Figure 3.3. XRD data of various metal (oxy)hydroxide nanoplates. (a) 

Mn, (b) Fe, (c) Mg, (d) Co-Mn, (e) Co-Fe, (f) Mn-Fe, (g) Co-Mg, (h) 

Co-Mn-Fe, and (i) Co-Mn-Fe-Mg. 
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Figure 3.4. (a-c) TEM image and (d-f) XRD data of nanoparticles 

obtained under an air atmosphere. (a,d) Cobalt, (b,e) manganese, and 

(c,f) iron. Scale bars in (a-c) indicate 200nm. 
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Figure 3.5. Dark-field STEM image and corresponding EDX 

elemental mapping images of various mixed-metal (oxy)hydroxide 

nanoplates. (a) Co-Mn, (b) Co-Fe, (c) Mn-Fe, and (d) Co-Mg. 
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Figure 3.6. Dark-field STEM image and corresponding EDX 

elemental mapping images of various mixed-metal (oxy)hydroxide 

nanoplates. (a) Co-Mn-Fe and (b) Co-Mn-Fe-Mg. 
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Figure 3.7. TEM image, SAED pattern, and corresponding EFTEM 

images of mixed-metal (oxy)hydroxide nanoplates. (a) Co-Mn and (b) 

Co-Fe. 
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Figure 3.8. TEM image, SAED pattern, and corresponding EFTEM 

images of mixed-metal (oxy)hydroxide nanoplates. (a) Mn-Fe and (b) 

Co-Mg. 
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Figure 3.9. TEM image, SAED pattern, and corresponding EFTEM 

images of mixed-metal (oxy)hydroxide nanoplates. (a) Co-Mn-Fe and 

(b) Co-Mn-Mg. 
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Figure 3.10. TEM image, SAED pattern, and corresponding EFTEM 

images of mixed-metal (oxy)hydroxide nanoplates. (a) Mn-Fe-Mg and 

(b) Co-Mn-Fe-Mg. 
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3.3.2 Synthesis of CoO@C Core–Shell Nanoplates 

In addition, metal oxide nanoplates were prepared using metal 

(oxy)hydroxide nanoplates as precursors, and utilized as LIB anodes. 

As mentioned above, it is widely believed that carbon coatings on 

metal oxide nanocrystals can improve the cycling performance of 

active materials .[12-16] From this point-of-view, polydopamine is a 

promising carbon source. Polydopamine, a “mussel-inspired” polymer, 

has been widely used as a coating agent because it has good adhesion 

to many materials.[45-46] In addition, polydopamine is converted to 

nitrogen-doped carbon during heat treatment, which has been used in 

many energy and environmental applications, such as LIB electrodes, 

oxygen reduction catalysts, CO2-capturing substrates, and 

supercapacitors.[46] To introduce a polydopamine coating on metal 

(oxy)hydroxide nanoplates, dopamine hydrochloride was added to an 

aqueous solution containing Co(OH)2 nanoplates and polymerized. 

Although the polymerization of dopamine normally occurs in weakly 

basic conditions (pH~8.5), an additional base catalyst is not required 

for Co(OH)2 nanoplates, which demonstrates that Co(OH)2 nanoplates 

themselves act as a catalyst for the polymerization of dopamine. 

Figure 3.11a-c and Figure 3.12 show TEM images of polydopamine-



１４５ 

 

coated Co(OH)2 nanoplates with different polydopamine thicknesses. 

By changing the amount of dopamine hydrochloride, different 

thicknesses of polydopamine coatings ranging from 2 to 12 nm were 

obtained. The morphology, crystal structure, and highly crystalline 

nature of Co(OH)2 nanoplates are preserved after polymerization. In 

order to enhance the electrochemical properties, as-synthesized 

Co(OH)2@polydomapine core–shell nanoplates were heated to 350oC. 

Co(OH)2 and polydopamine are converted to CoO and nitrogen-doped 

carbon, respectively. Figure 3.11d-f represent TEM images of 

CoO@C core–shell composites after heat treatment. Broad peaks in 

the XRD patterns of the final products are assigned to the cubic CoO 

crystal structure (JCPDS card no. 43-1004, Figure 3.13). Thicknesses 

of the carbon shells in Figure 3.11d-f are 1.5 nm, 3.8 nm, and 6.5 nm, 

respectively. (CoO@C nanocomposites with a carbon shell of 1.5 nm, 

3.8 nm, and 6.5 nm thickness are denoted as CoO@C-1, CoO@C-2, 

and CoO@C-3. See Table 3.1 for CHN elemental analysis data of 

these CoO@C nanocomposites). When the large-scale synthesis was 

conducted, 1.5 g of CoO@C-3 can be obtained from a single batch 

(Figure 3.14). Interestingly, when Co(OH)2 was converted to CoO, 

core CoO exhibited a mesoporous structure while hexagon-shaped and 
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plate-like morphology were still maintained. The reason for forming 

mesopores in CoO nanoplates originated from the elimination of water 

in the crystal structure of Co(OH)2. When Co(OH)2 is heated, the 

reaction shown in Eq. (4) takes place. 

Co(OH)2 → CoO + H2O↑      (4) 

The elimination of water is simultaneously accompanied with 

19.4% mass loss and 41.4% volume shrinkage, resulting in the 

formation of mesopores inside of the CoO nanoplates. To characterize 

the pore size distribution and surface area of CoO@C nanocomposites, 

N2 adsorption and desorption isotherm measurements were carried out 

(Figure 3.15). The surface area of CoO@C-1, CoO@C-2, and 

CoO@C-3 are 91.8, 86.1, and 52.1 m2 g-1, respectively. Mesopores 

sized about 3.5 nm are assigned from the Barrett-Joyner-Halenda 

(BJH) pore size distribution of CoO@C-1 and CoO@C-2, whereas a 

peak is hardly visible in a pore distribution of CoO@C-3 although a 

TEM image of CoO@C-3 clearly shows a mesoporous structure. This 

phenomena can be explained by a micropore filling effect. When N2 

adsorption isotherm is measured, micropores in carbonaceous 

materials are filled with N2 molecule at a low relative pressure (P/P0 < 

0.2), where mesopores form at a high relative pressure (P/P0 > 0.8). 
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For CoO@C with a thick carbon shell, micropores in the carbon shell 

are blocked before mesopores are filled up, and N2 condensation in the 

mesopores inside the carbon shell is hampered by the thick carbon 

shell. It is noteworthy that the mesoporous structure with free space is 

advantageous when CoO@C nanocomposites are utilized as LIB 

anodes because the free space can better accommodate volume change 

during lithiation/de-lithiation. 
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Figure 3.11. (a-c) TEM image of Co(OH)2@polydopamine with (a) 

1.5 nm, (b) 3.8 nm, and (c) 6.5 nm. (d-f) TEM image of (d) CoO@C-1, 

(e) CoO@C-2, and (f) CoO@C-3 after heat treatment. Scale bars in 

(a-f) indicate 50 nm. 
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Figure 3.12. (a-f) TEM images of Co(OH)2@polydopamine core–

shell nanoplates with various thicknesses of the polydopamine shell. 

Scale bars in (a-f) indicate 50 nm. 
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Figure 3.13. XRD patterns of CoO@C with various carbon shell 

thicknesses. 
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Table 3.1. CHN elemental analysis data for CoO@C 

 Carbon (wt%) Hydrogen (wt%) Nitrogen (wt%) Total (wt%) 

CoO@C-1 6.286 0.423 0.834 7.543 

CoO@C-2 15.071 0.758 2.020 17.869 

CoO@C-3 25.404 1.161 3.346 29.911 
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Figure 3.14. Large-scale synthesis of CoO@C-3. From a single batch, 

~1.5 g of CoO@C was obtained. 
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Figure 3.15. N2 adsorption and desorption isotherms and the 

corresponding pore size distribution of (a) CoO@C-1, (b) CoO@C-2, 

and (c) CoO@C-3. 
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3.3.3 Electrochemical performance of CoO@C 

To evaluate the thickness-dependent electrochemical 

performance of CoO@C nanocomposites, the cycling performance 

and rate capability were investigated by galvanostatic charge–

discharge in a voltage range of 0.01–3.0 V (vs. Li+/Li). Figure 3.16a 

shows the cycling performance of CoO@C nanocomposites at a 

current density of 200 mA g-1 for 100 cycles. During the first several 

cycles, the capacity of CoO@C-1 quickly increased. This tendency 

has often been observed in other cobalt oxide-based LIB anode 

materials.[36, 47-48] After the capacity reached its highest value, the 

capacity continuously decreased from 1257.0 mAh g-1 (18th cycle) to 

314.9 mAh g-1 (100th cycle). On the other hand, CoO@C-2 and 

CoO@C-3 did not show such a rapid change in capacity. CoO@C-2 

exhibited high capacity and good cycling stability during early cycling, 

demonstrating 1013.1 mAh g-1 of discharge capacity at the 50th cycle. 

However, after the 50th cycle, the capacity gradually declined and 

reached to 632.6 mAh g-1 at the 100th cycle. In comparison with 

CoO@C-1 and CoO@C-2, CoO@C-3 with a 6.5-nm-thick carbon 

shell showed a higher capacity and excellent cycling stability during 

100 cycles, resulting in 1016.2 mAh g-1 of specific capacity at the 
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100th cycle and an average capacity of 992.9 mAh g-1 during that 

period. To examine the rate performance of CoO@C nanocomposites, 

current densities were varied from 100 to 200, 400, 800, and 1600 mA 

g-1 (Figure 3.16b). At lower current densities, the capacity of 

CoO@C-1 gradually increased, where similar phenomena was 

observed in Figure 3.16a. However, at higher current densities, the 

capacity dramatically decreased to 454 mAh g-1 (at 800 mA g-1) and 

215 mAh g-1 (at 1600 mA g-1) on average. In contrast, CoO@C-3 

retained its capacities, yielding 943 mAh g-1, 920 mAh g-1, 882 mAh 

g-1, 801 mAh g-1, and 603 mAh g-1 on average at current densities of 

100 mA g-1, 200 mA g-1, 400 mA g-1, 800 mA g-1, and 1600 mA g-1, 

respectively. Interestingly, when a current density recovered to 100 

mA g-1 after the 50th cycle, CoO@C-3 exhibited stable capacity 

retention over 1000 mAh g-1, while the capacity of CoO@C-1 

continuously decreased. 

This improved electrochemical performance can be explained by 

the thickness-dependent morphology retention of CoO@C 

nanocomposites. It has been widely known that the conversion 

reaction induces a huge amount of volume change (~300%) during 

lithiation/de-lithiation, and generally causes the deterioration of 



１５６ 

 

capacity upon cycling. In addition, mechanical stress can cause the 

fracture or pulverization of active materials, which causes undesired 

capacity increases by capturing lithium ions, which generates an SEI 

layer on newly exposed surfaces. Carbon coating can effectively 

prevent the pulverization or cracking of active materials and results in 

enhanced electrochemical properties.  

In order to directly observe cycling-induced morphological 

changes, TEM analysis was conducted after cycling. Figure 3.17a-f 

show TEM images of CoO@C-1 and CoO@C-3 after 50 cycles of 

lithiation/de-lithiation. As can be seen in these TEM images, all 

samples lose their original mesoporous structure and are converted to 

small nanoparticles in the surrounding matrix, indicating the 

conversion reaction took place. For CoO@C-1, the core CoO 

nanoplates are collapsed and the original hexagonal shapes are not 

found in spite of the 1.5-nm-thick carbon shell (Figure 3.17a-c). It is 

considered that the thin carbon shell is not sufficient to resist the 

volume change-induced mechanical stress, hence the breakage during 

repeated lithiation/de-lithiation. When the active materials are broken 

up, a newly exposed interface is generated. Lithium ions and 

electrolyte are additionally consumed to form a new SEI layer on the 
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interface, resulting in a lower Coulombic efficiency. This breakage 

also causes the pulverization and aggregation of CoO, and the 

capacity of the electrode gradually declines. On the other hand, TEM 

images of CoO@C-3 reveal that plate-like morphology and hexagonal 

shape of core CoO are well maintained even after 50 cycles (Figure 

3.17d-f). The dark-field STEM image and corresponding EDX 

elemental mappings also confirm that no significant deformation or 

pulverization was observed in cobalt-based active materials (Figure 

3.17g-i). This result is the reason why CoO@C-3 shows enhanced 

electrochemical performance, in terms of cycling stability and 

Coulombic efficiency, compared with CoO@C nanocomposites with a 

thinner carbon shell. This result suggests that a certain thickness of 

carbon shell is required to resist the mechanical stress that is built 

during the conversion reaction. In addition to the CoO@C 

nanocomposites, MnO@C and Fe3O4@C nanocomposites were also 

prepared and tested as LIB anodes (Figure 3.18). 
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Figure 3.16. Electrochemical performance of CoO@C-1, CoO@C-2, 

and CoO@C-3. (a) Cycling performance at a current density of 200 

mA g-1, and (b) rate performance at current densities from 100 to 1600 

mA g-1. 

  



１５９ 

 

 

 

Figure 3.17. (a-f) TEM images of (a-c) CoO@C-1 and (d-f) CoO@C-

3 after 50 cycles. (g) Dark-field STEM image and elemental mapping 

of (h) cobalt K edge and (i) oxygen K edge of CoO@C-3 after cycles. 
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Figure 3.18. Cycling performance and TEM image of (a) MnO@C 

and (b) Fe3O4@C. Scale bars indicate 50 nm. 
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3.4. Conclusion 

In conclusion, we developed a facile synthetic method for 

hexagon-shaped metal (oxy)hydroxide nanoplates under aqueous and 

mild condition without time- and energy-wasting reactions. It should 

be noted that this synthetic method can be generally applied to 

fabricate various nanoplates, including single-metallic 

(oxy)hydroxides (Co(OH)2, MnO(OH), FeO(OH), and Mg(OH)2) and 

(oxy)hydroxides with two or more metal ions. Metal components were 

homogeneously distributed over the entire mixed-metal 

(oxy)hydroxide nanoplate, not forming separate nanoplates or 

heterogeneous nanostructures. This result was confirmed by TEM, 

EDS, XRD, and EFTEM. To use synthesized hexagon-shaped 

Co(OH)2 nanoplates as the anode electrode of LIBs, polydopamine 

was coated on the nanoplates and Co(OH)2@polydopamine 

nanoplates were heated to obtain mesoporous CoO@C core–shell 

nanoplates. Owing to its straightforward chemistry, the thickness of 

the carbon shell was controlled from 1.5 nm to 6.5 nm or thicker, and 

the thickness-dependent electrochemical performance of CoO@C was 

evaluated. CoO@C with a 6.5-nm-thick carbon coating exhibited 

good cycling performance and a higher rechargeable capacity of 997 
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mAh g-1 after 100 cycles at a current density of 200 mA g-1, while 

CoO@C with 1.5 nm-thick carbon shell only showed a capacity of 

315 mAh g-1 at the 100th cycle with poor cycling stability. TEM 

images taken after cycling also supported that there is a direct 

relationship between the thickness of the carbon layer and the 

morphological deformation of the core CoO. Since this synthesis 

method can be generally adaptable for various metals, such as cobalt, 

manganese, iron, magnesium, and mixed-metal (oxy)hydroxide 

nanoplates, it is expected that this synthesis can be used for many 

energy storage/conversion applications including supercapacitors, 

batteries, and electrochemical catalysts. 
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초 록 

 

 최근 전기 자동차 시장을 포함한 다양한 산업분야에서 

차세대 리튬 이온전지에 대한 수요가 급증하고 있다. 이를 

해결하기 위해서는 더 높은 에너지 밀도를 가지고 향상된 

안정성을 가지는 리튬 이온전지용 전극재료의 개발이 

필수적이다. 전이금속 산화물, 실리콘, 주석, 산화주석 등의 

고용량 음극 재료는 충방전동안 큰 부피 변화를 동반하는데, 

이를 억제하는 것이 고성능 음극재료를 개발하는데 있어 

중요하다. 실질적인 상업화를 위해 손쉽고 대용량화가 가능한 

합성법의 개발 역시 고려되어야 한다. 이 학위 논문에서는 

부피 변화에 의한 전극 변화를 효과적으로 억제하는 기능성 

하이브리드 나노물질의 합성에 관하여 기술한다.  

먼저, 리튬 이온전지 음극재료로써 다방면에서 뛰어난 성능을 

보이는, 탄소 나노시트와 산호주석 나노입자로 구성된 

하이브리드 나노시트를 개발하였다. 탄소 나노시트는 입방체 

모양의 빈칸이 정렬된 형태를 가지는데, 각각의 빈칸은 

탄소벽에 의해 분리되어 있다. 추가적인 자기조립 과정 없이 

정렬구조를 제조할 수 있다는 점에서 여러 분야로 응용함에 
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이점을 가진다. “쉽-인-어-보틀” 합성법을 통해 빈칸의 내부에 

무기물 나노입자를 도입하였다. 충방전동안 산화주석의 

부피팽창이 하이브리드 나노시트의 빈칸 내부에만 국한되기 

때문에 전극의 전체적인 물리적 특성이 유지되고, 뛰어난 

충방전 안정성과 고속충방전 성능을 나타내는데, 이는 넓고 

얇은 카본시트의 그 구조적인 특징 때문이다.  

다음으로 간단하고 방법을 이용한 육각형 모양을 가지는 

단일금속 및 다금속 수산화물 나노판의 합성을 개발하였다. 

이를 리튬 이온전지 음극재료로 응용하기 위해, 도파민수지를 

나노판 표면에 코팅하고 열처리를 통해 다공성 산화코발트–

탄소 핵–껍질 나노판을 합성하는데 성공하였다. 탄소코팅 

두께에 따른 전기화학적 성능 평가를 통하여 전지성능 

향상에 있어 일정량의 탄소코팅이 필수적이라는 결과를 얻을 

수 있었다. 뿐만 아니라, 금속 수산화물 나노판이 다른 

에너지 저장/변환물질로 응용될 것이라 기대할 수 있다. 

 

주요어: 리튬 이온 전지, 음극 재료, 나노복합체, 금속 산화물 

나노입자, 에너지 저장.  

 

학번: 2009-21011 
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