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ABSTRACT 

 

Atomic/molecular layer deposition (ALD/MLD) has emerged as an important 

technique for depositing thin films in both scientific research and industrial applications. 

In this dissertation, ALD/MLD was used to create novel nanostructures for two different 

applications, catalysis and lithium-ion batteries.  

MLD was used to prepare ultra-thin dense hybrid organic/inorganic polymer films. 

Oxidizing the hybrid films removed the organic components and produced the desired 

nanoporous films. Both porous alumina and titania films can be prepared by such a way. 

A novel nanostructured catalyst (Pt/SiO2) with an ultra-thin porous alumina shell obtained 

from the thermal decomposition of an aluminium alkoxide film deposited by MLD for size-

selective reactions was developed. The molecular sieving capability of the porous metal 

oxide films was verified by examining the liquid-phase hydrogenation of n-hexene versus 

cis-cyclooctene. 

For lithium-ion battery cathodes, two different approaches are presented. Firstly, 

ultrathin and highly-conformal conductive CeO2 films were coated on LiMn2O4 particles 

using ALD process. The initial capacity of the 3 nm CeO2-coated sample showed 24% 

increment compared to the capacity of the uncoated one, and 96% and 95% of the initial 

capacity was retained after 1,000 cycles with 1C rate at room temperature (RT) and 55 °C, 

respectively. The study of ionic and electronic conductivities of the coated and uncoated 

materials helped explain the improved performance of CeO2 coated materials. Secondly, 

iron oxide films were deposited using ALD on LiMn1.5Ni0.5O4 particles for the synergetic 

effect of performance enhancing by iron doping and conformal iron oxide film coating. 

With an optimal film thickness of ~0.6 nm, the initial capacity improved by 25% at 

RT and by ~26% at 55 °C at 1C cycling rate. The synergy of doping of LiMn1.5Ni0.5O4 

with Fe near surface combined with the conductive and protective nature of the optimal 

iron oxide film led to high capacity retention (~93% at RT and ~91% at 55 °C) even 

after 1,000 cycles at 1C cycling rate. 
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1. INTRODUCTION 

 

1.1. ATOMIC LAYER DEPOSITION TECHNIQUE  

Atomic Layer Deposition (ALD) as an outgrowth of molecular beam epitaxy was, 

earlier, called atomic layer evaporation or epitaxy. Finnish researchers led by Suntola in 

the 1970s,1 and Russian researchers led by Aleskovskii in the 1960s are the earliest known 

ALD developers.2, 3 Distinguished from other deposition techniques, such as chemical 

vapor deposition (CVD), physical vapor deposition (PVD), and other solution-based 

methods, ALD as a chemical vapor method operates with a unique mechanism relying on 

two gas-solid half-reactions to produce an ultimate material.4 The reactions of ALD feature 

the characteristics of surface-controlled and self-terminating nature. In return, ALD 

performs the deposition of films in a layer-by-layer mode and it is especially superior in 

controlling films at the atomic level. As a result, ALD provides the deposited films with 

excellent uniformity and unrivalled conformality. In essence, ALD works with a 

temperature lower than the decomposition of the used precursors, typically lower than 400 

ºC, even down to room temperature. In addition, ALD requires no catalysts and has no 

needs on solvents. All the aforementioned characteristics contribute ALD to be a unique 

but precise deposition technique. Ascribed to the above-mentioned advantages, ALD is 

particularly suitable for production of high-quality thin films. Its initial applications were 

limited to the growth of II-VI materials and dielectric thin films for electroluminescent 

display devices,4 but it was later widened for the growth of III-V compounds.5 Besides its 

successes in the areas of semiconductors, ALD has been gaining more applications since 

the beginning of the 21st century, owing to an increasing recognition on its versatile 
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capabilities. The new widened applications of ALD are closely related with 

nanotechnology, which offers new opportunities for many areas with novel components.6 

Recent reviews conducted by Knez et al.,7 Kim et al.,8 and George9 jointly provided a 

comprehensive view on the latest progress of ALD, especially on the fabrication of 

nanostructured materials. The new tendencies of ALD in nanotechnology are offering ALD 

many more opportunities in new areas, such as sensors, solar cells, fuel cells, and lithium-

ion batteries. 

The film growth in ALD is governed by self-limiting gas-solid surface half 

reactions, unlike the traditional methods, such as CVD and PVD, which are dependent on 

the primary reactant sources. To demonstrate the underlying mechanism of ALD process, 

a typical ALD process for the Al2O3 is schematically illustrated in Figure 1.1.  

 

Figure 1.1. Atomic layer deposition reaction steps. 
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A typical ALD reaction requires two precursors. The most effective ALD process 

of Al2O3 (ALD-Al2O3) uses trimethylaluminum (TMA) and water as precursors, as shown 

in Figure 1 as an example. In a CVD process, the reaction is described by an overall 

reaction:10  

                                  2Al(CH3)3 + 3H2O → Al2O3 + 6CH4 (g)                                        (1)    

In comparison, the ALD-Al2O3 proceeds with two half-reactions. A typical alumina 

ALD cycle consists six steps. The metal precursor TMA is first introduced in the reaction 

chamber which reacts with the native surface functional groups, such as hydroxide groups. 

The half-reaction of that step is suggested as follows:10  

                        AlOH* + Al(CH3)3 (g) → Al-O-Al(CH3)2* + CH4 (g)                               (2) 

where, the (*) designates the species carried by or chemically attached on substrates, and 

(g) designates the gaseous byproducts. Once the surface is saturated with AlOH* and forms 

a layer of Al-O-Al(CH3)2*, then the reaction chamber is flushed with inert gas to remove 

any unreacted TMA and any byproducts. The chamber is then purged using vacuum pump 

to ensure that no TMA is left behind. Only after that, the second precursor, oxidizer, de-

ionized water is introduced. The water reacts with the Al-O-Al(CH3)2 layer to form Al2O3 

monolayer and regenerate -AlOH groups. The half-reaction of this step is suggested as 

follows:                                                              

                                   AlCH3* + H2O (g) → AlOH* + CH4 (g)                                        (3) 

The subsequent steps are inert gas flush and vacuum purge. With this one cycle of alumina 

ALD, ~0.1 nm conformal layer of alumina is achieved. In order to get thicker coating, the 

cycle is repeated as needed. ALD is cyclic in operation and proceeds in a layer-by-layer 

fashion.  
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cycle is repeated as needed. ALD is cyclic in operation and proceeds in a layer-by-layer 

fashion.  

 Molecular layer deposition (MLD) is like ALD, and it is also a layer-by-layer, self-

terminating process.11-13 However, during the MLD process, an organic or hybrid 

organic/inorganic molecular part is attached as a part of the coating process. One Japanese 

group pioneered the deposition process of organic polymer MLD films using stepwise 

consolidation.13, 14 Various reactants has been researched for the organic MLD, such as 

polyurethane15, polyurea16, polyamide,13, 17 polyimide,12, 18 and hybrid 

polyimide−polyamide19. 

 At the end of the each coating cycle all the unreacted reactants and byproducts are 

discarded by purging an inert gas, and an identical surface is produced as the initial native 

surface with the same functional groups. A control of the amount of material being 

deposited is achieved by controlling the ALD/MLD coating cycles. Due to the nature of 

self-terminating reactions, it is possible to achieve ultrathin films with high conformity 

irrespective of the type of substrate surface, porosity, or surface area.20 As a result, 

ALD/MLD has been widely applied in a variety of applications, such as electronics,7, 

20 catalysis,21-23 photovoltaics,24 batteries,25 and fuel cells.23, 26   

 

1.2. SIZE-SELECTIVE CATALYSTS 

An important and basic concept of catalysis is to selectively transform a particular 

reactant from a mixture of reactants into products using metallic catalysts, which is also 

called size or shape-selective catalysis.27 Many important reactions like combustion 

reactions, hydrogenation, and dehydrogenation are catalyzed using metallic particles. 
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However, the conventional metallic catalysts cannot selectively drive the conversion of a 

certain reactant from a mixture of reactants. Although many attempts have been made to 

surmount this inadequacy of selective discrimination by fabricating chemically adjusted 

catalyst surface,28 optimizing operational conditions,29 or using manipulative enzyme 

mimics,30 significant improvements are not yet to be found. Size-sensitive catalysts with a 

core-shell structure is an important topic of research, attracting a lot of attention.31, 32 

The properties of porous shell on the size-selective catalysts are very important. 

Here, a porous material/media means a material containing pores or voids. Some naturally 

occurring materials are also porous, for example, rocks, soil, zeolites, biological tissues, 

and some artificial materials, such as ceramics and cements are also porous. The concept 

of porous material has been vastly used in many research areas, such as filtration, liquid 

adsorption and catalysis. They have been applied either as catalyst themselves or as an inert 

support for the active phase. Some of porous materials have the ability to, at the same time, 

act as support and also take part in the catalytic process.33 A useful way to classify a nano-

porous material is by the size of their pores, because most of properties interesting for 

applications of adsorption and diffusion are dependent on this parameter. Based on their 

pore sizes, the three main categories of porous materials are micropores (pore size < 2 nm), 

mesopores (pore size 2-50 nm), and macropores (pore size >50 nm). The size distribution, 

shapes and volume of the porous materials determine their potential to be applied for a 

particular function. Most common size-selective catalysts are metal nanoparticles 

encapsulated by mesoporous materials like metal organic frameworks (MOFs),34 titania35, 

silica,36-38 and zeolites,39-41 to form a core-shell structure. 
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 The zeolites has been popular for size-selective catalysis over 50 years in the 

chemical industry.41-43  However, there is a limitation in the types of molecules that can be 

part of size or shape-selective reactions over zeolites.44 One theory is to cover the catalyst 

in a discriminating film so that the transport of the reactant to the active sites can be 

controlled.37 However, it has been proved to be difficult to fabricate a uniform ultrathin 

films and so many efforts has been focused on creating multi-layered crystallites.45-47 

Weisz et al. were the first to synthesize Pt particles covered in a LTA-type zeolite structure 

to create size selective metal-containing compounds for the hydrogenation reaction of n-

butene in a mixture of n-butene and isobutene.48, 49 Their process was highly complex with 

several steps to prepare such sort-of captured metallic catalysts. Another method that has 

been used to prepare such catalysts consists of a composite material with a polycrystalline 

zeolite ZSM-5 layer covering Pt nanoparticles supported on titania.37 The prepared 

catalysts showed selective discrimination towards the hydrogenation of linear alkenes, 

rather than the branched alkenes. In a recent report, Pt metal particles were encapsulated 

in porous zeolite which allowed only small oxide alcohols and acted as a barrier for the 

large poison molecules.50 

 The preparation of porous films directly deposited onto the surface of catalyst 

particles is attracting increasing attention.40, 51, 52 This type of composite materials 

displayed unusual activity and selectivity patterns in a number of reactions of academic 

and industrial interest including amine52 and maleic anhydride51 syntheses, selective 

hydrogenation reactions,40 and Fischer−Tropsch synthesis.53 In most cases, zeolite-based 

films deposited on macroscopic beads or supports were prepared by in situ synthesis of the 

zeolite. However, post-synthesis deposition techniques have also been developed.36, 54 For 
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example, Foley et al.52 demonstrated that it was possible to obtain shape selectivity effect 

by creating a layer of amorphous carbon-based molecular sieve on top of silica−alumina 

particles.  

 It was reported that the possibility to prepare a thin monocrystalline zeolite layer 

encapsulating Pt nanoparticles supported over SiO2 catalysts for the selective oxidation of 

CO in the mixture of CO and butane.51, 55 They used a polyelectrolyte cationic polymer to 

achieve the shorter connection between the zeolite seeds and the catalyst. The cationic 

polymer caused the same repulsion effect between the oppositely charged oxide surfaces.39 

A range of hydrocarbons were produced by selective Fischer-Tropsch reactions using 

Co/SiO2 encapsulated by H-ZSM-5 films.53, 56 Using a polycrystalline coating of silicalite-

1 on Pt/TiO2, Nishiyama et al. demonstrated the size discriminating hydrogenation reaction 

to produce a range of hydrocarbons.57, 58 In all previous studies, a macroscopic layer was 

coated on metal/SiO2 grains, and the activity was given by the metal particles underneath 

the membrane. However, the thickness of the zeolite shell was usually from 200 nm up to 

several microns,55, 57 which eventually limited the overall reaction rates due to diffusion 

transport limitations.57  

 For porous films used in size-selective catalysts, the films should be defect free and 

have a very uniform porous structure, in order to have a good effect of molecular 

discrimination so that high selectivity can be achieved; the films should also be ultra-thin, 

so that there will be not much mass diffusion and the films can be deposited into some 

porous substrates, which are typically used as catalyst supports. MLD process has been 

used for preparing the porous thin films with precise thickness. This process allows a film 

to be conformally constructed on surfaces with arbitrary shapes and surface areas. It has 
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recently been demonstrated that ultra-thin porous aluminum oxide films can be prepared 

from organic-inorganic hybrid MLD polymer films by removing the organic 

components.59, 60 The level of porosity is dependent on the organic contents of the deposited 

hybrid MLD films. In this work, ultra-thin porous alumina shell was achieved after 

decomposition of aluminium alkoxide films deposited using MLD process to fabricate an 

innovative nanostructured catalyst for size selective reactions.  

 

1.3. LITHIUM-ION BATTERY CATHODE MATERIALS 

Rechargeable lithium-ion batteries (LIBs) have drawn extensive attention due to 

their excellent properties, such as high energy density and light weight. A single-cell 

lithium battery consists of a positive and negative electrode, called the cathode and anode, 

respectively. Normally, the anode consists of some form of carbon (e.g., graphite) and the 

cathode consists of a lithiated transition metal compound (e.g., LiMn2O4). The anode and 

cathode are kept apart by electrically insulating separator. In order to enable Li-ion 

transport between the two electrodes, the separator is soaked in a liquid electrolyte, 

consisting of a dissolved lithium salt (e.g., LiPF6) in a mixture of organic alkyl carbonate 

solvents, such as ethylene, dimethyl, diethyl and ethyl methyl carbonate (EC, DMC, DEC, 

and EMC, respectively). Another important requirement of the liquid electrolyte is that it 

also must be electrically insulating, to avoid short-circuiting of the cell. Once these 

electrodes are connected externally, chemical reactions can proceed simultaneously at both 

electrodes, converting chemical energy to useful electrical energy, see Figure 1.2.  
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Figure 1.2. A simple overview of a common lithium ion battery, illustrating the processes 
occurring during discharge and charge. 

 

During discharge, electrons leave the anode (it is oxidized) and travel to the cathode 

through the external circuit (doing useful work), while the lithium ions are extracted 

(deintercalated) from the anode and travel to the cathode through the electrolyte. At the 

cathode, metal atoms in the host structure are reduced as they receive the electrons, and the 

lithium-ions traveling through the electrolyte are inserted into the cathode (intercalated). 

During charging the opposite reactions occur. 

Typical cathode materials, such as LiCoO2, LiNiO2, LiMn2O4 and LiFePO4, have 

been widely investigated for LIBs with high energy and power density, or good cycling 

stability. Among them, LiCoO2 has been used in commercial rechargeable LIBs thanks to 

its easy production, high cell voltage (3.6 V) and high specific capacity (140 mAh/g). 

However, cobalt resource on earth is quite limited and causes a much high production cost 
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of resultant LIBs. Besides, cobalt is a very toxic element, which may pollute natural 

environment, if LiCoO2-based LIBs are not correctly disposed. LiNiO2 is less toxic 

material for LIBs, and nickel reserve on earth is much larger than cobalt. Its working 

potential is 3.6 V (vs. Li/Li+), with a large specific capacity of 180 mAh/g. However, 

LiNiO2 with precise stoichiometric ratios is much more difficult to be synthesized, and its 

crystal structure is not much stable during Li-ion intercalation process, resulting in poor 

stability of LiNiO2-based LIBs.  

Recently, LiMn2O4 and LiFePO4 become popular cathode materials for high-

energy-density LIBs used in electric vehicles. LiFePO4 is cheap, easily-synthesized and 

environmentally friendly and LiFePO4-based LIBs also have excellent long-term stability. 

However, its working potential (3.4 V vs. Li/Li+) is low, and its energy density (110 

mAh/g) is too small. The biggest drawback of LiFePO4 is very poor electronic 

conductivity, yielding such low specific energy capacity. For LiMn2O4, it is a promising 

material that may be used in future commercial LIBs, due to its unique advantages. It has 

higher specific capacity (120 mAh/g) and output voltages (3.5 ~ 4.3 V vs. Li/Li+), higher 

safety and no memory effect.61, 62 In addition, LiMn2O4 has abundant resource and is 

cheap, non-toxic, and environmentally friendly. However, a critical problem of LiMn2O4 

is its poor stability with electrolyte and its capacity degradation during cycling, which 

limits its practical applications.62, 63 In general, the fast capacity fading of LiMn2O4 can be 

ascribed to three factors:64, 65 (1) dissolution of Mn2+ ions into solutions. Mn2+ ions are 

formed by a disproportional reaction:  

                       2Mn3+ (solid) → Mn4+ (solid) + Mn2+ (solution)                                      (4) 
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(2) Jahn-Teller (J-T) distortion effect of Mn3+ ions due to the crystallographic 

transformation of LixMn2O4 (1<x<2) from cubic spinel structure to tetragonal phase that 

is well-known for its poor capacity retention, and (3) continuous decomposition of 

electrolytes on the electrode partially due to formation of Mn4+ that has high oxidation 

ability. Thus, a variety of methods have been proposed to solve these problems. For 

instance, a small amount of cations, such as Al, Ga, Co, Ni , Cr and Ti, are doped into 

spinel LiMn2O4 in order to improve its structural stability.66 A recent 

Li nuclear magnetic resonance (NMR) study on Li(MxMn2 − x)O4 (M = Mn, Cr, Co, Al) 

has shown that the improved cathodic performance of the doped spinels is due to structural 

stabilization, whereas Mn dissolution and concomitant Li-for-Mn ion exchange at the end 

of discharge is the dominant contribution to the capacity fading in LiMn2O4.67 The fact 

that the unsubstituted LiMn2O4 shows structural change and capacity fade on cycling at 

ambient temperature68-70 as well as in the M-substituted spinels at 50 °C,71 which is in 

accordance with the proposed structural stability of the material with doping.68, 72, 73 

Another common approach is surface modification of LiMn2O4 by coating with oxides,74-

76 metals,77 fluorides,78 phosphates,79 polymers,80 carbon81 and some electrode materials.82, 

83 The oxide coating on LiMn2O4 scavenges hydrogen fluoride (HF) formed from side 

reactions in LIBs, and thus slows down dissolution of manganese ions and degradation of 

electrolytes at cathode, yielding improved electrochemical performance of LiMn2O4. 

 LiMn2O4 cycles at 4.0 V vs. Li/Li+. This corresponds to the Mn3+/4+ redox couple, 

which lies in a metal 3d band at a substantial energy above the O:2p band. The 

characteristic voltage of the cathode can be increased by lowering the energy of the metal 

3d band, concomitantly increasing the voltage difference between the cathode redox couple 
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and the anode (and Li/Li+) couple. Increased cell voltage results in a higher energy density 

at the cost of increased side reactions, which occur between the cathode and the electrolyte. 

These side reactions deplete the electrolyte and the lithium salt, leading to decreased 

coulombic efficiency and significant energy density fade over time. The development of 

new, high-voltage capable electrolytes is a major research area, and progress is being made 

in ionic liquids and fluorinated organic electrolytes.  

 One way to increase the cell voltage is to substitute another transition metal for Mn, 

such as Fe, Co, or Ni. Ni-substituted spinel has been the most successful in terms of 

performance due to the Ni2+/ Ni3+/ Ni4+ redox couples.84 Up to 0.5 Ni per formula unit can 

be substituted for Mn, yielding the chemical formula LiMn1.54Ni0.52O4. Further Ni 

substitution is not possible, and results in a nickel-rich LixNi1-xO disordered rocksalt 

secondary phase during synthesis.85 By substituting Ni for Mn, the Mn:eg band is depleted 

in order to donate electrons to the lower energy Ni:eg band, lowering the Fermi energy and 

increasing the cell voltage. The charge/discharge voltage of LiMn1.5Ni0.5O4 is 4.7 V, 

approximately 700 mV higher than that of LiMn2O4. For this reason, LiMn1.5Ni0.5O4 is 

also called “high-voltage spinel” or “5 V spinel” (even though the actual voltage is just shy 

of 5V vs. Li/Li+). The 700 mV advantage over LiMn2O4 gives high-voltage spinel 

excellent energy density - comparable to layered oxides, but with less Ni and Li precursor 

materials, so the cost per kWh is lower. This makes it an attractive material for high power 

battery industry. 
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1.4. DISSERTATION SUMMARY 

In Paper I, fabrication of highly porous titania films with tunable thickness using 

MLD technique on sub-micron silica particles was introduced. The organic constituents in 

the films were removed by either calcination in air at elevated temperatures or 

decomposition in the presence of water at room temperature, which could be very 

important for coating temperature-sensitive substrates. The resulting porous structures had 

both micropores and mesopores. This type of porous coating can be used for fine tuning 

some porous materials, such as zeolite for gas separation, and catalysts with enhanced 

performance (e.g., increased thermal stability and reaction selectivity). 

 In Paper II, the same technique as in Chapter 2 was employed to use the ultrathin 

porous film to cover the metal nanoparticles supported on mesoporous substrate for size-

selective reactions. Ultra-thin porous alumina shell was achieved after decomposition of 

aluminum alkoxide films deposited using MLD process to fabricate an innovative 

nanostructured catalyst for size selective reactions. The molecular sieving capability of the 

porous metal oxide films was verified by examining the liquid-phase hydrogenation of n-

hexene versus cis-cyclooctene. 

 In Paper III, a breakthrough was achieved to overcome a bargain between the cycle 

life and the capacity using conductive CeO2 ALD films conformally coated on the 

LiMn2O4 particles. The electrochemical tests showed significant improvement in both life 

cycle and the capacity of the coated samples. The impedance results showed much lower 

resistance in the case of LiMn2O4 particles coated with CeO2 films of an optimal thickness.  

 In Paper IV, study of ionic and electronic conductivities for the ceria ALD-coated 

and uncoated LMO and LMNO samples was carried out. Also, the results were compared 
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to the insulating materials such as Al2O3 and ZrO2 ALD-coated LMO samples. The ionic 

conductivities of the coated samples were at least one magnitude higher than those of the 

uncoated samples. The experimental results proved that the ionic conductivity of the ceria 

films was responsible for the improved performance and longer life cycle of the CeO2 

coated LiMn2O4 samples.  

 In Paper V, a novel synergetic effect of doping and thin film coating was employed 

to improve performance and cycle life of cathode particles. The Fe doping occurred mostly 

during the initial ALD cycles and further ALD cycles coated a conformal iron oxide layer 

on the LiMn1.5Ni0.5O4 particles. The electrochemical performance showed significant 

improvement in the capacity, compared to the uncoated samples.  

 In Section 2, the findings of the dissertation is summarized and some suggestions 

has been made for the future research work. 
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Abstract 

Titanium alkoxide (titanicone) thin films were coated on large quantities of sub-

micron sized silica particles at 100 ºC using molecular layer deposition (MLD) in a 

fluidized bed reactor. Titanium tetrachloride and ethylene glycol were used as precursors. 

The content of titanium on the particles increased linearly as the number of MLD coating 

cycles increased. The conformity of the films, with a thickness of ~12 nm, was verified by 

TEM for silica particles coated with 50 cycles of titanicone. The composition of the 

titanicone films was confirmed by EDS. Porous titanium oxide films were formed for the 

particles coated with 50 cycles of titanicone MLD by oxidation in air at 400 °C or by 

decomposition of the organic components of the titanicone films in the presence of water. 

The thicknesses of the films were reduced from ~12 nm to ~8 nm after oxidation in air at 

400 °C for 1 hr. The effect of aging on the titanicone films was studied at different lengths 

of aging time in the presence of water. A greatly increased surface area of 48.8 m2g-1 was 

obtained for the particles exposed to water for 24 hr, compared to the as-deposited 50 cycles 
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of titanicone coated sample with a surface area of 7.7 m2g-1. The decomposition of 

titanicone films, after exposure to water vapor for various lengths of time, was studied by 

FTIR.   

 

Keywords: Ultra-thin; Porous film; Molecular layer deposition (MLD); Titanium alkoxide 

(titanicone); Titanium oxide (titania); Fluidized bed reactor 

 

1. Introduction 

Titania possesses properties like chemical inertia [1] and high surface affinity 

towards ligands [2, 3]. Its optical and electronic activities make it an extremely attractive 

material for a great variety of applications, including pigments [4, 5], photocatalysts [6, 7], 

and energy conversion [8, 9].  Many applications (e.g., solar cells, sensors, etc.) require 

processing of thin films with high surface areas, high porosity, and high purity to obtain 

improved device efficiency [8-12]. Fabrication control of porous titania films is significant 

since it can impart a profound effect on surface reactions and fine tuning of material 

properties [6, 13, 14]. Currently, most of the preparation methods used involve organic 

templates. Organic-inorganic films are prepared first, and the organic templates must be 

removed gently by calcination at high temperature in order to create porous structures. Sol-

gel [15], self-assembly [16, 17], layer-by-layer assembly [18], and Langmuir-Blodgett [19] 

were each developed for fabricating polymeric thin films. Although these techniques can 

fabricate organic-inorganic films, often they lack a porous framework with structural 

integrity, precise composition, and thickness control.  
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Similar to atomic layer deposition (ALD), the vapor-phase molecular layer 

deposition (MLD) approach is ideal for the deposition of organic or organic-inorganic 

hybrid materials [20-24]. This MLD approach utilizes alternating self-limiting 

heterogeneous surface reactions to build up a solid-state thin film through a sequence of 

molecular adsorption/reaction steps. This process allows a film to be conformally 

constructed on surfaces with arbitrary shapes and surface areas. MLD can provide precise 

control over film thickness, composition, and conformity at the molecular level. It has 

recently been demonstrated that ultra-thin porous aluminum oxide films can be prepared 

from MLD prepared organic-inorganic hybrid polymer films by removing the organic 

components [25, 26]. The porosity of the resulting inorganic films will depend on the 

volume occupied by the organic constituting part. It is expected that ultra-thin porous 

titania films can also be prepared by a similar process. The MLD chemistry of hybrid 

organic-inorganic titanium alkoxide (titanicone) films has been reported using alternating 

reactions of titanium tetrachloride (TiCl4) and ethylene glycol (EG) [27, 28]. The 

photocatalytic activity of the thermally annealed titanicone film was about a 5-fold increase 

when compared to that of the TiO2 film prepared by ALD under optimal processing 

conditions [28]. Thus far, no study has been conducted for titanicone MLD on a large 

quantity of particles and their porous film formation.  

In this study, ultra-thin titanicone films were coated on primary sub-micron SiO2 

particles. The reason for using particles with such a low surface area is because it was 

easier to verify the particle surface area increment due to the formation of porous structures 

from MLD films. This type of porous coating can be used for fine tuning some porous 

materials, such as zeolite for gas separation [29], and catalysts with enhanced performance 
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(i.e., as increased thermal stability [30], and reaction selectivity [31]). The organic 

constituents in the films were removed either by calcination in air at elevated temperatures 

or decomposition in the presence of water at room temperature, which could be very 

important for coating temperature-sensitive substrates. The resulting porous structures had 

both micropores and mesopores. 

 

2. Experimental Details 

2.1. MLD of titanicone films 

Titanicone MLD was performed in a fluidized bed reactor, as shown in Fig. 1. This 

reactor system consisted of a reactor column, a vibration generation system, a gas flow 

control system, and a data acquisition and control system with LabView®, which has been 

described in detail previously [24]. Silica powder (500 nm, 99.9%, from Alfa Aesar) was 

used as the substrate. Titanium tetrachloride (99.9%, from Sigma Aldrich) and ethylene 

glycol (anhydrous, 99.8%, from Sigma Aldrich) were used as precursors. All of the 

chemicals were used as received without any treatment. For a typical run, 10 g of particles 

were loaded into the reactor. The reaction temperature was 100 °C. The minimum 

fluidization superficial gas velocity was determined by measuring the pressure drop across 

the particles bed versus the superficial gas velocity of purge gas. The base pressure was 

~3.5 Torr at the minimum fluidization velocity. During the MLD reaction, TiCl4 was fed 

through the distributor of the reactor, based on the driving force of its room-temperature 

vapor pressure. A needle valve was used to adjust the TiCl4 flow rate and ensure that the 

TiCl4 pressure was high enough to promote particle fluidization. The reactor was also 

subjected to vibration via vibrators to improve the quality of particle fluidization during 
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the MLD process. The vapor of EG was delivered into the reactor using a bubbler, which 

was heated at 65 °C. The feed lines were kept at ∼100 °C to avoid excessive adsorption of 

EG in the internal walls of the system that could promote side-reactions of chemical vapor 

deposition (CVD).  

The entire coating-sequence process was controlled and monitored using 

a LabView® program. Each MLD coating cycle consisted of six steps: TiCl4 dose (90 s), 

N2 flush (600 s), vacuum (30 s); EG dose (720 s), N2 flush (600 s), and vacuum (30 s). 

These steps helped ensure that direct contact between the two precursors was avoided and 

CVD side-reactions were prevented. N2 gas flow rate was controlled by an MKS mass flow 

controller during the process. Before the reaction, the particles were outgassed at 100 °C 

with a continuous N2 flow for at least 5 hr. The MLD reaction was carried out for 10, 20, 

30, 40, and 50 cycles. 

In order to form porous MLD films, two post-treatment procedures were applied: 

thermal annealing and water soaking. The 50 cycles of titanicone MLD coated silica 

particles were oxidized in air at 400 °C for 1 hr at a heating and cooling rate of 1 °C/min. 

A different set of the same particles was soaked in deionized water for different lengths of 

time and then dried under vacuum at room temperature.  

 

2.2. Characterization 

The coated particles were visualized with an FEI Tecnai F20 field emission gun 

high resolution TEM/STEM equipped with an energy dispersive X-ray spectrometer (EDS) 

system. TEM samples were prepared by placing the particles on holey-carbon films 

supported on Cu grids.  To quantify the amount of Ti on the surface of the particles, 
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inductively-coupled plasma atomic emission spectroscopy (ICP-AES) was used. A Perkin-

Elmer Optima 7300DV instrument was used to perform ICP-AES. A Quantachrome 

Autosorb-1 was used to obtain nitrogen adsorption and desorption isotherms at -196 ºC, 

for the uncoated, and the MLD coated particles before and after the removal of the organic 

components. Before starting the adsorption measurements, the as-deposited samples were 

outgassed at 50 ºC under vacuum for 24 hr, and the samples that were water treated and 

oxidized were outgassed at 120 ºC under vacuum for 24 hr. The specific surface areas of 

the samples were calculated using the Brunauer–Emmett–Teller (BET) method in a relative 

pressure range of 0.05–0.25. The pore size distribution curves were derived from the 

adsorption and desorption isotherms using the Horvath-Kawazoe (HK) and the Barrett–

Joyner–Halenda (BJH) methods. The infrared spectroscopy (IR) spectra of the samples 

were obtained from Nicolet Nexus 470 FT-IR Spectrometer (Thermo Nicolet) in the 

transmission mode, and continuously purged with purified dry air. Samples were measured 

with 100 scans at a 4 cm−1 resolution. 

 
3. Results and Discussion 

3.1. Growth of titanicone MLD films on SiO2  

Titanicone films of different thicknesses were coated on SiO2 particles by 

controlling the number of MLD cycles. The Ti content on the silica particles of each sample 

was measured by ICP-AES. As shown in Fig. 2, titanium content followed a linear path 

with increase in the number of MLD cycles. The titanicone film thickness was much 

smaller than the sub-micron sized silica particles. This resulted in a linear proportionality 

between the titanium content and the number of coating cycles. The thicknesses of 

titanicone films were reflected by the content of Ti on the particles. The linearity of the 
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plot also clearly indicated the layer-by-layer growth of the titanicone MLD films on the 

substrate particles. Therefore, the thickness of each film can be precisely controlled by the 

number of MLD coating cycles. No nucleation period was required to deposit MLD coating 

on the silica particles, because native hydroxyl groups were present on the surfaces of the 

silica particles. The uniformly deposited titanicone films were directly observed by TEM 

imaging. As shown in Fig. 3a, the thickness of the film was ~12 nm for particles coated 

with 50 cycles of MLD coating. This thickness indicated that the growth rate of the 

titanicone films was ~0.24 nm per TiCl4/EG cycle. This observed growth rate was a bit 

slower than the reported growth rate of titanicone MLD, which was 0.44 nm/cycle at 100 

°C [27]. The composition of the films was directly confirmed by EDS, as shown in Fig. 3b 

and 3c. The former spectrum is for the silica substrate and the latter one is for the titanicone 

MLD film.  

Most of the primary particles were coated with titanicone films during the coating 

process, which was indirectly supported by the BET surface area analysis as shown in Fig. 

4. The gradual decrease in the surface area of the particles was analogous to the proven 

results that MLD coating occurred on the primary particles despite of small-sized 

aggregates [24]. There was no dramatic decrement in surface area with an increase in the 

number of MLD coating cycles. The surface area of uncoated silica particles gradually 

decreased from 10.0 m2g-1 to 7.4 m2g-1 for the particles coated with 40 cycles of titanicone 

film. The surface area did not decrease further beyond 40 cycles of MLD coating. The 

reduction in surface area before 40 cycles could be explained by the larger particles, density 

changes, and the slight aggregation of particles after MLD coating. The increase in surface 

area after 40 cycles could be explained by the partial formation of porous films, which 
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would contribute to higher surface areas of the particles. This similar behavior has also 

been documented for alucone and zincone films in previous studies [26, 32], where it was 

found that porous metal oxide films could form during the deposition process.  

 

3.2. Porous MLD films 

Silica particles coated with 50 cycles of titanicone films were oxidized in air at 400 

°C for 1 hr to create porous structures within the films. The TEM image, in Fig. 5, of one 

such particle confirms the resultant conformal film after oxidation. The surface area of the 

oxidized particles was 22.0 m2g-1 and this increment can be attributed to the formation of 

porous structures of TiO2. During oxidation in air, the organic components should be 

degraded to create a porous structure of a conformal titania film. As clearly shown in Fig. 

3a and 5, the film thickness decreased from ~12 nm to ~8 nm for the oxidized particles. At 

the oxidation temperature of 400 °C, amorphous titania could be crystallized to form 

anatase phase titania. Such phase transformation may affect the stability of the porous 

structure, and result in a lower surface area of porous titania. This set of experiments 

indicates the potential of the MLD method for the uniform coating of high geometric aspect 

ratio nanoscale structures. Since thermal annealing of titania results phase change from 

amorphous to anatase, the MLD technique can also be crucial for the thermal annealing 

compatibility process [28, 33]. However, the XRD results of the oxidized samples showed 

no confirmed sign that the anatase phase was present. It seems that the amount of crystalline 

titania was not substantial enough to be detected by XRD. This could be due to low 

crystallinity of titania present in the samples, since the samples were heated at 400 °C for 

only 1 hr and the presence of carbon could have suppressed the phase transition [28]. 



31 
 

The particles from the same batch, 50 cycles of titanicone coated silica, were soaked 

in deionized water for different lengths of time, and then dried. The porous structures of 

titania particles were studied by nitrogen adsorption and desorption analysis. Fig. 6 shows 

nitrogen adsorption and desorption isotherms, surface area, pore volume, and pore size 

distributions of 50 cycles of titanicone MLD coated silica particles after being soaked in 

water for different lengths of time. The adsorption-desorption isotherm is a type II 

isotherm, according to the IUPAC recommendations. The pore diameter of the micropores 

was estimated to be ~0.6 nm by using the HK method. Mesopores, with an estimated 

diameter of ~1.1 nm by using the BJH method, were also observed. The high surface areas 

of the water soaked particles were due to the formation of these micropores and mesopores 

in the films. After being soaked in water for 24 hr, most of the organic components were 

removed, and the surface area of the porous titania films greatly increased to 48.8 m2/g, as 

compared to the surface area of 7.7 m2/g for the as-deposited silica particles. However, the 

surfaces of the particles decreased with soaking times longer than 24 hr, which was due to 

the collapse of micropores and mesopores that formed larger pores and promoted instability 

of the titania films. It is worthy to mention that the surface area of the titania film itself was 

much higher, since this was the surface area of 500 nm SiO2 particles coated with one layer 

of porous titania film. The TEM image, as shown in Fig. 7, of the silica particle coated with 

50 cycles of titanicone MLD film after being soaked in water for 24 hr, revealed that the 

continuous layer of film had collapsed due to drastic decomposition of the organic 

components by directly soaking the particles in water. The porous structure was damaged, 

and the porous film was not conformal.  
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In order to unfold the decomposition of the titanicone films in the presence of water, 

50 cycles of titanicone coated silica particles were exposed to water vapor for different 

lengths of time and the composition changes of the films were analyzed by FTIR. As shown 

in Fig. 8, a broad absorption peak was seen at 3100–3800 cm−1, which was assigned to the 

stretching modes of O–H bands and related to free water (capillary pore water and surface 

absorbed water) [34]. The peak at ~1620 cm−1 was due to the bending vibration of the H–

O–H bond, which was assigned to the –OH present in the sample. In all samples, a band at 

1000–1250 cm−1 was clearly visible, and was assigned to the asymmetric stretching 

vibrations of the Si–O–Si band [34]. The two absorption peaks between 760–950 cm−1 

were ascribed to the symmetric vibrations of the stretching Si–O–Ti band. In the low-

frequency region, the appearance of low intensity at 500 cm-1 indicated the Ti−O−Ti 

modes. The peaks related to the –CH3 and –CH2 groups were observed at 1367, 1532, and 

2950 cm−1. An indicative peak at ~1880 cm-1 showed a possible alkene (–CH=CH–) group 

stretching. Over a period of more than 24 hr, these components were decomposed in the 

presence of water, as evident from the FTIR. The series of FTIR spectra, for the samples 

exposed to water vapor for different lengths of time, elucidated the presence of organic 

components in the titanicone films and their decomposition after their exposure to water 

vapor. This finding also confirms that the titanicone films became titania films after 

removal of that organic components. It also explains the increase in the surface areas of the 

titania films after 24 hr water vapor exposure, which was the result of space left after 

decomposition of the organic components.  
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Sub-micron silica particles were coated with ultra-thin titanicone films by MLD at 

100 ºC in a fluidized bed reactor. TEM and EDS studies confirmed the conformality and 

the composition of the titanicone MLD films, respectively. Porous titania films were 

created by oxidizing the MLD coated particles in air at 400 °C or by decomposition in the 

presence of water. The surface area was increased from 7.7 m2g-1 for the as-deposited 50 

cycles titanicone MLD coated silica particles to 22.0 m2g-1 for the particles oxidized at 400 

°C, and to 48.8 m2g-1 for the sample after being soaked in water for 24 hr. The lower surface 

areas of the oxidized particles were due to the phase transformation of amorphous titania 

to anatase titania at the oxidation temperature of 400 °C. The decomposition of organic 

components was studied by FTIR for titanicone films exposed to water vapor for different 

lengths of time. This study demonstrated a process for preparing porous titania films with 

a tunable thickness, which could have many potential applications, such as catalysis, 

separation, sensing, and energy conversion and storage. 
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Fig. 1. Schematic of MLD fluidized bed reactor. 

 

 
 

 

Fig. 2. Titanium content on 500 nm silica particles versus the number of MLD-coating 
cycles. 
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Fig. 3. (a) TEM image of one 500 nm silica particle coated with 50 cycles of titanicone 
MLD film and EDS spectra of (b) the silica substrate and (c) the titanicone MLD film. 
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Fig. 4. Surface area of silica particles versus the number of MLD coating cycles. 

 

 

 

 

Fig. 5. TEM image of one 500 nm silica particle coated with 50 cycles of titanicone MLD 
film after oxidation in air at 400 ºC for 1 hr. 
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Fig. 6. (a) Nitrogen adsorption and desorption isotherms, pore size distributions of (b) 
micropores and (c) mesopores, and (d) surface area of silica particles coated with 50 

cycles of titanicone MLD film after being soaked in water for different lengths of time. 
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Fig. 7. (a, b) TEM images of one 500 nm silica particle coated with 50 cycles of 
titanicone MLD film after being soaked in water for 24 hr. 
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Fig. 8. FTIR spectra of silica particles coated with 50 cycles of titanicone MLD film after 
being exposed to water vapor for different lengths of time. The inset spectra clearly show 

the presence of -CH2, -CH3 groups on the as-deposited silica particles. 
 

 

 

4001200200028003600

A
bs

or
ba

nc
e,

 a
.u

.

Wavenumber, cm-1

Si-O-Ti

Ti-O-Ti

-CH=CH--CH2,-CH3
-OH

-OH

Si-O-Si

96 hr

72 hr

48 hr

36 hr
24 hr

0 hr
TiO2

CH2, -CH3

14001800220026003000

-CH=CH-

-CH2,-CH3
-OH

48 hr

24 hr

0 hr
TiO2

-CH2,-CH3



43 

II. Encapsulation of supported metal nanoparticles with an ultra-thin porous shell
for size-selective reactions 

Zeyu Shang1, Rajankumar L. Patel1, Brian W. Evanko and Xinhua Liang 

Department of Chemical and Biochemical Engineering, Missouri University of Science 
and Technology, Rolla, Missouri 65409, USA. 

Tel: 1-573-341-7632; E-mail: liangxin@mst.edu 

1Both authors contributed equally to this work. 

Abstract 

A novel nanostructured catalyst with an ultra-thin porous shell obtained from the 

thermal decomposition of an aluminium alkoxide film deposited by molecular layer 

deposition for size-selective reactions was developed. The molecular sieving capability of 

the porous metal oxide films was verified by examining the liquid-phase hydrogenation of 

n-hexene versus cis-cyclooctene. 

Heterogeneous catalysts are widely used (e.g., producing fertilizers, making 

gasoline from petroleum, and controlling automotive exhaust pollution via the catalytic 

muffler). However, heterogeneous catalysts cannot selectively convert specific molecules 

in the reactants mixture to catalyze only desired reactions.1 Size-selective catalysts with a 

metal core and porous oxide shell have a promising structure that can increase the reaction 

selectivity through reactant molecular discrimination.1-2 

mailto:liangxin@mst.edu
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Current research activities in this area are mainly focused on encapsulating 

unsupported catalysts or nanoparticles supported on dense catalyst supports.2-3 Nishiyama 

et al.2a applied an aqueous solution of fumed silica, ethanol, and tetrapropylammonium 

hydroxide (TPAOH) to synthesize silicalite-1 coatings on spherical Pt/TiO2 particles with 

a diameter of 0.5 mm under hydrothermal conditions. The thickness of the silicalite-1 layer 

was about 40 μm. Yang et al.2b developed a size-selective catalyst with a core-shell 

structure, where a Pd-containing silica core was surrounded by a silica shell in the presence 

of a cationic surfactant. This catalyst showed good activity and selectivity in the benzyl 

alcohol aerobic oxidation. Lu et al.3 encapsulated unsupported surfactant-capped Pt 

nanoparticles by a zeolitic imidazolate framework (ZIF-8) with an average pore size of 

about 1.2 nm and a film thickness of about 200 nm. The ZIF-8 porous coating greatly 

increased the selectivity towards hydrogenation of n-hexene over cis-cyclooctene. 

However, compared to the naked catalyst, there was a 60% conversion loss for n-hexene 

hydrogenation mainly due to the mass diffusion barrier from the relatively thick ZIF-8 

coating. 

Normally, heterogeneous catalysts consist of small metal particles dispersed on a 

high surface area porous oxide support. The support maximizes the number of metal atoms 

at a surface, since metal atoms in the bulk are not involved in catalytic reactions. 

Traditional methods like hydrothermal synthesis4 and sol-gel processes5 can prepare 

inorganic coatings with few defects, such as zeolite membranes and mesoporous films. 

However, it is difficult for these methods to deposit ultra-thin porous films inside the 

porous structure of the catalyst supports and control the thickness of the films with 

nanometer precision. 
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It is highly desirable to develop a new strategy to prepare an ultra-thin porous film 

with controllable pore size and a limited mass diffusion barrier. Lu et al.6 showed that ultra-

thin porous alumina films could be formed from dense atomic layer deposited (ALD) 

alumina films by thermal treatment at 700 ºC. The pore size was about 2 nm. The formation 

of the porous structure was a result of the heat treatment process and there was no control 

over pore size. Canlas et al.7 prepared shape-selective sieving layers on an oxide catalyst 

surface by grafting the catalyst particles with bulky single-molecule sacrificial templates 

with submonolayer coverage, then partially overcoating the catalyst with alumina through 

ALD. The number of the nanocavities was controlled by the number of template molecules 

grafted on the catalyst surface. The size of the nanocavities was controlled by the size of 

the template molecule and the thickness of ALD films. Although they achieved good 

conversion and selectivity for photooxidation of certain alcohols, their technique requires 

rigid molecules with certain surface orientations as sacrificial templates and many steps 

are needed to prepare the shape-selective sieving layers. 

 

 

 

 

 

 

Fig. 1. Schematic representation of supported metal catalysts (a) before and (b) after a 
porous coating on all surfaces of the catalyst particles. 

 
Recently, one novel method was developed by Liang et al. to prepare ultra-thin 

porous aluminium oxide films formed from the calcination of aluminium alkoxide 

Support Catalyst particles Porous coating (a) (b) 
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(alucone) films, which were deposited by molecular layer deposition (MLD) using 

trimethylaluminium (TMA) and ethylene glycol (EG) as precursors.8 The average pore size 

of porous alumina was about 0.6 nm (more than 95%).8 MLD is a layer-by-layer gas phase 

thin film coating technique, which has been utilized to deposit pure polymer films or hybrid 

polymer films with nanometer-sized control of film thickness and well controlled film 

composition.9 The self-limiting nature of MLD makes it ideal for coating porous substrates 

where line-of-sight gas phase deposition methods fail. Herein, we prepared Pt/SiO2 

catalysts encapsulated by an ultra-thin porous alumina film by MLD, as schematically 

shown in Fig. 1. Due to the conformal oxide coverage and sub-nanometer pores, the 

reaction rates of larger reactants should be slowed because they diffuse much more slowly 

than the smaller reactants through the oxide layer. Since the porous film is only several 

nanometers thick, the mass diffusion barrier for the smaller molecules is minimal. The 

combination of the catalytic properties of Pt nanoparticles and the molecular sieving 

capability of the porous oxide films was evaluated by examining the liquid-phase 

hydrogenation of n-hexene versus cis-cyclooctene. 

The Pt nanoparticles were deposited on mesoporous silica particles by ALD using 

methylcyclopentadienyl-(trimethyl) platinum(IV) (MeCpPt-Me3) and oxygen as 

precursors in a fluidized bed reactor, as described in detail elsewhere.10 The silica particles 

are 30-75 μm in diameter with an average pore size of 15 nm and a Brunauer-Emmett-

Teller (BET) surface area of 270 m2/g. Three cycles of Pt ALD were carried out at 300 ºC 

to obtain a Pt loading of 2.2 wt.%, as measured by inductively coupled plasma-atomic 

emission spectroscopy (ICP-AES). 
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Fig. 2. (a) Cross-sectional STEM image of the Pt nanoparticles on silica gel particles, (b) 
Pt content, (c) surface area and pore volume, and (d) pore size distribution of the Pt/SiO2 

particles coated with different thicknesses of porous alumina films. 
 

One cross-sectional scanning transmission electron microscopy (STEM) image of 

Pt/SiO2 is displayed in Fig. 2a. The white points in the picture are Pt nanoparticles. The Pt 

nanoparticles are uniformly dispersed on the surface of silica gel particles and inside of the 

porous structures. The average Pt particle size is about 2 nm. The Pt/SiO2 particles were 

coated with three thicknesses of alucone MLD films, deposited with 20, 30, and 40 cycles 

of alternating reactions of TMA and EG in a fluidized bed reactor at 160 ºC.11 Three 

corresponding thicknesses (~2, 3, and 4 nm) of porous alumina films were then formed by 

oxidation at 400 ºC in air, as described elsewhere.8 During the oxidation process, the 

samples were heated in air from room temperature to 400 ℃ at a rate of 1 ℃/min, kept at 

400 ℃ for one hour, and then cooled to room temperature at the same rate. The organic 

component was removed completely and highly porous alumina films were formed. The 

carbon chain length of the polymer component determines pore size, so MLD precursors 
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with different carbon chain lengths could lead to porous metal oxide films with different 

pore sizes. The mass fraction of Pt in the catalyst decreased slightly as the number of MLD 

cycles increased, as shown in Fig. 2b, because the alumina film increased the catalyst 

weight. 

A Quantachrome Autosorb-1 was used to obtain nitrogen adsorption and desorption 

isotherms of catalyst particles at -196 ºC. The specific surface areas of the samples were 

calculated using the BET method in the relative pressure range of 0.05–0.25. The total pore 

volumes were calculated from the adsorption quantity at a relative pressure of P/P0 = 0.99. 

The pore size distribution curves were derived from the adsorption branches of the 

isotherms using the Barrett–Joyner–Halenda (BJH) method. As shown in Fig. 2c, the 

surface area of the Pt/SiO2 particles decreased from 266 to 219 m2/g with 20 cycles of 

MLD coating, and slightly increased with the further deposition of MLD films. This 

increase is due to the contribution of the higher surface area porous alumina films, which 

can have a surface area as high as 1000 m2/g.8 The pore volume of the Pt/SiO2 particles 

decreased from 0.99 to 0.81 cm3/g with 20 cycles of MLD coating, and slightly decreased 

again to 0.79 cm3/g with the further deposition of MLD films. As shown in Fig. 2d, the 

average pore size of the silica gel particles was about 15 nm. The number of mesopores 

decreased with the deposition of Pt nanoparticles, but there was no further decrease with 

the deposition of porous alumina films. Clearly, a large number of micropores were formed 

after MLD coating, compared to silica gel or Pt/SiO2 particles. The average pore size of 

the porous film was estimated to be 0.6 nm.8 

The catalytic hydrogenation of olefins (n-hexene >99%, and cis-cyclooctene >95%) 

was carried out in an ethyl acetate solution under a static hydrogen atmosphere at 35 ºC. 
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The reactions were conducted in unstirred mini-batch reactors assembled from 3/8 inch 

stainless steel Swagelok® parts. Port connectors sealed with a cap on one end and one three-

way valve on the other end gave a reactor volume of about 2 mL. In a typical run, n-hexene 

or cis-cyclooctene (0.08 g), ethyl acetate (0.78 g) and the Pt catalysts (~0.006 g) were added 

to the reactor. All catalysts had an identical Pt loading even though the total mass within 

the reactor increases as the number of MLD cycles increases. The mass ratio of Pt to olefin 

was 0.15%. The residual air in the reactor was expelled by flushing with hydrogen. The 

reactor was first pressurized with hydrogen to 20 psi and depressurized to atmosphere 

pressure. This process was repeated 50 times. After this flushing process, more than 

99.999% of air was replaced by hydrogen gas. The control experiments indicated that the 

mass loss of the reactants and the solvent during this flushing process was less than 0.5 

wt.%. The reaction was carried out at 1 atm of hydrogen and 35 ºC for 24 hours. The 

amount of hydrogen in the closed system was more than enough for the hydrogenation 

reaction. After the reaction, the catalyst powder was filtered off and the filtrate was 

analysed using a gas chromatograph (Agilent, 6890N) equipped with a 30 m DB-5 column 

and FID detector to determine the conversion and selectivity. 

The control experiments indicated that there was no catalytic activity of olefin 

hydrogenation for both silica gel particles and alumina ALD films. The catalytic activity 

resulted solely from Pt. The results are listed in Fig. 3. For the uncoated Pt/SiO2 catalyst, 

the conversion of n-hexene and cis-cyclooctene was 9.1% and 6.9%, respectively. The 

conversion of n-hexene decreased with ~2 nm of porous alumina film (20 cycles of MLD), 

and decreased slightly more with further increases in film thickness. The conversion of n-

hexene fell to 4.5% after the catalyst was coated with ~4 nm of alumina film.  
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Fig. 3. Size-selective hydrogenation of n-hexene and cis-cyclooctene catalyzed by 
Pt/SiO2 particles coated with different thicknesses of porous alumina films. 
 

In contrast, the conversion of cis-cyclooctene decreased almost linearly as the 

thickness of the porous alumina films increased, and no obvious cis-cyclooctene 

conversion (<0.02 %) was observed with ~4 nm of alumina films. Clearly, the naked Pt 

nanoparticles displayed indiscriminate catalysis of olefin hydrogenation. In contrast, the Pt 

nanoparticles encapsulated with a porous alumina shell showed selectivity for catalytic 

hydrogenation of n-hexene versus cis-cyclooctene due to the size discrimination of the 

ultra-thin porous layer. 

Previous studies of H2 chemisorption indicated that the Pt dispersion decreased 

when the Pt nanoparticles were encapsulated with porous alumina films due to the contact 

points between Pt particles and the porous metal oxide films.12 About 42% of the Pt surface 

area was lost with the deposition of 40 cycles of MLD films.12 In this study, the reduction 

of the conversion of n-hexene was 51% with the deposition of 40 cycles of MLD films on 

Pt/SiO2, compared to the naked Pt/SiO2. It is believed that the decline in the conversion of 

n-hexene was mainly caused by the loss of Pt metal surface, rather than the mass diffusion 

limitation resulting from the thin porous oxide films. The porous structure allows smaller 
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reactants to access the encapsulated active sites, and inhibits or prevents the reactants with 

larger molecular size from accessing the Pt sites. Since the film is ultra-thin, the reactants 

and products of small molecules can pass freely through the porous films. The molecular 

size of H2 is so small, that the size effects for H2 molecules can be neglected. The size-

selectivity effect results mainly from the difference in the molecular size of olefins.  

  In summary, a novel strategy to prepare a supported size-selective metal 

nanoparticle catalyst with an ultra-thin porous shell was developed. The thickness of the 

porous oxide films could be well controlled at subnanometer scale by applying the MLD 

technique. The pore size of the film was about 0.6 nm. The size selective effect of the 

porous alumina films was verified by the liquid-phase hydrogenation of n-hexene versus 

cis-cyclooctene. This catalyst showed great selectivity in the hydrogenation of olefins. 

Importantly, the mass diffusion limitation was not significant due to the ultra-thin films. 

The success of making these materials by MLD opens up a new method for preparing size-

selective catalysts. 
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Abstract 

Atomic layer deposition (ALD), as a thin film deposition technique, has been 

explored as a viable path to improve the performance of lithium-ion batteries. However, a 

trade-off between the species transport (capacity) and protection (lifetime), resulting from 

the insulating properties of ALD films, is the key challenge in ALD technology. Here we 

report a breakthrough to overcome this trade-off by coating an ultra-thin conformal cerium 

dioxide (CeO2) film on the surfaces of LiMn2O4 particles. The optimized CeO2 film (~3 

nm) coated particles exhibit a significant improvement in capacity and cycling performance 

compared to uncoated, Al2O3 coated, and ZrO2 coated samples at room temperature and 
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55 °C for long cycling numbers. The initial capacity of the 3 nm CeO2 coated sample shows 

24% increment compared to the capacity of the uncoated one, and 96% and 95% of the 

initial capacity is retained after 1,000 cycles with 1 C rate at room temperature and 55 °C, 

respectively. The detailed electrochemical data reveal that the suppression of the 

impedance rise and the facile transport of the species are the main contributors to the 

success. 

 

Keywords: Atomic layer deposition (ALD), cerium dioxide (CeO2), lithium-ion battery, 

cathode, conductive 

 

1. Introduction 

Thin film coatings on lithium-ion battery (LIB) electrode powders have proven to 

be an effective way to improve the capacity retention, rate capability, and thermal stability 

of electrode materials. Different coating materials have been studied, including carbon,[1] 

metal oxides (e.g., Al2O3, ZrO2, ZnO, and SiO2)[2-4] and metal phosphates (e.g., AlPO4).[5] 

The majority of the coating strategies were based on the sol–gel methods,[2-4] which require 

a heat treatment after the coating process. These coating technologies can cause an unstable 

interface and poor longevity of the performance due to possible incomplete coating or an 

overly thick coating.[6] In contrast, an ultra-thin film coating with a thickness at sub-

nanometer levels has the potential to alleviate the requirements of the electron and Li+ 

conductivity for coating materials. Atomic layer deposition (ALD) has been demonstrated 

to be an important technique for high performance materials for batteries.[7] ALD is best 

known for its ability to deposit high-quality ultra-thin films of materials based on 
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alternating pulses of chemical vapors that react with surfaces.[8, 9] Atmospheric pressure 

ALD process for particle coating has also been reported.[10] Unlike physical coating 

methods, strong chemical bonds are created to maintain the physical integrity between the 

substrate and the coating layer. To date, studies mainly focus on insulating ceramic ALD 

thin film coatings, such as Al2O3,[7, 11, 12]  TiO2,[13] ZnO,[7, 14] and ZrO2.[14] 

However, for instance, Al2O3 is not the most ideal material for LIB applications 

because of its poor electronic and ionic conductivity. Ideally, the film must be thick enough 

to protect the active materials long enough from the superfluous electrochemical side 

reactions.[11] The increased thickness, however, hinders the species transport including 

electrons and ions. There is a trade-off between the species transport (increasing capacity) 

and protection of the particles (expecting long cycle life). Jung et al.[7] demonstrated that 

LiCoO2 powders, coated with thicknesses of only 0.3 to 0.4 nm using two Al2O3 ALD 

cycles, exhibited a capacity retention of 89% after 120 charge-discharge cycles in the 3.3–

4.5 V (vs. Li/Li+) range, while the bare LiCoO2 powders displayed only a 45% capacity 

retention. However, the results from this study were limited to low cycle numbers (120 

cycles). They also demonstrated a thicker ALD film showed a significantly decreased 

capacity (~ 20 mAhg-1), and attributed it to the reduction in electron conductivity and 

possible reduction in Li-ion conductivity. High kinetic and diffusion polarizations might 

result in the capacity decrease. They also observed large overpotentials with the thick films. 

Similar results have been reported,[15-17] but they only demonstrated a partial improvement 

within limited cycle numbers; they could not retain the improved capacity after long cycles 

or under the severe loading conditions such as high C rates and high temperatures. These 

unsatisfactory outcomes call for a reliable coating methodology which can achieve both 
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high capacity and excellent cycling capability simultaneously. It is highly desirable to 

develop a robust coating with a superior ionic conductivity facilitating facile 

(de)intercalation of the lithium ions in the active materials. The main challenge is how to 

resolve that confrontation between the facile transport with a thin layer and long protection 

with a thick layer. 

Herein, we demonstrated that coating with an ultra-thin electronic and 

ionic conductive film can solve this trade-off problem. LiMn2O4 was studied as a proof of 

the concept, since it is one of the important cathode materials in LIBs due to its high 

working voltage, low toxicity, and low cost. However, it suffers from two major 

shortcomings: (1) fast capacity fading, induced by poor electrochemical stability, 

especially under high charge voltage and high temperature; and (2) poor electrical 

conductivity (10-6 s/cm vs. 10-2 s/cm for LiCoO2
[18]) as well as slow Li+ diffusion within 

the cathode materials (10-11~10-13 cm2/s for a pure LiMn2O4 cathode and 10-8 ~10-9 cm2/s 

for a blended cathode with carbon black and a binder).[19] 

We utilized cerium oxides (CeO2) as the thin film coating materials. CeO2 offers 

varied interesting properties including oxygen storage capacity, high thermal stability, 

electrical conductivity, and diffusivity. CeO2 is already being used as promoter in many 

catalyst formulations and enhance the electrical contact between oxides facilitating 

electron transfer between CeO2 and the supported metal oxide. CeO2 films have been used 

in LIB research via nanocomposite and particle coating[20] (based on sol-gel method), but 

the performance improvement was limited to relatively short cycling number (<100 cycles). 

Previous studies[21-23] of nano-CeO2 coated LiMn2O4 using pechini method or precipitation 

method indicated that no significant enhancement of cycling stability of LiMn2O4 was 
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achieved using CeO2 coating. The main reason could be the fact that the CeO2 films 

prepared by these methods were composed of CeO2 nanoparticles. These films were not 

conformal and pin-hole free as well as being too thick. 

In this study, large quantities of LiMn2O4 particles were coated with ultra-thin 

CeO2 films by ALD in a fluidized bed reactor. For comparison, five cycles of Al2O3 and 

five cycles of ZrO2 ALD films, which are among the optimal ALD film thicknesses based 

on previous reports,[7, 14] were also deposited on the surfaces of LiMn2O4 particles. The 

high stability and high initial capacity of the CeO2 coated samples were demonstrated by 

the long cycle life performance of the prepared cells for more than 1,000 charge-discharge 

cycles at room temperature and high temperature. 

 

2. Results and Discussion 

2.1. CeO2 Films Coated on LiMn2O4 Particles 

CeO2 films were conformally coated on the surfaces of LiMn2O4 particles (~8 µm, 

L-140 from LICO Technology Corporation). The TEM image of an uncoated LiMn2O4 

particle (shown in Figure 1a) displays a clean edge of a pristine particle. In contrast, Figure 

1b displays a distinctive conformal coating of ~3 nm layer on a LiMn2O4 particle after 50 

cycles of CeO2 ALD. The thickness of CeO2 film was ~5 nm after 100 cycles of CeO2 

ALD (Figures 1c and 1d). The conformality of the CeO2 films on parimary LiMn2O4 

particles can be verified from Figure S1. For the film thickness comparison, the TEM 

images of LiMn2O4 particles coated with 5 cycles ZrO2 ALD and 5 cycles Al2O3 ALD are 

also provided in Figure S1. 
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2.2. Electrochemical Testing 

Galvanostatic charge-discharge measurements were carried out in a voltage range 

between 3.4 V and 4.5 V. Figures 2a and 2b show the discharge capacities of uncoated 

(UC), 5 cycles of ZrO2 (5Zr), 5 cycles of Al2O3 (5Al), and 10 (10Ce), 30 (30Ce), 50 (50Ce), 

100 (100Ce), and 150 (150Ce) cycles of CeO2-coated LiMn2O4 samples that were 

discharged with different C rates at room temperature and 55 ºC, respectively. For each 

cell, the discharge capacities were measured for five cycles at discharge rates of 0.2C, 0.5C, 

1C, and 2C. Compared to the UC, 5Al, and 5Zr, the CeO2 coated samples showed higher 

initial discharge capacity at various C rates, except for the samples coated with 100Ce and 

150Ce.  

The voltage drop in a LIB is mainly resulted from the kinetic overpotential, 

diffusional overpotential, resistance due to the Solid Electrolyte Interphase (SEI) layer, and 

ohmic resistance. The ALD CeO2 film can affect all of the voltage drops except for the 

diffusional overpotential if the lithium concentration ratio between the surface and inside 

bulk is not changed significantly due to the CeO2 coating. For the SEI layer, compared to 

the SEI layer formed on anode particles, the thickness of the surface film (sometimes it is 

called solid permeable interface, SPI layer[24]) formed on the cathode particles is thin and 

it increases with time and temperature. This process consumes the active lithium ions and 

solvents. It also causes gas evolution which builds up pressure inside the cell causing 

significant capacity fade. Generally, the SPI layer on cathode particles cannot effectively 

passivate the surface, so the SPI layer thickness keeps increasing. However, the ALD CeO2 

layer can serve as an artificial SEI layer, so it can suppress further formation of the SEI 
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layer. The thickness of 3 nm CeO2 is quite thick compared to the initial thin SPI layer, so 

it can prevent the layer from growing further.  

As the most of literature on ALD coating strategies on the particles in battery 

electrode materials have demonstrated, putting a fence around particles delays the transport 

of lithium ions. This may increase the charge transfer resistance. However, a CeO2 film, 

which has a relatively high ionic conductivity, allows the ions to move easily.[25, 26] 

Additionally, since the particles are totally covered with CeO2 film, the film plays a role 

as the electronic path. Consequently, the CeO2 coating interface stabilized the chemical 

reaction and species transport inside the cell, which, otherwise, would have led to a large 

polarization and then caused capacity fading, as was evident for uncoated LiMn2O4. 

Figure 3 apparently demonstrates the difference between the UC particles (a) and the 50Ce 

particles (b) in terms of voltage drop. As the cycle number increases the voltage drop 

increases significantly (first 250 cycles are most severe), while no significant voltage drop 

change is observed for the CeO2 coated particles during long cycling. 

Figures 4a shows the results of discharge cycling at a 1C rate between 3.4 V and 

4.5 V for the UC, 5Zr, 5Al, and 30Ce, 50Ce, and 100Ce cells at room temperature up to 

1,000 cycles. The discharge capacity of the UC was initially 61 mAh/g, but then after 1,000 

cycles it declined to 24 mAh/g. For the 5Al and 5Zr samples, the initial discharge capacity 

was 54 mAh/g and 61 mAh/g, respectively. With five cycles of Al2O3 ALD coating, an 

obvious initial discharge capacity reduction was observed, which was consistent with the 

previously reported data.[7, 11] In contrast, the 30Ce and 50Ce samples exhibited much 

higher initial discharge capacities than the UC. Notably, the 50Ce showed a remarkable 

initial discharge capacity of 80 mAh/g, which is a 24 % increment compared to the UC. 
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The stable discharge capacity at 81 mAh/g was maintained even after 900 cycles and only 

dropped slightly to 78 mAh/g after 1,000 cycles. This was still 17 mAh/g higher than the 

initial discharge capacity of the UC cell. In addition, as seen in Figure 4b, surface 

modification via ALD significantly improved the cycling performance of LiMn2O4, even 

at an elevated temperature. The 50Ce cell exhibited an initial discharge capacity of 81 

mAh/g and was stable even after 800 cycles, remarkably with no apparent loss of capacity. 

CeO2 coating using Pechini method  was reported for the stabilization of LiMn2O4 

spinel.[21] Their reported capacity dropped to 82 % within 150 cycles between 3.0 V and 

4.4 V at room temperature for LiMn2O4  coated with 2 wt.% CeO2; at elevated temperature 

their capacity dropped even faster to 82% after 40 cycles. Clearly, the CeO2 ALD coated 

samples have much better performance than the reported samples coated with non-ALD 

techniques. In this study, the 50Ce cell had a much higher capacity than the 5Zr, 5Al and 

UC cells, which meant that CeO2 was much more chemically and thermally stable with 

good conductivity.  

As confirmed from the previous work, the downside of coating on particles is to 

delay the transport of the species. Also, as the C rate increases, the temperature inside cell 

increase, and the stress level is also increased due to developed concentration gradient 

inside particles and possible phase transition at the surface of the particle resulting from 

overlithiation. Figure 5 shows the results of the test at 2C rate. The 50Ce still had far better 

discharge capacity than the 5Zr, 5Al, and UC cells, even after 1,000 cycles at 2C rate. The 

50Ce showed more than 62% capacity retention after 1,000 cycles, while the UC and 5Zr 

did not show steady capacity retention and their capacities kept dropping very quickly untill 

they reached zero. The excellent cycling behavior of the CeO2-coated LiMn2O4 electrodes, 
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compared to the uncoated particles or coated particles with other materials, clearly 

indicated that the CeO2 coating has enough conductivity, so it can achieve significantly 

improved electrochemical performances even at high C rates. 

In order to characterize the electrochemical property changes due to the interface 

change caused by the ALD film coating, an Electrochemical Impedance Spectroscopy (EIS) 

analysis was conducted. As shown in Figure 6, one major semicircle was observed for 

both uncoated and CeO2 coated samples. This is due to an overlap between the SEI layer 

contribution at high frequency and the charge transfer resistance at mid-high frequency. 

The inclined lines at low frequencies represent the bulk diffusion of lithium ions. In Figure 

6a and 6b, it is clear that the 10Ce, 30Ce, and 50Ce samples show distinctively smaller 

diameter of the semicircles compared to the UC. A slight expansion of semicircle was 

observed with the increase in the thickness of the deposited CeO2 films. This represents 

the increase of charge transfer resistance due to the delay of the lithium transfer through a 

longer distance as the film thickness increases. As a result, the 100Ce sample shows the 

largest resistance even compared to the UC spinel.  

EIS spectra were fitted using a corresponding equivalent circuit given in Figure 6c. 

To clarify, the curves represent only the marker connector lines and do not represent the fit 

line. In the equivalent circuit, Rohm refers to the uncompensated ohmic resistance between 

the working electrode and the reference electrode, Rf represents the resistance for lithium 

ion mobility in the surface layer (including SEI layer and/or surface modification layer), 

CPE refers to the constant phase-angle element depicting the non-ideal capacitance of the 

surface layer and double layer, Rct refers to the charge transfer resistance, Rw represents 

the Warburg impedance (which is inversely proportional to lithium ion diffusion 
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coefficient) describing the lithium ion diffusion in the bulk material. Among these 

parameters, Rohm, Rct, and Rf can be used to quantify the polarization behaviors, that is, 

ohmic polarization, charge transfer polarization, and resistance due to surface layer, 

respectively. These resistance values are provided in Table 1 and the other EIS spectra 

parameters obtained from the fitted curves are provided in Table S1. The Rohm remains 

almost constant for all, uncoated and coated, electrodes alike. In the impedance analysis of 

all the cells, only one semicircle was observed and therefore the spectra are fitted using a 

combination of surface-film and charge-transfer resistance, R(f+ct). The impedance 

parameters for the UC and 50Ce cells clearly show that the former electrodes develop slow 

kinetics upon cycling. For the fresh cells, the difference in R(f+ct) values between the 

uncoated and coated samples, is narrow, but when the cells were charged and discharged 

for 1,000 cycles, the difference between the R(f+ct) values of the UC and 50Ce samples 

become almost double (176.0 and 95.5 Ω, respectively),  which clearly demonstrates that 

the kinetics of the surface films developed on the cathode material during cycling.[21] 

Furthermore, the total R(f+ct) values of the 5Zr and 5Al cells (128.7 and 154.2 Ω, 

respectively) were much higher than that of the 50Ce cell (95.5 Ω). The resulting trend for 

5Zr and 5Al are supported by literature.[15, 27] So, the lowest surface-film and charge-

transfer resistance values confirm that the 50Ce cells have higher conductivity than the UC, 

5Al, and 5Zr samples. Ha et al. also reported the similar trend for their uncoated and CeO2 

coated (using pechini method) LiMn2O4.[21] The LiMn2O4 modified with an 

adequate CeO2 content, as in the case of 10Ce, 30Ce, and 50Ce, resulting in a thin ALD 

coating layer of amorphous CeO2, decreases the R(f+ct). The R(f+ct) of 50Ce was much less 

than the pristine both before and after the cycling. The resistance of the other samples 
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increased significantly after the 1,000 cycles probably due to the formation of a SEI 

layer.[28] It is identified that the 50Ce has faster charge-transfer kinetics and is less 

influenced by cycling, compared to the UC. However, thicker ALD coating of CeO2, as 

evident from the 100Ce conductivity data (described later), has a higher resistance than the 

other coated samples. This clearly proves that only certain thickness of the CeO2 ALD 

coating is beneficial for the improved cycling performance of a LIB. 

In order to further investigate the electrochemical property change as a function of 

cycling number, EIS measurements of the UC and 50Ce cells were recorded at 3.8 V for 0, 

50, 100, 200, 500, and 1000 charge/discharge cycles. The impedance spectra recorded after 

certain number of charge/discharge cycles for the UC and 50Ce cells are shown in Figures 

7a and 7b, respectively. As the number of charge/discharge cycles increased, the semicircle 

of the UC cell increased distinctively. For the UC cell, the increased resistance as a function 

of cycle number was associated to changes occurring as a result of the unstable interfacial 

surface layer due to SEI layer formation, dissolution, and mechanical fracture.[29, 30] This 

degradation inhibited the charge transfer at the material surface, causing increase in the 

radius of the semi-circle. After 1,000 charge-discharge cycles, the Nyquist plot of the UC 

shows a partial second semicircle which indicates a separation of the higher resistance due 

to severe formation of the SEI layer.[31] In other words, R|C has the unit of time and is 

called “relaxation time”, which itself has an inverse relationship with the critical frequency 

at which the process occurs. With increase in the number of charge/discharge cycles, the 

SEI resistance increases (in Figure 7a for the UC after 1,000 cycles) which leads to an 

increase in the time constant and consequently the merged R|C elements become separated 

as the critical frequency of the processes varies. In the case of the 50Ce cells, very less 
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impedance change was recorded even after 1,000 cycles, as shown in Figure 7b. The 50Ce 

sample exhibited the resilience to any increased resistance caused by charge-discharge 

cycling of the system. The consistency of the 50 Ce sample indicates that the SEI formation 

was at minimal which was reflected in the longevity of the system during charge-discharge 

cycling.  

 For conductivity comparison, pellets of the UC, 5Al, 5Zr, 30Ce, 50Ce, and 100Ce 

materials were prepared. Each pellet contained only cathode material. It is important to 

note here that this conductivity measurement method using ac complex plane impedance 

analysis was employed for the measurement of mixed ionic conductivity and electronic 

conductivity.[32-34] The impedance curves were fitted using the equivalent circuit shown in 

Figure 8. The bulk ac conductivity of uncoated LiMn2O4 particles was calculated to be 

~10-6 Scm-1, which is slightly lower than reported values.[35-37] This was caused by the fact 

that the pellets were not sintered or hot-pressed at high temperature, and there was ~11% 

porosity between particles (calculated pellet density was 3.81 g/cm3), which increased 

resistivity and resulted in a lower conductivity. However, comparing the results among the 

coated and uncoated samples, which were prepared with the same procedure and material 

composition, from Figure 8, it is certain to conclude that the 30Ce and 50Ce cells show 

much higher conductivity than the UC. The 50Ce sample is about two orders of magnitudes 

higher than the UC sample. This shows the direct effect of the CeO2 coating on the 

LiMn2O4. The results of 5Zr and 5Al are slightly better than the UC, but not as significant 

as the CeO2 coated samples. The 100Ce showed poor conductivity because the thicker 

coating could increase the imperfection, such as vacancies, dislocation, and grain boundary 

lengths, so the frictional forces impeding the movement of the species, and leading to high 
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resistance.[26, 38] The equivalent circuit used to fit the EIS spectra is shown in inset of Figure 

8. The parameters obtained from fitting those curves are provided in Table S2. The 

conductivity has been found to obey the Arrhenius equation,[39, 40]  

𝜎𝜎 ∙ 𝑇𝑇 = 𝜎𝜎0 ∙ 𝑒𝑒𝑒𝑒𝑒𝑒 �
−𝐸𝐸𝑎𝑎
𝑘𝑘𝐵𝐵𝑇𝑇

� 

where, 𝜎𝜎0  is pre-exponential factor, 𝑘𝑘𝐵𝐵  is the Boltzmann constant, T is the absolute 

temperature, and 𝐸𝐸𝑎𝑎 is the activation energy for the migration of lithium ions. The linear 

relation in the Arrhenius plots, shown in Figure 9, of conductivity prolonged to ~330 K 

assures that neither the Li-deficit nor any structural change occurs during measurements. 

The activation energy of the UC sample is ~0.4 eV, which is similar to the reported 

values.[41, 42] In contrast, the 50Ce has a lower activation energy of ~0.3 eV, which further 

solidifies the better conductivity and the corresponding improved cycling results.  

 Changes in CeO2 film thickness were sensitive towards the stable performance and 

life of the battery systems. The specific discharge capacity of the 100Ce cells was 57 

mAh/g for the first few cycles and finally decreased to ~28 mAh/g after 1,000 cycles tested 

at room temperature. This behavior can be attributed to the fact that the CeO2 ALD film of 

100 cycles was too thick. Also, the appearance of the second semicircle in the impedance 

spectra of 100Ce, as shown in Figure 6, is another indication of the adverse effect of the 

thicker coating. The delayed transport process at the interface will increase the effective 

charge transfer resistance. The increased Rf with the increased CeO2 film thickness is the 

evidence of disturbance of blocking layer.  

Dissolution of manganese ions into the electrolyte was the major issue for the poor 

electrochemical performances of the LiMn2O4 materials at elevated temperatures. The 

successive electrolyte degradation and Mn3+ dissolution into the electrolyte could have 
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been involved the uncoated LiMn2O4 cathode’s capacity loss.[15, 43] The most effective way 

to block Mn3+ dissolution is to completely encapsulate the spinel particles with oxides that 

are resistant to acidic HF, but are conductive for electron and Li+. The CeO2 coated cells 

showed far more superior stability and higher discharge capacity than the ZrO2 and Al2O3 

coated materials. Although, the alumina coated cell showed stability throughout the cycle 

life testing, its initial discharge capacity was lower than that of the uncoated samples. The 

ZrO2 coated samples showed a slightly better discharge capacity than the Al2O3 coated 

sample. However, it was not comparable to the 30Ce and 50Ce samples.  

Further, the capacity of 5Zr and 5Al decreased with an increase in the number of 

charge-discharge cycles. Previous studies indicated that the oxide coating on LiMn2O4 

scavenged trace HF in LIBs and, thus, slowed dissolution of the manganese ions and 

degradation of the organic electrolyte at the cathode, resulting in a better electrochemical 

performance of LiMn2O4.[6, 44] This was true for a low number of charge-discharge cycles. 

Such a thin film is not thick enough for a large number of charge-discharge cycles, since a 

partial dissolution of thin film coating could occur during charge-discharge cycling,[45] and 

cause the capacity to fade. However, if the film is a bit thicker, the capacity will remain 

even after hundreds of cycles, but the initial capacity would decrease significantly. Coating 

a conductive layer with a certain thickness can overcome this trade-off. This study 

indicated that a CeO2 film, with 50 cycles of ALD coating (3 nm thick), was optimal for 

enhancing the initial capacity and cycling performances of an electrode and thick enough 

to protect the particles without hindering transport of the lithium ions into the particles. 

The robust CeO2 film coating suppresses the chemical instability leading to the resistance 

increase.  
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3. Conclusion

In summary, we have successfully demonstrated that coating an ultra-thin Li+ 

conductive CeO2 film can overcome the trade-off between Li+ diffusion and the protection. 

The 50 cycles of CeO2 coated LiMn2O4 cathode exhibited significantly higher initial 

capacity (24% increase compared to the uncoated one) and much better stability than the 

uncoated samples, and ZrO2 and Al2O3 ALD coated samples. The 50 cycles of CeO2 

coated material showed an extraordinary capacity retention, both at room temperature 

(96% of its initial capacity) and at 55 °C (95% of its initial capacity), after 1,000 cycles of 

charge-discharge at the 1C rate. The detailed electrochemical data reveal that the 

suppression of the impedance rise and the facile transport of the species are the main 

contributors to the success. In depth study of mechanical/chemical stability was not the 

focus for this article, however, there is an on-going research, for future publications, to 

explore the subject area. To the best of our knowledge, this is the first reported instance of 

both a simultaneous initial capacity increase and excellent capacity retention at room 

temperature and at high temperature after 1,000 cycles of charge-discharge at the 1C rate. 

This strategy can also be applied to other cathode and anode materials. This significant 

consistency, in terms of stability and capacity retention of cerium oxide coating, can be 

useful for many applications that demand rechargeable batteries with longer cycle life 

performance. The ALD process can prepare these conductive films and, thus, provide new 

opportunities for the electrochemical industry to design novel nanostructured electrodes 

that are highly durable and highly functional at high rates.  



68 

4. Experimental Section

ALD coating: Different thicknesses of CeO2 thin films were coated on LiMn2O4 

powders by ALD in a fluidized bed reactor, described in detail elsewhere.[46] Tris(i-

propylcyclopentadienyl)cerium (Ce(iPrCp)3) (99.9%, Strem Chemicals) and de-ionized 

water were used as precursors. The reaction temperature was 250 °C. Alumina ALD was 

performed using alternating reactions of trimethylaluminum (TMA, 97 %, Sigma-Aldrich) 

and deionized water at 177 °C. ZrO2 ALD was carried out using alternating reactions of 

tetrakis(dimethylamido)zirconium(IV) (electronic grade, ≥99.99%, Sigma-Aldrich) and 

deionized water at 250 °C. All chemicals were used as received. For a typical run, 10 g of 

particles were loaded into the reactor. The minimum fluidization superficial gas velocity 

was determined by measuring the pressure drop across the particles bed versus the 

superficial gas velocity of purge gas. The base pressure was ~5 Torr at a minimum 

fluidization velocity of 8 sccm argon flow rate. During the ALD reaction, a needle valve 

was used to control the flow rate of H2O and ensure that the H2O pressure was high enough 

to promote particle fluidization. The vapor of solid precursors was delivered into the 

reactor using a heated bubbler. The reactor was subjected to vibration using two vibro-

motors to improve the quality of particle fluidization. The feed lines were kept at ∼120°C 

to avoid excessive adsorption of precursors on the internal walls of the system that could 

promote chemical vapor deposition (CVD) side-reactions. The entire coating sequence 

process was controlled and monitored using a LabVIEW program. Ar gas flow rate was 

controlled by an MKS mass flow controller during the process. Before the reaction, the 

particles were outgassed at 150 °C with a continuous Ar flow for at least 5 hr. Each ALD 

coating cycle consisted of six steps: precursor A dose, Ar flush, vacuum; precursor B, Ar 
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flush, and vacuum. The ALD films were visualized with an FEI Tecnai F20 field emission 

gun high resolution TEM/STEM equipped with an energy dispersive X-ray spectrometer 

system for the elemental analysis of samples while imaging. 

Coin cell preparation: For preparing the cathodes, a mixture of 10 wt.% 

polyvinylidene fluoride (PVDF) in N-methyl-2-pyrrolidone (NMP) was prepared and 

added to 80 wt.% LiMn2O4 and 10 wt.% carbon black. The slurry was spread on an 

aluminum foil rested on a glass plate using a razor blade. Air-dried coated foil was then 

put in a vacuum at 120 °C for 8 hr. The coated foil was punched into discs of 8-13 mm 

diameter. Two-electrode CR2032 coin cells were assembled to investigate the 

electrochemical behaviors of LiMn2O4 cathodes used as a working electrode. Lithium foils 

(Sigma-Aldrich, 99.9%) served as both the counter and reference electrodes. The two 

electrodes were separated by a porous Celgard-2320 separator composed of a 20 µm thick 

polypropylene (PP)/polyethylene/PP trilayer film. The commercial electrolyte from MTI 

Corporation was composed of lithium hexafluorophosphate (LiPF6, 1 mol/L) dissolved in 

a mixed solvent of ethylene carbonate, dimethyl carbonate, and diethyl carbonate (1:1:1 

volume ratio). All CR2032 coin cells were assembled in an argon-filled glove box.  

Electrochemical testing: The galvanostatic charge-discharge measurements were 

carried out using an 8-channel battery analyzer (Neware Corporation) in a potential range 

between 3.4 V and 4.5 V. The prepared cells were tested for charge-discharge capacity at 

different C rates, cycleability, and impedance, both at room temperature and at 55 °C. An 

IviumStat electrochemical interface and impedance analyzer was used for cyclic 

voltammetry and impedance measurements of the prepared cells. The impedance tests were 

performed at 5 mV and 0.01-1M Hz frequency range. For conductivity measurements, 



70 
 

 
 

pellets of the samples (diameter = 13 mm; thickness = 1.3 mm) were cold pressed at 20 

MPa. The pellets were coated on both sides with silver paste (Sigma Aldrich) to create the 

blocking electrodes. Copper wires were attached to opposite pellet faces using the same 

silver paste. Then, the pellets were dried under vacuum at 85 °C for 6 hr. The measurements 

were performed using the ac complex plane impedance method [32, 34] at frequencies 

ranging from 0.1 Hz to 1 MHz and at a 1 mV signal excitation using an IviumStat 

impedance/gain phase analyzer. The impedance spectra were analyzed using Zview 

software (Scribner Associates, Inc.). Since the objective was to investigate the effect of the 

coating on conductivity of the uncoated material, no four-point dc measurements were 

performed to separate the electronic conductivity to get pure ionic conductivity. The 

measurements were conducted for a temperature range from 20 – 55 °C in a furnace in air. 

The furnace and the pellets were allowed to stabilize for at least 1 hr once the temperature 

was reached. 
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Figure 1. TEM images of (a) uncoated, (b) 50 cycles, and (c, d) 100 cycles of CeO2 ALD 
coated LiMn2O4 particles. 
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Figure 2. Galvanostatic discharge capacity at different C rates in a voltage range between 
3.4 V and 4.5 V (a) at room temperature and (b) at 55 °C. 
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Figure 3. Galvanostatic charge-discharge capacities at various cycles of (a) uncoated and 
(b) 50 cycles of CeO2 coated LiMn2O4 at room temperature. The samples were charged-

discharged at a 1C rate between 3.4 V and 4.5 V. 
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Figure 4. Discharge capacities of cells coated with various oxides at a 1C rate in a 
voltage range between 3.4 V and 4.5 V (a) at room temperature and (b) at 55 °C. 

  

0

10

20

30

40

50

60

70

80

90

0 200 400 600 800 1000

D
is

ch
ar

ge
 c

ap
ac

ity
, m

A
h/

g

Charge-discharge cycle number

(a)50Ce

30Ce

5Zr
100Ce

UC

5Al

0

10

20

30

40

50

60

70

80

90

0 200 400 600 800 1000

D
is

ch
ar

ge
 c

ap
ac

ity
, m

A
h/

g

Charge-discharge cycle number

(b)50Ce

30Ce

5Zr

UC

100Ce

5Al

(b)50Ce

30Ce

5Zr

UC

100Ce

5Al



78 
 

 
 

 

Figure 5. Discharge capacity of cells coated with various oxides at a 2C rate between 3.4 
V and 4.5 V at room temperature. 
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Figure 6. Electrochemical impedance spectra at 3.8 V for (a) uncoated and various 
oxides coated LiMn2O4 with 0th cycle at room temperature, (b) higher frequency 

(10MHz-1Hz) semi-circle region, and (c) equivalent circuit fit for the impedance spectra. 
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Figure 7. Electrochemical impedance spectra at 3.8 V for (a) uncoated and (b) 50 cycles 
of CeO2 coated LiMn2O4 as a function of the cycle number of charge-discharge at a 1C 

rate in a voltage range between 3.4 V and 4.5 V at room temperature. 
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Figure 8.  The ac complex impedance spectra at room temperature of the pellets made 
from the UC and 5Zr, 5Al, 30Ce, 50Ce, and 100Ce coated LiMn2O4 particles for the bulk 

conductivity measurement. Solid lines represent the fitted curve obtained using 
equivalent circuit model shown in the inset. 
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 Figure 9. Arrhenius plot of the UC and 5Zr, 5Al, 30Ce, 50Ce and 100Ce coated 
LiMn2O4 particles for the effects of temperature on bulk conductivity. 
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Table 1. Impedance parameters using equivalent circuit models for the electrodes made 
from the UC, 5Al, 5Zr, 10Ce, 30Ce, 50Ce, and 100Ce coated LiMn2O4 particles. 

                                                               

 

 

 

 

 

 

 

Sample 
Rohm (Ω) Rf (Ω) Rct (Ω) 

0th 1000th 0th 1000th 0th 1000th 

UC 9.1 11.29 19.0 36.8 88.1 139.2 

10Ce 8.2 9.84 2.2 5.5 32.0 105.4 

30Ce 8.9 10.68 3.2 6.7 50.4 154.2 

50Ce 8.5 9 4.2 5.4 57.2 90.1 

100Ce 8.6 10.32 14.2 32.4 130.3 200.1 

5Al 8.7 9.87 14.5 55.1 75.1 99.1 

5Zr 8.1 8.88 12.5 30.2 68.3 98.5 
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Supporting Information 
 
 
Table S1. Impedance parameters using equivalent circuit models (shown in Figure 6) for 

the electrodes made from the UC, 5Al, 5Zr, 10Ce, 30Ce, 50Ce, and 100Ce coated 
LiMn2O4 particles. 

 

 
 
 
 
 
 
Table S2. Impedance parameters using equivalent circuit models (shown in Figure 8) for 
conductivity pellets made from UC, 5Al, 5Zr, 30Ce, 50Ce, and 100Ce coated LiMn2O4 

particles. 

 

 
  

0th 1000th 0th 1000th 0th 1000th 0th 1000th 0th 1000th 0th 1000th 0th 1000th 0th 1000th

UC 9.1 11.29 19.0 36.8 88.1 139.2 13.05 10.59 4.65 1.29 5324 6678 112 190 0.89 0.69
50Ce 8.5 9 4.2 5.4 57.2 90.1 1.02 1.98 2.72 0.98 1205 2400 8.07 10.5 0.75 0.64
30Ce 8.9 10.68 3.2 6.7 50.4 154.2 5.14 3.78 4.06 1.87 2240 6332 24 49 0.56 0.72
10Ce 8.2 9.84 2.2 5.5 32.0 105.4 3.45 4.50 2.15 2.05 2803 5232 31 52 0.71 0.85
100Ce 8.6 10.32 14.2 32.4 130.3 200.1 15.54 3.54 6.13 5.4 4520 8750 98 160 0.82 0.90

5Al 8.7 9.87 14.5 55.1 75.1 99.1 10.52 1.52 3.5 0.21 3240 4210 95 120 0.65 0.54
5Zr 8.1 8.88 12.5 30.2 68.3 98.5 11.02 11.02 3.9 4.02 2529 2952 85 125 0.54 0.34

PRohm (Ω) Rf (Ω) Rct (Ω) Cf (µF) Cct (µF) Rw (Ω) τ (s)

Warburg Short

Rohm (Ω) Rf (Ω) CPE1-T (F) CPE1-P Rct (Ω) CPE2-T (F) CPE2-P

UC 52.11 12546 1.03E-07 0.56 4057 7.16E-06 0.41
30Ce 15.00 4.13E-09 2.10E-12 1.00 9198 5.87E-07 0.50
50Ce 11.25 6.58E-08 1.22E-13 1.00 6671 2.90E-08 0.67
100Ce 50.00 12305 2.62E-07 0.54 3654 1.55E-05 0.46

5Al 62.87 5650 2.50E-07 0.54 5180 1.82E-06 0.45
5Zr 10.42 8503 2.45E-07 0.55 2624 1.07E-05 0.40



85 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

Figure S1. TEM images of LiMn2O4 particles coated with (a, b) 50 cycles CeO2 ALD 
with about 3 nm thick film, (c) 5 cycles ZrO2 ALD coated with about 3 nm thick film, 
and (d) 5 cycles of Al2O3 ALD coated with about 1.5 nm thick film. 5 cycles of Al2O3 
ALD and 5 cycles ZrO2 ALD in this study are among the optimal ALD film thicknesses 
based on previous reports.[1, 2]  Thicker Al2O3 or ZrO2 ALD films would significantly 

decrease the capacity due to the reduction in electron conductivity and possible reduction 
in Li-ion conductivity.[1] 

 
  

(c) (d) 

(a) (b) 
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ABSTRACT 

It is imperative to ascertain the ionic and electronic components in the total conductivity 

of an electrochemically active material. A blocking technique called Hebb-Wagner method 

is normally used to explain the two components (ionic and electronic) in a mixed 

conductor, in combination with complex ac impedance method and dc polarization 

measurements. CeO2 atomic layer deposition (ALD)-coated and uncoated, LiMn2O4 

(LMO) and LiMn1.5Ni0.5O4 (LMNO) powders were pressed into pellets and then painted 

with silver to act as a blocking electrode. Electronic conductivities were derived from 

currents obtained using dc Chronoamperometry mode. The ionic conductivities were 

calculated from results of the electronic conductivities and the mixed conductivities 

obtained from the ac impedance method. The results showed that the CeO2 thin films 

coated LMO and LMNO are twice as much Li-ion conductive compared to the uncoated 
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LMO and LMNO. Also, insulating materials, such as alumina and zirconia ALD-coated 

LMO were also tested for comparison. No significant effect of substrates was noticed 

among coated and uncoated samples for their ionic conductivities, while the electronic 

conductivities of LMO was found to be higher than that of the LMNO samples. The Li-ion 

conductivity of the CeO2 films and the optimal film thickness achieved by ALD indeed 

helped overcome the trade-off between long cycle-life and reduced initial capacity fade of 

LMO used as cathode in lithium ion batteries. 

 

Introduction 

A materials science and fabrication challenge is still stands in the way despite of 

the capacity improvements of contemporary lithium-ion batteries achieved by efficient 

transport of Li ions and electrons between the electrodes. The major issue lies in the 

cathodes used in these battery cells which are made of low electronic conductive metal 

oxides. The separator composition in the electrolyte, ideally, must allow ions only while 

establishing a safe, and electronically impermeable wall. The common problems include 

the low conductivity values of the electrodes, the phase transformations causing the change 

in the materials and their properties, and intrinsic struggle to detect and measure the 

microstructure and conductive properties of these materials. For example, recently, we 

coated LiMn2O4 (LMO) particles with ultrathin uniform CeO2 films using atomic layer 

deposition (ALD) technique. In comparison to the uncoated particles, these coated particles 

displayed a substantial performance enhancement in capacity and charge-discharge cycling 

at room temperature and 55 °C for over 1,000 cycles. The samples coated with optimum 

film thickness of 3 nm CeO2 improved the initial capacity by 24% compared to the 
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uncoated LMO sample, and the coated sample retained 96% and 95% of its initial capacity 

even after cycling for 1,000 cycles at room temperature and 55 C at 1C rate, respectively.1 

The improved performance was due to the conductive nature of CeO2; however the effect 

of CeO2 thin films on Li ionic conductivity is yet to be investigated. It is very important to 

explore and explain the ionic and electronic components of the total conductivity of these 

thin film CeO2 materials, which help enhance the battery performance and cycle life 

significantly.  

Electrical conduction in materials may arise from motion in an electric field of 

electrons, ions, or both. For many materials, the charge carrier identity is implicit. For 

example, for metals and semimetals, such as carbon, charge is understood to be carried by 

mobile electrons, whereas for electrolyte materials such as salts dissolved in solvents and 

most polymer electrolytes, charge is understood to be carried by mobile ions.2, 3 Some 

materials have the very interesting property that they may transport charge via both ions 

and electrons; such materials are known as mixed ionic electronic conductors (MIECs).4, 

5 MIEC materials are critically important in many electrochemical technologies, for 

example in battery electrodes,6-10 fuel-cell electrodes,11 and in certain types of membrane 

reactor.12, 13 

 Maier reported an outline to comprehend the effect of space charge regions on the 

ionic transport.14 In nanocrystalline materials, interfacial regions occupy a much greater 

fraction of the internal volume, and subsequent research in nano-ionics has focused on 

achieving an improved understanding of the charge transport properties of nanostructured 

ionic solids. The electronic and the ionic partial conductivity can be separated by applying 

one or two electrodes that block either the electronic or the ionic current.14, 15 After a 
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waiting period of a few times, the relaxation time (τd), a steady state is reached in which 

only the non-blocked species move (cf. Hebb-Wagner polarization). From the steady state 

current-voltage (I-V) relation, the electronic partial conductivity can be calculated. 

In this work, LMO and LiMn1.5Ni0.5O4 (LMNO) particles coated with ultrathin 

conformal CeO2 films by ALD were used to analyze the electronic and ionic contributions 

from the ultrathin films. In order to understand the true effect of coating, we deposited the 

same thickness of ceria films on different substrates. The same number of ALD cycles were 

carried out for both substrates at the same operating conditions. Since our aim was also to 

focus on testing the conductivities at around working temperature range, we did not test 

them at temperatures higher than 100 °C. The results of the conductive ceria coatings were 

compared with, insulating materials, alumina and zirconia ALD-coated LMO samples. A 

common method used to separate the various contributions, for the uncoated and CeO2 

ALD-coated LMO and LMNO samples, is the so-called Hebb–Wagner polarization, in 

which a blocking electrode, capable of supporting only one conduction type (electronic or 

ionic),16 is employed along with ac impedance measurements.  

 

Results and Discussions 

Various thicknesses of CeO2 films were conformally coated on the surfaces of 

LMO particles (~8 μm, L-140 from LICO Technology Corporation) and LMNO particles 

(~5 μm, NEI Corporation) using ALD. 30 cycles CeO2 ALD (30Ce-LMO, 30Ce-LMNO), 

50 cycles CeO2 ALD (50Ce-LMO, 50Ce-LMNO), and 100 cycles CeO2 ALD (100Ce-

LMO, 100Ce-LMNO) were performed on different batch of particles. The transmission 

electron microscopy (TEM) image of an uncoated LMO particle (shown in Fig. 1a) 
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displays a clean edge of a pristine particle. In contrast, Fig. 1b displays a distinctive 

conformal coating of ~3 nm layer on a LMO particle after 50 cycles of CeO2 ALD. Fig. 1c 

also shows ~3 nm layer on LMNO, and Fig. 1d shows ~5 nm conformal film on LMNO. 

This shows that the ALD coating process is a consistently repeatable layer-by-layer 

technique. Due to their electronic insulating nature, different cycles of Al2O3 and ZrO2 

ALD-coated LMO particles were also tested the same way to distinguish the conductivities. 

Different thicknesses of coating 2 cycles of Al2O3 (2Al), 5 cycles of Al2O3 (5Al), 10 cycles 

of Al2O3 (10Al), 5 cycles of ZrO2 (5Zr) and 10 cycles of ZrO2 (10Zr) ALD-coated samples 

were tested. These samples with the described cycles of coating were selected because it is 

known to have the similar film thickness as compared to 50Ce and 100Ce samples.  

The ac impedance measurements at 1 mHz – 1 MHz range were conducted for cold-

pressed pellets of all eight samples. The pellets were coated with silver paste, using a 

blocking electrode material. All the tests were limited to 100°C temperature since we were 

only interested in testing the samples at real working conditions. Fig. 2 shows the Nyquist 

impedance plots for the samples obtained by testing across the two silver pasted coated 

sides of the samples. The solid curves represent the fitted curves obtained by using 

equivalent circuit shown in Fig. 2e. In the equivalent circuit, R1 refers to the pure electronic 

resistance of the material because at very low frequency (0.01 Hz in this case), there is no 

movement of ions. R2 referes to the ionic resistance which refers to the impedance 

measured at high frequency (1 MHz), and CPE is the constant phase-angle element 

depicting the non-ideal capacitance of the material. Again, the real axis intercept at zero 

frequency (zero phase) signifies electronic resistivity; for electronically non-conductive 

samples, the resistivity becomes infinite at zero frequency with a non-zero phase angel. 
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The fitted parameters are provided in the Table 1. The impedance value for the uncoated 

LMO sample is double compared to any of the ceria coated samples. Nyquist plot of 50Ce-

LMO shows that its impedance is half of the LMO pellet. This shows that the LMO pellet 

exhibits much more resistance for the movement of ions and electrons. These trends are 

also noticed for the uncoated and coated LMNO substrates. It indicates that the ceria thin 

film coating does induce some conductivity to the substrates. The impedance for the 100Ce 

sample was lower than the uncoated substrates but higher than the 30Ce and 50Ce coated 

samples. This could be due to the thicker film of the ceria coating, which creates longer 

pathways for the ions migration. 

As already pointed out,14, 17 the determination of the electronic or the ionic partial 

conductivity requires two electrodes blocking to one of the mobile charge carriers, this 

leads to a polarization of the bulk, which can be observed in ac experiments at low 

frequencies or in dc experiments after a long waiting period. For a single crystalline mixed 

conductor with negligible electrode capacitance, this polarization leads to a Warburg 

element, and is approximately described by the equivalent circuit.  

The equivalent circuit consists of elements corresponding to one Nyquist 

semicircle, which is consistent with the data in Fig. 3. The equivalent circuit constitutes a 

combination of ionic and electronic components, which are in parallel to each other. The 

equivalent circuit in Fig. 2b indicates that the high-frequency semicircle diameter, R1, is 

the parallel combination of ionic and electronic resistance.18, 19  

1
𝑅𝑅1

=
1
𝑅𝑅𝑖𝑖

+
1
𝑅𝑅𝑒𝑒

                                           (1) 

where Re is the electronic resistance. This enables determination of Ri.  
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Indeed EIS alone is enough for separating ionic and electronic resistances 

(responses at zero frequency and infinite frequency). The dc polarization tests were 

conducted to verify the fact that the system shows electronic behavior at zero frequency. 

In this way dc polarization tells us that there will be nothing new on going to slower 

frequencies than the one employed in the EIS test. Therefore, the results of EIS and dc 

polarization should converge when frequency moves to zero. In this occasion, dc 

polarization gave very similar results, as shown in Table 2, as the Re resistance values 

obtained from the EIS measurements, as shown in Table 1. The applied dc potential and 

the resulting current (after a short wait time) may be assigned only to electrons, as 

mentioned later in the text. 

 Fig. 3 shows the Arrhenius plots of the electronic conductivity of LMO particles 

with and without 50Ce coating. The results were entirely reproducible. That is, they always 

returned to approximately the same value each time when equilibrium was reached at any 

given temperature. Each point represents the equilibrium value obtained from several 

determinations. The LMO itself has been noted to have semiconductor nature due to its 

crystal orientation.20 One thing is very noticeable that the total conductivity of 50Ce is 

almost two magnitude higher than the uncoated LMO sample, which corresponds to the 

results shown in the Fig. 2. From the results, it is clear that conductivity was improved by 

the coating of CeO2 on the LMO and LMNO primary particles. Based on the conductivity 

results, it can be said that CeO2 is a promising candidate for improving the conductivity in 

a manganese based oxide lithium-ion battery.17  

Electronic and ionic conductivities of all the samples by using the methods 

described as above, at different temperatures, and the results are shown in Fig.s 3 and 4, 
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respectively. All samples show an increase in electronic and ionic conductivities with 

increasing temperature from 25 °C to 100 °C. The temperature dependence on conductivity 

was fit to the Arrhenius equation:  

𝜎𝜎𝑎𝑎 = A0 ∙ exp �
−E𝑎𝑎
RT

�                                               (2) 

where σa is the electronic or ionic conductivity, A0 is a pre-exponential factor, and Ea is 

the activation energy. The pure conductivities are plotted against temperature in Fig. 5. 

However, the electronic conductivities of the ceria coated sample, for both substrates, was 

higher than that of the uncoated sample. This could be as a result of the higher grain 

boundary resistance in the uncoated sample. The coated samples has conformal coating of 

CeO2, which provides a continuous pathway for the electrons to move around. 50Ce coated 

samples for both substrates (covered with ~3 nm conformal film) showed the highest ionic 

conductivity. The slopes of 100Ce coated samples were slightly different than the other 

ceria coated samples, which could indicate that the thicker coating caused the change in 

the relationship between temperature and conductivity. It is important to note that the 

electronic conductivity of the uncoated LMNO was lower than the LMO samples. This is 

in support of the reported values for these materials, which is 10-4 S/cm for LMO and ~10-

6 S/cm for LMNO.8, 21, 22 However, there was no apparent effect of substrate noticed for the 

coated samples. The magnitude of the improved conductivities were comparable to one 

another. This shows that the conformal coating of the same thickness was truly conductive 

in nature and as a result, it can help improve the performance of lithium-ion batteries. 

From Fig. 4, the conditions, which are most favorable for ionic conduction, are the 

lower temperatures investigated (<373 K). This is in agreement with the results of 

Schmalzried’s, which were performed using similar technique.23 The ionic conductivities 
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of the samples increased linearly with increase in temperature. However, the uncoated 

sample showed poor ionic conductivity compared to the 50Ce coated samples. The ionic 

conductivities for 50Ce-LMO and 50Ce-LMNO samples were more than one magnitude 

higher than the uncoated LMO and LMNO samples and it showed the linear increase of 

conductivity with respect to temperature. Also, ionic conductivity of the uncoated sample 

did not surge rapidly with temperature, which suggested that electronic conduction was 

playing the prominent role.24, 25 The 100Ce coated substrates showed better conductivity 

than the uncoated samples, but their different slopes indicated that the thicker coating 

affected the temperature relationship with conductivity. 

The insulating materials showed much less conductivity as expected, shown in Fig. 

5. The faint conductivity enhancement observed in the 2Al, and 5Al samples can be 

attributed to the fact that the existence of Al2O3 films acts as contact bridges between the 

spinel particles. Thus, the inter-particle resistance is reduced and the insertion/extraction 

process can proceed across the electroactive material. It should be emphasized that the 

metal oxide dispersed cannot originally increase the electrical conductivity of the 

LiMn2O4 film, due to its higher resistance. Indeed, the ultra-thin Al2O3 film provides an 

opportunity for easier diffusion of Li ions through the electroactive film. However, if the 

thickness is increased enough, such as in 10Al, the film resistance increases significantly, 

due to the inherent insulating nature of alumina. It has been reported that adding thick 

Al2O3 atomic layers (20–40 ALD) could increase the ionic and electronic resistance and 

thus increase polarization.26 The R2 values of all the samples are at least more than 0.995. 

The slopes of electronic conductivities of the alumina and zirconia ALD-coated samples 

changed slightly more positive, indicating the higher activation energy requirement. The 
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2Al and 5Zr samples showed about one order of magnitude higher electronic conductivity 

and almost no ionic conductivity, compared to the uncoated LMO sample. Table 3 shows 

the dc conductivities of the alumina and zirconia coated samples. The values are very close 

to the electronic resistance of the impedance curves for each samples.  

It is noticeable that the difference in conductivities of alumina and zirconia coated 

samples with same film thickness is small. Also, with increase in film thickness (i.e., more 

ALD cycles), both ionic as well as electronic conductivities of the samples drop. This could 

be explained by the fact that decreasing the feature size (grain size or film thickness) from 

the micrometer to the nanometer scale usually results in a remarkable change in the 

transport properties of materials.27 In comparison with their microstructured counterparts, 

the most remarkable characteristic of nanostructured materials is the high interfacial 

density. This leads to two nano-effect: the trivial size effect and the true size effect.28, 29 

Thus, the samples with higher thickness of ceria, alumina, and zirconia coating are showing 

negative effects on the conductivity of the coated samples. So, even though the ALD 

coating reduces the gap between two particles in the case of alumina and zirconia coated 

samples, the inherent nature of the coating does not help improve the conductivity. That 

resulted in the lower performance of coin cell as tested previously.1 

The study of the electronic conductivities of LMO helped to understand the effects 

of CeO2 to be a predominantly ionic conductor depending on temperature. The comparable 

results of the ceria coated LMO and LMNO samples shows that the deposited films were 

indeed more ionically conductive than the uncoated samples. This results satisfactorily 

explain the significant improvement in electrochemical performance of the ceria coated 

LMO samples reported previously.1 The Li-ion conductivity of the CeO2 films and the 
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optimal film thickness achieved by ALD indeed helped overcome the trade-off between 

long cycle-life and initial discharge capacity. 

 

Conclusions 

The effective ionic and electronic conductivity contributions in the CeO2 ALD-

coated and uncoated LMO and LMNO were obtained from the mixed conductivities. An 

ac impedance spectroscopy enabled the determination of electronic and ionic conductivity 

in the samples. The electronic conductivity measurements were verified using dc 

measurements. The clear distinction among the ionic conductivities of the CeO2 coated 

and the uncoated LMO and LMNO indicated that the ALD coated ultrathin ceria films is 

much more Li-ion conductive. Also, the insulating materials like Al2O3 and ZrO2 optimal-

thin-film coated samples showed almost no ionic conductivity compared to the 50Ce-LMO 

sample, which showed about 1.5 times higher order of magnitude of ionic conductivity. 

The electronic conductivity of the LMO samples was higher than that of the LMNO 

samples, while the ionic conductivities for LMO was about one magnitude higher than the 

LMNO. The pure electronic conductivity contributions were significantly higher than pure 

ionic conductivity contributions for the samples from both substrates. The experiments 

were also able to show that the thicker coating of ceria films are less conductive than the 

optimal thin film (50Ce). This was expected since the material under test is slightly 

semiconductor in nature. This work provided supporting explanation for our previous 

work, as in the reason for significantly better performance of the optimal ultrathin ceria 

films coated LMO particles compared the uncoated cathodes.  
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Experimental Section 

ALD coating: A fluidized bed reactor was used to perform ALD to coat different 

thicknesses of CeO2 thin layers on LiMn2O4 powders and LiMn1.5Ni0.5O4 at 250 °C. The 

two reactant chemicals were Tris(ipropylcyclopentadienyl) cerium (Ce(iPrCp)3) (99.9%, 

Strem Chemicals) and de-ionized water. All chemicals were used as received. The ALD 

coating processes for the CeO2, Al2O3, and ZrO2 are described elsewhere.1 The coated 

particles were visualized using FEI Tecnai F20 TEM/STEM supported with an energy 

dispersive X-ray spectrometer system. 

 

Conductivity measurements: Different samples were cold pressed (20 MPa) into pellets 

and then coated with silver conductive paste (Sigma Aldrich) to make the blocking 

electrodes for conductivity measurements.  The paste was vacuum dried at 85 °C for 8 hr. 

The conductivity measurements were performed at 1 mHz – 1 MHz frequency range using 

IviumStat impedance analyzer.30, 31 The impedance spectra were examined by EC-Lab 

software (Bio-Logic SAS). The dc measurements were conducted using the same setup 

under vacuum to verify the electronic conductivity of each samples. The pellets were tested 

at a constant increment of 0.2 V up to 1.4 V and the corresponding current was monitored 

after 60 s stabilization time at each step. The samples were tested at a temperature ranging 

from 25 °C – 100 °C in a box furnace. The furnace and the pellets were allowed to stabilize 

for at least 1 hr once the temperature was reached. For dc measurements, the same 

IviumStat was used in the dc mode with ChronoAmperometry transient.  The measurement 

current direction was parallel to the film plane. The recorded impedance spectra were 

analyzed using complex non-linear least squares (CNLS) fitting to find the appropriate 
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electrical equivalent circuit. The calculated resistance components were confined within 

4% of uncertainties. 
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Fig. 1. TEM images of (a) uncoated, and (b) 50Ce coated LiMn2O4 particles, and (c) 
50Ce, and (d) 100Ce coated LiMn1.5Ni0.5O4 particles. 

(a) 

(c) (d) 

(b) 
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Fig. 2. Nyquist impedance plots at different temperatures for (a) uncoated and (b) 50Ce 
coated LiMn2O4, and (c) uncoated and (d) 50Ce coated LiMn1.5Ni0.5O4, with 

corresponding fit (solid curve) using (e) the proposed equivalent circuit. 
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Fig. 2. Nyquist impedance plots at different temperatures for (a) uncoated and (b) 50Ce 
coated LiMn2O4, and (c) uncoated and (d) 50Ce coated LiMn1.5Ni0.5O4, with 

corresponding fit (solid curve) using (e) the proposed equivalent circuit. (Cont.) 
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Fig. 2. Nyquist impedance plots at different temperatures for (a) uncoated and (b) 50Ce 
coated LiMn2O4, and (c) uncoated and (d) 50Ce coated LiMn1.5Ni0.5O4, with 

corresponding fit (solid curve) using (e) the proposed equivalent circuit. (Cont.) 
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Fig. 3. Arrhenius plots for the effects of temperature on electronic conductivity of 

uncoated and CeO2 coated (a) LiMn2O4 and (b) LiMn1.5Ni0.5O4 particles. 
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Fig. 4. Arrhenius plots for the effects of temperature on ionic conductivity of uncoated 
and CeO2 coated (a) LiMn2O4 and (b) LiMn1.5Ni0.5O4 particles. 
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Fig. 5. Arrhenius plots for the effects of temperature on electronic and ionic conductivity 
of (a,b) Al2O3 and (c,d) ZrO2 coated LiMn2O4 particles. 
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Fig. 5. Arrhenius plots for the effects of temperature on electronic and ionic conductivity 
of (a, b) Al2O3 and (c, d) ZrO2 coated LiMn2O4 particles. (Cont.) 
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Table 1. Fitted parameters for the Nyquist plots using electrical equivalent circuit shown 
in Fig. 2. 

 

 

 

 

Table 2. DC resistance measurements of CeO2-coated and uncoated LiMn2O4 and 
LiMn1.5Ni0.5O4 samples at different temperature. 

 

 

 

Temperature UC LMO 30Ce LMO 50Ce LMO 100Ce LMO UC LMNO 30Ce LMNO 50Ce LMNO 100Ce LMNO

25°C 371178 152778 54773 292717 2845735 801511 325567 2634675
40°C 306829 91634 31805 202140 1827267 471888 171682 1685498
50°C 241974 62940 21846 175251 1447267 352034 120456 1273403
60°C 203761 48137 16708 140311 1155749 262006 77235 967369
80°C 144173 27648 9073 95528 767927 159942 38421 597060
100°C 109784 17279 5997 66485 492394 98744 21472 351612
25°C 17382.9 7322.9 4853.4 14916.8 14086.6 6076.8 4002.0 13148.1
40°C 14977.6 6050.8 3988.8 12325.5 11453.8 4896.9 3193.2 10595.2
50°C 13685.1 5541.6 3524.9 11288.2 10359.9 4153.1 2717.2 8985.8
60°C 12340.4 4963.0 3143.2 10109.6 9243.1 3574.8 2367.6 7734.6
80°C 10601.4 4121.2 2586.8 8394.9 7807.1 2733.5 1714.6 6043.1

100°C 9378.9 3524.4 2125.2 7179.2 6507.1 2089.3 1403.7 4520.6
25°C 0.00025 0.00075 0.00056 0.00107 0.00212 0.00622 0.00465 0.00891
40°C 0.00024 0.00086 0.00045 0.00088 0.00203 0.00714 0.00377 0.00736
50°C 0.00014 0.00065 0.00063 0.00063 0.00117 0.00541 0.00522 0.00524
60°C 0.00013 0.00063 0.00059 0.00062 0.00110 0.00522 0.00488 0.00518
80°C 0.00021 0.00096 0.00107 0.00074 0.00179 0.00802 0.00892 0.00617

100°C 0.00036 0.00163 0.00059 0.00082 0.00300 0.01360 0.00492 0.00687
25°C 0.086 0.084 0.087 0.084 0.717 0.696 0.7238 0.701
40°C 0.088 0.085 0.088 0.084 0.733 0.707 0.7317 0.696
50°C 0.092 0.088 0.090 0.088 0.764 0.734 0.752 0.731
60°C 0.093 0.090 0.092 0.089 0.774 0.747 0.769 0.741
80°C 0.088 0.088 0.088 0.088 0.734 0.735 0.7367 0.735
100°C 0.085 0.088 0.092 0.088 0.71 0.733 0.767 0.737

CPE (µF)

P

R1 (Ω)

R2 (Ω)

Temperature
UC    

LMO 
30Ce   
LMO

50Ce    
LMO

100Ce    
LMO

UC    
LMNO

30Ce    
LMNO

50Ce    
LMNO

100Ce    
LMNO

25°C 390714 160819 57656 308123 3011360 848159 344516 2788016
40°C 322977 96457 33479 212779 1933616 499352 181674 1783596
50°C 254710 66252 22996 184474 1531499 372522 127467 1347517
60°C 214485 50670 17587 147696 1223014 277255 81730 1023671
80°C 151761 29104 9551 100556 812621 169251 40657 631809
100°C 115562 18189 6313 69984 521052 104491 22722 372076

DC resistance 
(Ω)
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Table 3. DC resistance measurements of uncoated and Al2O3 and ZrO2 coated LiMn2O4 
samples at different temperature 

 

Temperature
UC    

LMO 2Al 5Al 10Al 5Zr 10Zr

25°C 56597 220590 336483 982459 461535 275881
40°C 46785 139929 216171 634912 276822 160198
50°C 36896 113885 160326 479680 190138 110033
60°C 31070 90446 125939 364399 145418 84154
80°C 21984 63640 84276 224907 83524 45699
100°C 16740 46806 59245 162449 52199 30208

DC resistance 
(Ω)
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ABSTRACT 

Atomic layer deposition (ALD) has evolved as an important technique to coat 

conformal protective thin films on cathode and anode particles of lithium ion batteries 

to enhance their electrochemical performance. Coating a conformal, conductive and 

optimal ultrathin film on cathode particles has significantly increased the capacity 

retention and cycle life as demonstrated in our previous work. In this work, we have 

unearthed the synergetic effect of electrochemically active iron oxide films coating 

and partial doping of iron on LiMn1.5Ni0.5O4 (LMNO) particles. The ionic Fe penetrates 

into the lattice structure of LMNO during the ALD process. After the structural defects 

are saturated, the iron starts participating in formation of ultrathin oxide films on 

LMNO particle surface. Owing to the conductive nature of iron oxide films, with an 

optimal film thickness of ~0.6 nm, the initial capacity improved by ~25% at room 
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temperature and by ~26% at an elevated temperature of 55ºC at a 1C cycling rate. The 

synergy of doping of LMNO with iron combined with the conductive and protective 

nature of the optimal iron oxide film leads to a high capacity retention (~93% at room 

temperature and ~91% at 55ºC) even after 1,000 cycles at a 1C cycling rate. 

 

Introduction 

LiMn1.5Ni0.5O4 (LMNO) has received much attention as alternate cathode 

materials for lithium ion batteries (LIBs) due to its improved cycling behavior relative to 

the pristine spinel1. The operating voltage window of LMNO makes it a potential candidate 

for use in hybrid electric vehicles (HEV) due to its nominal cost, enhanced thermal stability 

and enhanced rate capability owing to its three-dimensional structure2-5. However, it has 

not gained commercial usability in HEV due to high capacity fade during cycling at 

elevated temperatures and Mn3+ dissolution by HF6,7. Doping LMNO with ions has been 

considered to be an effective way to better the core properties of LMNO for enhanced 

electrochemical performance. In a typical cycling curve of LiNi0.5- xFexMn1.5O4, the 

oxidation-reduction pairs, FeIV/FeIII, NiIV/NiII, and MnIV/MnIII, corresponds to the three 

stages of addition or subtraction of electrons in and out of the d-spacing of the compounds8. 

Liu et al.9 reported that Fe doping could subdue the solid electrolyte interface (SEI) 

formation by enabling certain surface enhancements, which is very important to improve 

the electrochemical performances of the 5 V spinel cathode materials. Doping alone cannot, 

however, significantly improve the cycleability and capacity retention of LMNO as it 

cannot avoid dissolution of Mn3+ ions by HF10. One approach to solve this problem is to 

form a protective film around the LMNO structure, thereby significantly reducing Mn3+ 

dissolution and improving capacity retention and cycling performance. 
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Several researchers have used wet chemical methods including sol-gel methods to 

coat protective film over pristine LMNO11,12. The protective coating improved cycling life 

and capacity retention of LMNO. However, there was always a bargain between increasing 

the capacity and longer cycle life of the battery. In these studies, it was difficult to precisely 

control the thickness of the coating, and the films were not conformally coated on the 

particle surfaces. The increased thickness causes increased mass transfer resistance that 

delays the movement of species, electrons, and ions. Hence, an optimal thickness of the 

film is crucial for the best performance enhancement. This can be achieved by atomic layer 

deposition (ALD). 

ALD is best known for its ability to deposit high-quality, ultra-thin conformal films 

of materials based on alternating dosing of chemical vapors that react with surfaces13-16. 

ALD ensures control of film thickness at nanometer level. However, if the ALD film is 

insulating, such trade-off still exists14, which has also been demonstrated in our recent work 

and an effective solution was proposed17. It has been demonstrated that coating an optimal 

thickness of conductive metal oxide films could improve both specific capacity and cycling 

performance. In our recent work17, ultrathin 3 nm ALD CeO2 film was coated on LiMn2O4 

particles that showed 24% improvement in specific capacity, compared to the uncoated 

one, and high capacity retention of 96% at room temperature and 95% at an elevated 

temperature of 55 ºC even after 1,000 cycles at a 1C rate. Herein, we propose that iron 

oxide would be an excellent candidate as the coating layer due to its electrochemical 

activity, low cost, environmental benignity, and natural abundance. The conductive nature 

of iron oxide coating using sputtering or liquid phase method has improved electrochemical 

performance of carbon nanotubes18 and SnO2 particles19, but the results were restricted to 
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small number of cycles and the coatings were not optimal to make it a viable solution. 

Conformal iron oxide films with controlled thickness can be coated by ALD. Due to the 

relative high temperature of iron oxide ALD coating process and the surface defects of 

LMNO, we expected that Fe could also be doped in the crystal strucutre of LMNO. 

To the best of our knowledge, there has been no successful study, so far, exploring 

the synergetic effect of iron doping and ultra-thin film coating of iron oxide using ALD on 

LIB electrode particles. In this study, large quantities of LMNO particles were coated with 

ultra-thin iron oxide films by ALD in a fluidized bed reactor. The ALD coated samples 

demonstrated both longer cycle life with improved stable performance for more than 1,000 

cycles of electrochemical cycling at room temperature and at 55 ºC. We also report the first 

time a unique phenomenon of ionic Fe entering the lattice structure of LMNO during the 

ALD coating process. We believe the combined effect of the doping of Fe into the structure 

of LMNO and the conductive optimal ultrathin coating of iron oxide films has significantly 

enhanced cycleability and reduced capacity fade of LMNO.  

 
Results and Discussion 

 

Iron oxide films coated on LiMn1.5Ni0.5O4 particles 

Different numbers of iron oxide ALD coating cycles were applied on the surfaces 

of LMNO particles (4-5 µm, NANOMYTE® SP-10, NEI Corporation). ALD reaction was 

carried out for 10 (10Fe), 20 (20Fe), 25 (25Fe), 30 (30Fe), 40 (40Fe), 80 (80Fe), and 160 

(160Fe) cycles. The transmission electron microscopy (TEM) image of an uncoated (UC) 

LMNO particle (shown in Figure 1a) displays a blank edge of a pristine particle. In contrast, 

a distinctive conformal coating of ~3 nm layer on a LMNO particle after 160 cycles of iron 
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oxide ALD, is seen in Figure 1b. Figures S1a – d (see supporting information) show images 

at different magnification level for one particle. It is clear from the series of images that 

the iron oxide coating was conformal and covering the entire particle surface. Based on 

this 160Fe sample, the growth rate of iron oxide films on the LMNO particles was ~0.02 

nm/cycle. The iron oxide growth rate is in sync with the previously reported values20. The 

growth rate value is derived from TEM images only and it does not represent the actual 

number of layers since ALD process experiences nucleation period at the beginning of the 

cycles. The Figures S2a and S2b (see supporting information) show the selective area 

electron diffraction (SAED) pattern of those two samples. Both powders exhibited well-

developed octahedral shapes, although a secondary phase appeared to grow on the corner 

of the octahedral particle after coating 160 cycles of iron oxide ALD, as indicated in Figure 

S2b. In order to confirm the diffusion and distribution of iron inside the particle structure, 

about 80 nm thick thin section across the center of the 160Fe sample particle was cut using 

focused-ion beam (FIB) and elemental mapping was performed using energy dispersive x-

ray spectroscopy (EDS). Figure 1c is the regular TEM image of the thin-section across the 

center of a particle. Figure 1d is the Fe elemental map of the same particle as shown in 

Figure 1c, acquired in the scanning TEM (STEM) mode combined with EDS collection. 

Figure 1e is the Fe element distribution along the red line as shown in Figure 1c, and EDS 

line scan in the STEM mode was used to acquire this information. It clearly shows the Fe 

penetration ~400 nm deep below the 160Fe LMNO particle surface. The EDS spectrum 

from the surface vicinity of the UC and the 160Fe samples are shown in Figure S3. It is 

evident from those spectra that there was no Fe in the UC sample, while there was a large 

amount of Fe on the particle surface of the 160Fe sample. This study in addition to the 
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TEM images (as in Figure 1b) provides evidence needed to support the claim that the 

doping and coating both occurred during the ALD coating process. This unique 

phenomenon has never been reported during ALD coating process.  

The Fe content on the LMNO particles was measured using inductively coupled 

plasma atomic emission spectroscopy (ICP-AES). As shown in Figure S4 in supporting 

information, iron content increased almost linearly with increase in the number of ALD 

cycles. The thicknesses of iron oxide films were reflected by the content of Fe on the 

particles. The iron oxide film thickness was several magnitudes smaller than the 4-5 micron 

sized cathode particles. The plot trend clearly indicated a linear growth rate of iron oxide 

ALD films onto the particles surface except for the short initial period for the first 10 ALD 

cycles. The surface area of the UC samples was 1.8 m2/g measured by using Quantachrome 

Autosorb-1. Based on the surface area of particles, percentage of Fe in the 160Fe sample 

obtained from ICP-AES, and assuming the oxide films being Fe3O4, the expected thickness 

of the ultrathin film was found to be ~10 nm. However, the TEM analysis showed the film 

thickness to be only 3 nm. This discrepancy also indirectly supported that Fe had entered 

the lattice structure of LMNO.  

Figure 2 shows the powder X-ray diffraction (PXRD) pattern of the UC, 10Fe, 30Fe, 

80Fe, and 160Fe samples. The PXRD patterns of pristine and modified samples confirm 

the existence of cubic spinel structure. All the main diffraction peaks are sharp, which 

indicates that the tested samples are well-crystallized. The pattern for the UC differs 

significantly from the 160Fe sample. For the 160Fe sample, the main peaks are not so sharp 

and some of the peaks have a significant shift in their position, indicating the significant 

amount of Fe substituted into the LMNO structure. The weak reflections observed at 
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around 18.2º, 30º, and 57.5º in the 160Fe sample are absent in the 10Fe sample and only 

30º peak in 30Fe and 80Fe. The presence of Fe3O4 was confirmed for the case of 160Fe 

by the additional peaks at 30º and 57.5º, which are consistent with the reported results21-23.  

The PXRD patterns, consistent with the SAED pattern, indicate that the iron oxide ALD 

coated LMNO does not have the same phase as its uncoated counterpart. X-ray 

photoelectron spectroscopy (XPS) results further confirmed the presence of Fe3O4 phase 

in the 160Fe sample (see Figure S5 in supporting information). For the 30Fe and 40Fe 

samples, the Fe content was much lower than that of the 160Fe sample, and PXRD showed 

very weak peaks to indicate the presence of Fe. Iron content in 10Fe was too low to detect 

any particular iron oxide phase confidently. This all could be explained with the fact that 

the ALD deposition of iron oxide using ferrocene and oxygen precursor at high temperature 

(in this case 450 °C) resulted in formation of Fe3O4 as evidence from the PXRD24,25, which 

could be pure Fe3O4 spinel with Fetet
3+[Fe2+Fe3+]octO4 (magnetite) composition, a defect 

non-stoichiometric spinel, Fe3-xO4 or γ-Fe2O3 (maghemite). γ-Fe2O3 is the end member of 

non-stoichiometric Fe3-xO4, given as Fetet
3+[Fe5/3

3+�1/3]octO4 [� represents vacant site]26. 

Unfortunately, PXRD of these phases have subtle differences, which make it difficult to 

distinguish between them especially when the amount of Fe-content is less and particle 

sizes are small. To get a better insight into the nature of Fe3O4 phase, we carried out 

Mössbauer spectroscopy of the 160Fe sample, since this sample had substantial amount of 

Fe for reliable Mössbauer signal. The room temperature (25 °C) Mössbauer spectrum of 

160Fe of broad sextet indicates hyperfine magnetic component together with a central 

quadrupolar doublet (Figure S6 in supporting information). The broadness of resonance 

lines in sextet is indication of small particle size and a distribution of hyperfine magnetic 
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fields. The isomer shift (δ), quadrupolar splittings (Q.S.) and hyperfine field (Bhf) of the 

sextet are 0.32(5) mm/s, 0.016(6) mm/s, and 44.6(5)T, respectively, consistent with γ-

Fe2O3 and rules of possibility of octahedral Fe2+ as in spinel Fe3O4, which produces 

another sextet subspectra with high δ value (~0.63 mm/s)27. The δ and Q.S. for the 

quadrupolar splitting for the central doublet are 0.36 and 0.74 mm/s, respectively. The δ 

and Q.S. values for the central doublet are characteristic of Fe3+ ions in octahedral 

coordination28, which may arise from the doping of Fe3+ in LMNO phase as hypothesized 

based on the TEM studies and shifting of PXRD lines of coated LMNO with respect to 

pristine sample. However, there is a note of caution here; such central doublet can also 

arise due to the presence of superparamagnetic iron-oxide particles. In summary, the results 

from PXRD, TEM-SAED, STEM-EDS, and XPS strongly suggest that during the ALD 

coating process, some amount of Fe doping occurred (in some valance state Fe penetrated 

into the lattice structure of LMNO) and Fe3O4 ultra-thin film formed. With increment in 

iron oxide ALD cycles, Fe3O4 can be further oxidized to provide γ-Fe2O3 
29, as here in the 

case of 160Fe.  

 

Electrochemical testing 

The charge-discharge analysis was carried out in a 3.5 V – 5 V voltage range. 

Figures 3a and 3c show the discharge capacities of the UC, 10Fe, 20Fe, 25Fe, 30Fe, 40Fe 

and 80Fe samples that were discharged at different C rates, of 0.1C, 0.2C, 0.5C, 1C, and 

2C, for five cycles at room temperature and 55 ºC, respectively. For these conditions, 

almost all of the iron oxide ALD coated samples showed higher initial discharge capacity 

than the UC. The increased discharge capacity of iron oxide coated samples can be 
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attributed to synergetic effect between doped Fe and conductive iron oxide overlayer. In 

Figure 3b, the normalized discharge capacities obtained at various C rates are plotted for 

all samples in reference to capacity obtained at 0.1 C. The results clearly demonstrate that 

the 30Fe sample showed superior rate capability as compared to other samples at room 

temperature. At a 2C rate where charge/ discharge cycle was about 30 min, the 80Fe sample 

performed poor due to the increased mass transfer resistance caused by the thicker coating. 

At 55 °C, in Figure 3d, a similar trend is observed. Overall the 30Fe sample performed 

better than any other coated or uncoated samples. At a 2C rate, the 80 Fe sample performed 

much poorer as compared to room temperature testing due to degradation of cell 

performance at high temperature. The diffusional and kinetic overpotential, solid 

electrolyte interphase (SEI) layer induced resistance, and contact/ohmic resistance are the 

main cause of the voltage drop in a typical LIB. The ultrathin iron oxide ALD film can 

significantly alter the most of these causes of the voltage drops. However, if the Li 

concentration ratio between the particle surface and the bulk is not affected by the coating, 

then the overpotential caused by the diffusional forces remains unchanged. The layer 

formed on the cathode surface (known as solid permeable interface) is usually much thinner 

than the SEI layer formed on the anode surface, and its thickness increases with charge-

dischare cycling and the temperature30. 

Figure 4a shows the results of discharge cycling at a 1C rate between 3.5 V – 5 V 

for the UC, 10Fe, 20Fe, 25Fe, 30Fe, 40Fe, and 80Fe cells at room temperature up to 1,000 

cycles. The discharge capacity of the UC was initially 114 mAh/g, and it declined to 80 

mAh/g after 1,000 cycles. In contrast, the 30Fe and 40Fe samples exhibited much higher 

initial discharge capacities than the UC. The 30Fe showed a remarkable initial discharge 
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capacity of 143 mAh/g, which is ~25% increment compared to the UC. The differance 

between 30Fe and 40Fe became much less with increase in cycle numbers. The stable 

discharge capacity at ~133 mAh/g was maintained (which is ~19 mAh/g higher than the 

UC cell’s initial capacity) for the case of 30Fe even after 1,000 cycles, which means that it 

dropped only by less than 7 %, compared to its initial capacity. Similarly, 40Fe showed 

remarkable ~95% capacity retention after 1,000 cycles at room temperature. This is the 

only time when 40Fe showed better results than 30Fe. The reason is not apparent, but it 

could be argued that the structural similarity of the iron oxide film and perhaps the amount 

of doped Fe are the reason that 30Fe and 40Fe showed very comparable results throughout 

this study. In addition, as seen in Figure 4b, the ALD coated LMNO showed significantly 

improved cycling performance, even at an increased testing temperature of 55 ºC. The 30Fe 

and 40Fe cells exhibited an initial discharge capacity of ~140 mAh/g. After 1,000 cycles, 

the capacity of 30Fe was stabilized at around 125 mAh/g after a gradual decrease from its 

initial capacity. The 30Fe and 40Fe samples showed much higher capacity than the UC 

sample, which indicated that iron oxide coated LMNO particles was much more chemically 

and thermally stable. The 10Fe sample showed higher initial capacity than the 20Fe and 

25Fe, which is in sync with the different C rate results. However, in a long run, it declined 

very significantly. This could be explained by the same reason that the Fe doped into the 

structure of the LMNO helped improve the initial capacity of the material and the iron 

oxide coating which occured after more ALD cycles (as in 20Fe and 25Fe) gave stability 

to the material. The 80Fe sample showed poor stability over the testing time of 1,000 

charge-discharge cycles. The reason could be that it has relatively thicker coating than 

other coated samples. The thick film induces more stresses during lithium ion insertion and 
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deinsertion. These increased stresses combined with more mass transfer resistance of Li+ 

due to the relatively thick films as compared to 30Fe/40Fe lead to poorer performance of 

the 80Fe sample. With increase in charge-discharge cycling, less Li+ inserted into cathode 

due to the increasing thickness of the SEI layer on lithium. This explains the worst 

performance of the 80Fe sample. 

As learned from our previous work17, the drawback of coating on particles is slower 

species transport. Consequently, a demonstration of performance improvement via ALD 

coatings at a high C rate is significant because the diffusivity of ions in the solid phase 

becomes significant as the input current increases. Also, the inside temperature of a cell 

increases with faster charge-discharge cycle rate, and that also increases the stress level 

due to developed concentration gradient inside particles. There is also a possibility of phase 

transition at the particle surface from overlithiation during this cycling process. So, in order 

to examine the perfomance of these coated samples, they were cycled at a 2C rate, shown 

in Figure 5. The performance of 10Fe improved slightly due to initial iron doping. The 

trend is similar to the test at a 1C rate as disscussed earlier and the higher initial capacity 

of 10Fe did not last longer than the 20Fe and 25Fe coated samples. A conformal coating 

of iron oxide with a larger number of ALD coating cycles provided a protection, which 

resulted in a significant improvement in initial capacity fade and remarkable stable 

performance, as in the case of 30Fe. The 30Fe and 40Fe samples still had far better 

discharge capacity and stability than the UC sample, even after 1,000 cycles at a 2C rate at 

both room temperature and 55 ºC. The 30Ce and 40Fe samples showed more than 90% 

capacity retention after 1,000 cycles, while the UC sample could not withstand the high 

rate of charge-discharge cycling and the capacity kept dropping. Overall, the 30Fe cells 
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showed consistentantly better than any other prepared cells. The excellent cycling behavior 

of the iron oxide ALD-coated LMNO electrodes, compared to the UC cell, clearly indicates 

that the synergetic effect of ALD deposited iron oxide coating and Fe doping into the 

LMNO structure (see STEM-EDS and TEM-FIB results) could well be the reason for the 

significantly improved electrochemical performances even at high C rates and high 

temperature cycling. 

The interface change due to ALD thin film coating was further investigated using 

electrochemical impedance spectroscopy (EIS). A three electrode configuration was used 

for the EIS measurements. The cathode in the coin cell served as the working electrode, 

whereas Li metal anode served as both the reference and the counter electrode. All the 

impedance measurements were performed at open circuit voltage. The impedance spectra 

were fitted using equivalent circuit that consisted of three resistance elements, two constant 

phase elements and a warburg diffusion element (see Figure 6c). The details about the fitted 

parameters are explained elsewhere17. Among the fitted parameters, ohmic resistance 

(Rohm), charge-transfer resistance (Rct), and surface film resistance (Rf) can be used to 

quantify the polarization behaviors. The W1 element represents the warburg impedance, 

which can be used to quantify Li-ion mass transfer resistance. Table 1 provides the list of 

all the fitted parameters value obtained after fitting the impedance curves to an equivalent 

circuit . The semicircle from the impedance analysis of all the cells was fitted using a 

combination of two R|C units (resistor|capacitor) to represent surface-film and charge-

transfer resistance, R(f+ct). For clarification, the lines in resultant impedance curves were 

not obtained after fitting the equivalent circuit to the impedance curves. One semicircle 

was observed for the UC and the iron oxide ALD coated cells, as shown in Figure 6. Upon 
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a close look at the semicircle, it reveals that they in fact are two semicircles overlapped, 

which could be contributed from the SEI film (at higher frequency region) and the charge-

transfer resistance at the particle surface (at mid to high frequency regions)9,14. After the 

1st and 1,000th charge-discharge cycles, the radius of the semicircles of the 30Fe and 40Fe 

cells are smaller in comparison to the UC cell, as evident in Figure 6a and 6b. With the 

increase in the thickness of iron oxide ALD films, the radius of the semicircle increased, 

as in the case of 80Fe, which was mainly due to the increased charge-transfer resistance 

(see Table 1), indicating that the sluggish transit of Li through the longer pathway. After 

1,000 charge-discharge cycles, the warburg resistance (the element that is representative 

of Li+ ion diffusion resistance) was the highest for the UC sample as compared to the coated 

samples. The charge transfer resistance first decreased with increase in the number of ALD 

coating cycles, reached a minimal value for the 30Fe sample and then increased with the 

increase in number of ALD coating cycles. This trend is indicative that 30Fe sample has 

the optimal thick coating as comapred to the other samples. The film resistance also 

followed a similar trend as the ultrathin film is conductive. 

  EIS study was also performed at high temperature (55 ºC), as shown in Figure 7. 

The UC sample experienced much more increment in charge transfer resistance than the 

iron oxide ALD coated samples except for the 80Fe sample. The higher impedance of the 

UC sample at an elevated temperature has been attributed to the degradation reactions 

between the cathode and the electrolyte3. As discussed above, the 80Fe sample exprienced 

large stresses coupled with high mass transfer resistance due to the relatively thick coating. 

That could be due to high charge transfer resistance from the distorted lattice structure. 

Comparing the impedance parameters of the 30Fe and 40Fe cells with the UC cell, it is 
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clear that the UC cell was experiencing slower kinetics after cycling. The 30Fe cell showed 

the best results among all the other cells tested. With increase in charge-discharge cycling, 

the charge-transfer and the film resistance increased, and the difference between the UC 

cell and the coated cells grew significantly. For example, after 1,000 charge-discharge 

cycles, the combined film and charge transfer resistance of the 30Fe was 173.9 Ω, while it 

was 300.5 Ω for the UC cell, which was greatly increased from the value of the fresh cell. 

The resistance values explain that the kinetics of the surface film developed on the 

electrodes31,32. Rohm values for the UC sample and the other samples are not the same. The 

change could be due to the structure modification of LMNO by iron doping and iron oxide 

coating. The 30Fe sample performs the best as compared to the other samples. This is 

because of the lowest charge transfer and film resistance of the 30Fe sample. For the 20Fe 

sample, the film was just not thick enough to provide good protection as compared to the 

optimal coating of 30Fe. Lower charge tranfer and film resistance could also mean that 

more Li+ ions are available at the 30Fe cathode surface, thereby compensating for increased 

diffusion resistance. The lower film resistance is due to the conductive iron oxide film 

coating. The trend of the charge transfer and the film impedance values confirm that the 

30Fe sample has the optimal ultrathin coating of iron oxide.  

Pellets of only the UC, 20Fe, 30Fe, 40Fe, 80Fe, and 160Fe particles were prepared 

for conductivity measurements. The ac complex plane impedance analysis was used for the 

experiement33,34 and the same impedance analyzer was used to obtain the impdance curves. 

This experimental procedure was similar to the conductivity experiments  carried out in 

our recent study17. The fitting of those curves were also perfomed and equivalent circuits 

were obtained. The equivalent circuit used to fit the impedance curves is shown in Figure 
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8b. The equivalent circuit does not contain the warburg element as there is no conduction 

or movement of ions during this experiment. The obtained film resistance (Rf ) and charge 

transfer resistance (Rct) are combined in series to obatin an equivalent resistance value, 

which is used for conductivity calculations. For measuring the resistivity, the pellet 

thickness and diameter is found from which the area is calculated. This procedure helps us 

to calculate only the mixed ionic and electronic conductivites. Our work on the seperation 

of these coductivities including the detailed methods and analysis will be illustrated in a 

future publication. Comparing the results among the uncoated and the coated samples 

(Figure 8), which were prepared using the same procedure and material compositions, it is 

certain to conclude that iron oxide coating can improve the conductivity of the LMNO 

particles. The 160Fe sample shows the best conductivity compared to any other samples, 

which could also be true due to the presence of highly conductive Fe3O4 (or γ-Fe2O3). 

This is in contrast to our previous work17, where the highest conductivity was achieved 

with an optimum CeO2 thickness of 3 nm. In this case, the iron oxide ALD film growth 

rate was very low (the thickness of 160 cycles of iron oxide ALD is only 3 nm) and, hence 

it is thin enough to provide better conductivity for the coated samples with higher number 

of ALD cycles. The conductivity has been found to obey the Arrhenius equation33,34, 

σ ∙ T = σ0 ∙ exp �
−Ea
kBT

�                (1) 

where, σ0  is the pre-exponential factor, kB  is the Boltzmann contant, T is absolute 

temperature, and Ea is the activation energy for Li ion movement. Figure 8 shows the direct 

co-relation between the mixed conductivity and the temperature (a linear Arrhenius plot). 

Since the testing temperature were limited to 328 K, there was no phase or structural change 

observed during the measurements.  
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Conclusions 

In summary, we have sucessfully demonstarted that the cycle life and the capacity 

retention of LMNO can be significantly improved by the synergetic effect of ultrathin film 

coating of iron oxide combined with Fe ionic doping in the lattice structure LMNO 

particles. The ionic Fe penetration into the lattice structure of LMNO was verified by cross-

sectional STEM-EDS of iron oxide coated samples and the ultra-thin iron oxide films were 

directly observed by TEM. Mӧssbauer and XPS results confirmed the valance state of the 

iron for the ALD coated samples. It can be seen that the 30Fe sample has a high initial 

capacity of 143 mAh/g, which is about 25% higher than that of the UC sample at a 1C rate. 

It shows 93 % capacity retention after 1,000 cycles at room temperature. More importantly, 

at elevated temperatures, the 30Fe sample performs the best as compared to the UC sample 

and other iron oxide coated samples. This work reports the first time the synergetic effect 

of doping and thin film coating on LMNO particles. ALD coating of iron oxide provided 

much better improvement in performance of LMNO than what could potentially be due to 

only doping effect. ALD has the potential to prepare these ultrathin electrochemically 

active films with optimal thickness and synergetic effect of conductive coating and element 

doping, providing the industry to design novel electrodes that are durable as well as 

functional at high temperature and fast cycling rates. Further in depth analysis of this 

unique technique could provide major breakthrough to solve the current shortcoming in the 

field of energy storage. 
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Methods 

ALD coating 

The ALD coating was carried out in a fluidized bed reactor, described elsewhere in 

detail35. There was a filter employed to contain the particles in the reactor, while allowing 

only gas to pass. Ferrocene (99% pure, Alfa Aesar) and oxygen (99.9%, Airgas) were used 

as precursors, and were delivered into the reactor in alternate doses at 450 ºC. Ferrocene 

was delivered into the reactor using a heated bubbler and nitrogen was used as a carrier 

gas. Then N2 was used to purge the reactor to remove any unreacted ferrocene and by-

products. After that, O2 was fed into the reactor, followed by another N2 purge. All lines 

were heated to 120 ºC to avert any vapor deposition inside the lines.  

Materials characterization 

The iron oxide films was verified using a FEI Tecnai F20 field emission gun high 

resolution TEM equipped with EDS system. ICP-AES was used to quantify the mass 

percent of iron on the particles. To check the Fe element distribution within the particles, 

about 80 nm thick thin section across the center of the particle was prepared by focused 

ion beam, using an FEI Q3D dual-beam system. The thin section was subsequently checked 

by a JEOL 2010F TEM in both TEM mode and scanning TEM mode at 200kV acceleration 

voltage. The crystal structure of the uncoated and coated particles was determined via 

powder XRD (Phillips Powder Diffractometer, CuKα radiation, λ = 1.5406 Å). The PXRD 

analysis was performed using a scan rate of 2º/min and a step size of 0.2º.  

57Fe Mӧssbauer spectroscopy was performed on the as-prepared, chemically 

oxidized, and different state-of-charge cathode materials in transmission geometry using a 

constant acceleration spectrometer equipped with a 57Co (25 mCi) gamma source 
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embedded in Rh matrix. The instrument was calibrated for velocity and isomer shifts with 

respect to α-Fe foil at room temperature. The resulting Mӧssbauer data were analyzed using 

Lorentzian profile fitting by RECOIL software36. 

Coin cell assembly 

An 80:10:10 wt.% mixture of LiMn1.5Ni0.5O4, carbon black (super P conductive, 

99+%, Alfa Aesar) and polymer binder poly(vinylidene fluoride) (Alfa Aesar) was used to 

prepare cathodes. The slurry of the mixture was spread on the Al-foil, and then it was dry-

heated at 120 ºC. The cathode discs/working electrodes were made after the coated foil was 

punched. The reference/counter electrode was Li metal (99.9% trace metal basis, Sigma-

Aldrich) and LiPF6 (1 mol/L in a mixed solvent of ethylene carbonate, dimethyl carbonate, 

and diethyl carbonate with a volume ratio of 1:1:1, MTI Corporation) in all the cells 

prepared. The CR2032 cells fabrication was carried out in an Ar-filled glove box.   

Electrochemical analysis 

The charge-discharge analysis was carried out using an 8-channel battery analyzer 

(Neware Corporation) for 3.5 – 5 V potential range at various C rates, and at different 

temperatures (room temperature and 55 ºC). The electrochemical impedance spectroscopy 

of the prepared cells were carried out using an IviumStat impedance analyzer. The EIS 

analysis was performed at 5 mV and 0.01 – 1M Hz frequency range. Conductivity 

measurements were carried out using the same analyzer for cold pressed pellets of the 

samples. The pellets were coated with Ag (paste from Sigma Aldrich) on both sides to act 

as the blocking electrodes. These pellets were vacuum-dried at ~85 ºC for 6 hr. The analysis 

were performed for a range of 1 Hz to 1 MHz and at 1 mV. The test temperature range was 
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20 – 55 ºC. The spectra were analyzed using Zview software (Scribner Associates, Inc.). 

The conductivity tests were performed to compare the coated and uncoated samples and to 

examine the conductive nature of the coating with respect to the substrate only. Necessary 

steps were taken to make sure that all the cells and pellets were exposed to the same 

conditions for their respective batches of experiments.  
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Figure 1. TEM images of (a) clean edge of an uncoated LiMn1.5Ni0.5O4 particle, and (b) 
~3 nm of conformal iron oxide film coated on one LiMn1.5Ni0.5O4 particle after 160 

cycles of iron oxide ALD, (c) cross sectional TEM image of one LiMn1.5Ni0.5O4 particle 
with 160 cycles of iron oxide ALD, (d) Fe element mapping of cross-sectioned surface by 
EDS, and (e) Fe EDS line scanning along the red line as shown in Figure 1c. TEM image 
indicates that conformal iron oxide films were coated on primary LiMn1.5Ni0.5O4 particle 
surface. EDS mapping and EDS element line scanning indicates that Fe was doped in the 

lattice structure of LiMn1.5Ni0.5O4. 

(a) 

LMNO 

(b) 

FeOx 
~3 nm 

LMNO 
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Figure 2. XRD patterns of uncoated LiMn1.5Ni0.5O4 particles and coated with different 
cycles of ALD iron oxide. * indicates the dominant Fe3O4 phase due to iron oxide ALD 

coating. 
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Figure 3. Galvanostatic discharge capacities of cells made of LiMn1.5Ni0.5O4 particles 
coated with different thicknesses of iron oxide at different C rates in a voltage range 

between 3.5 – 5 V (a) at room temperature and (c) at 55 ºC; in (b) and (d) their respective 
normalized capacity vs. rate curves.  
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Figure 3. Galvanostatic discharge capacities of cells made of LiMn1.5Ni0.5O4 particles 
coated with different thicknesses of iron oxide at different C rates in a voltage range 

between 3.5 – 5 V (a) at room temperature and (c) at 55 ºC; in (b) and (d) their respective 
normalized capacity vs. rate curves. (Cont.) 
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Figure 4. Discharge capacities of cells made of LiMn1.5Ni0.5O4 particles coated with 
different thicknesses of iron oxide at a 1C rate in a voltage range between 3.5 – 5 V (a) at 

room temperature and (b) at 55 ºC. 
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Figure 5. Discharge capacities of cells made of LiMn1.5Ni0.5O4 particles coated with 
different thicknesses of iron oxide at a 2C rate in a voltage range between 3.5 – 5 V (a) at 

room temperature and (b) at 55 ºC. 
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Figure 6. Electrochemical impedance spectra at room temperature for uncoated 
LiMn1.5Ni0.5O4 particles and coated with various thicknesses of iron oxide after (a) 1st 

cycle and (b) 1,000th charge-discharge cycles, and (c) equivalent circuit fit for the 
impedance spectra. Inset images show the high frequency regions (1 MHz – 100 Hz) of 

the impedance spectra. 
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Figure 6. Electrochemical impedance spectra at room temperature for uncoated 
LiMn1.5Ni0.5O4 particles and coated with various thicknesses of iron oxide after (a) 1st 

cycle and (b) 1,000th charge-discharge cycles, and (c) equivalent circuit fit for the 
impedance spectra. Inset images show the high frequency regions (1M Hz – 100 Hz) of 

the impedance spectra. (Cont.) 
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Figure 7. Electrochemical impedance spectra at 55 ºC for uncoated LiMn1.5Ni0.5O4 
particles and coated with various thicknesses of iron oxide after (a) 1st cycle and (b) 

1,000th charge-discharge cycles. Inset images show the high frequency regions (1M Hz – 
100 Hz) of the impedance spectra. 
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Figure 8. (a) Arrhenius plot of the UC and 30Fe, 40Fe, 80Fe, and 160Fe coated 
LiMn1.5Ni0.5O4 particles for the effects of temperature on conductivity, and (b) 

equivalent circuit for impedance spectra. 
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Table 1. Impedance parameters using equivalent circuit models for electrodes made of UC, 
10Fe, 20Fe, 25Fe, 30Fe, 40Fe, 80Fe coated LiMn1.5Ni0.5O4 particles: (a) at room 
temperature, (b) at 55 ºC. 

 

 

 

  

 

 

 

 

 

 

0th 1000th 0th 1000th 0th 1000th 0th 1000th 0th 1000th 0th 1000th 0th 1000th 0th 1000th

UC 4.9 5.8 25.1 30.1 175.2 210.2 17.5 21.1 6.1 1.3 5324 6678 100.8 171.0 0.8 0.6
10Fe 9.8 11.7 15.4 18.5 170.6 187.7 15.4 17.0 4.7 3.0 1205 2400 52.5 56.0 0.7 0.6
20Fe 11.8 14.0 20.2 24.2 171.9 189.1 11.2 12.3 4.1 1.9 2240 6332 21.6 44.1 0.5 0.7
25Fe 7.8 9.3 22.1 26.5 165.5 182.1 10.5 11.5 2.2 2.1 2803 5232 27.9 46.8 0.7 0.8
30Fe 8.8 10.5 13.5 16.2 135.1 141.9 4.6 3.5 2.7 1.0 2642 4199 7.3 9.5 0.8 0.8
40Fe 10.8 12.8 14.5 17.4 145.2 152.5 6.5 7.5 3.5 0.2 3240 4210 10.8 11.1 0.6 0.5
80Fe 9.8 11.7 19.5 23.4 180.6 216.7 1.2 10.5 5.9 4.0 2529 2952 76.5 112.5 0.5 0.3

RT PRohm (Ω) Rf (Ω) Rct (Ω) Cf (µF) Cct (µF) Rw (Ω) τ (s)

Warburg Short

55 °C
0th 1000th 0th 1000th 0th 1000th 0th 1000th 0th 1000th 0th 1000th 0th 1000th 0th 1000th

UC 5.4 6.4 31.4 37.7 219.0 262.8 21.9 26.3 7.7 1.6 6655 8348 126.0 213.8 0.8 0.7
10Fe 10.8 12.8 16.9 20.3 187.7 206.4 16.7 18.7 5.1 3.3 1326 2640 57.7 61.6 0.8 0.6
20Fe 12.9 15.4 22.2 26.7 189.1 208.0 12.3 13.6 4.5 2.1 2464 6965 23.8 48.5 0.6 0.7
25Fe 8.6 10.3 24.3 29.1 182.1 200.3 11.5 12.6 2.4 2.3 3083 5755 30.7 51.5 0.7 0.9
30Fe 9.7 11.6 14.9 17.9 148.6 156.0 5.1 3.8 3.0 1.1 3205 4765 8.0 10.4 0.8 0.9
40Fe 11.9 14.1 16.0 19.2 159.7 167.7 7.2 8.3 3.9 0.2 3564 4631 11.9 12.2 0.7 0.5
80Fe 11.9 14.1 23.6 28.3 218.5 262.2 1.5 12.7 7.1 4.9 3060 3572 92.6 136.1 0.5 0.3

Warburg Short
Rohm (Ω) Rf (Ω) Rct (Ω) Cf (µF) Cct (µF) Rw (Ω) τ (s) P

(b) 

(a) 
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Supporting Information 
 
 

Structural Characterization 

The selective area electron diffraction (SAED) patterns obtained, aligned along 

their main axis, from the UC and the 160Fe samples shown in Figures S2a and S2b, 

respectively, clearly demonstrated the differences in the structure for LiMn1.5Ni0.5O4 

(LMNO) before and after iron oxide ALD coating, which was also confirmed by 

unidentified peaks in XRD spectra of 160Fe (Figure 2). In comparison, pristine LMNO 

showed fewer lattice peaks in the spinal diffraction pattern in the (100) zone than the 160Fe. 

These extra peaks, for the case of 160Fe, correspond to the cubic phase (P4332)1.  

X-ray photoelectron spectroscopy (XPS, Kratos Axis 165) was used to study the 

oxidation state of Fe by employing Al K (α) excitation, operated at 150 W and 15 kV. The 

peaks were corrected with C 1s at 284.6 eV. The values for the Fe2p3/2 peak reported in 

the literature differs by 0.9 eV between two extreme values 710.6 eV 2 and 711.5 eV3. As 

shown in Figure S5, the 30Fe and 40Fe samples show a very sharp peak of Fe 2p at 711.5 

eV, which is very close to the observed Fe (III) 2p3/2 in Fe2O3
4-7. Also, these two samples 

show a small peak at 724 eV, which is very close to the observed peak of Fe (III) 2p1/2 in 

Fe2O3
4-8. This indicates that the iron oxide deposited by ALD is Fe3O4 or γ-Fe2O3 as peaks 

for Fe (II) as well as Fe (III) oxidation state was observed. A faint confined peak at 710.1 

eV for the 40Fe sample is representing Fe3O4. There is also a small satellite peak at ~717 

eV in the 30Fe and 40Fe samples, which indicates the existence of Fe2O3, as reported by 

Gota et al9. Iron at an intermediate oxidation state in Fe3O4 with a mixture of Fe (II) and 

Fe (III) presents a BE value of 710.2 eV. The Fe3+ component of Fe 2p3/2 in γ-Fe2O3 is at 
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710.1 eV. The peak-shifts for 30Fe, 40Fe, and 80Fe samples are because that the main 

difference between the two sets of samples is the coordination of the Fe3+ cations. In the α-

compounds, the crystal structure is oriented in such a way that all of the cations are 

octahedrally coordinated. In the γ-compounds, on the other hand, three-quarters of the Fe3+ 

cations are octahedrally coordinated whereas the other quarter of the cations are 

tetrahedrally coordinated. This also explains the satellite peaks, as proven in literature10, 

the XPS Fe 2p spectrum of 40Fe possesses smaller satellite intensity as compared with that 

of 30Fe due to the larger Fe 3d to O 2p hybridization in 40Fe, which has higher amount of 

γ-Fe2O3. The formation of a conformal iron oxide ALD layer on the surface can act as an 

artificial solid permeable interface (SPI) layer and helps prevent electrolyte decomposition 

at higher voltage6. The XRD and SAED results indicate that Fe in some oxidation state has 

penetrated into the lattice structure of LMNO11,12.   
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Figure S1. TEM images of 160 cycles of iron oxide ALD coated LiMn1.5Ni0.5O4 
particles. Conformal iron oxide film coverage shown in (a), (b), (c), and (d) at 

different magnification levels. 
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Figure S2. SAED patterns from TEM images of (a) uncoated, and (b) 160 cycles of iron 
oxide ALD coated LiMn1.5Ni0.5O4 particles. 
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Figure S3. EDS spectra of (a) uncoated, and (b) 160 cycles of iron oxide ALD coated 
LiMn1.5Ni0.5O4 particles. 
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Figure S4. Iron contents on LiMn1.5Ni0.5O4 particles versus the number of ALD coating 
cycles. 
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Figure S5. Fe 2p XPS spectra of 30, 40, and 80 cycles of iron oxide ALD coated 
LiMn1.5Ni0.5O4 samples. 
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Figure S6. MÖssbauer spectrum of the 160 cycles of iron oxide ALD coated 
LiMn1.5Ni0.5O4 samples showing a sextet and a doublet site at the center. 
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SECTION 

2. CONCLUSIONS AND FUTURE DIRECTIONS  

 

2.1. CONCLUSIONS 

A novel approach was developed to prepare porous titanium oxide films with 

subnanometer scale thickness controlled by MLD coating process followed by calcination. 

Ultra-thin titanicone films were deposited on sub-micron silica particles using MLD in a 

fluidized bed reactor at 100 °C. In order to remove the organic components of the MLD 

films and eventually creating porous films, the coated particles were then heated in air at 

400 °C or exposed to water vapors for different time limits. The study was very helpful to 

understand the mechanism of controlling the porosity of the titania films.  

Using the knowledge of creating the porous films after MLD process, a size-

selective catalyst with an ultra-thin porous shell was prepared. The porous structure allows 

smaller reactants to access the encapsulated active sites, and inhibits or prevents the 

reactants with larger molecular size from accessing the metal catalytic sites. In this study, 

various thicknesses of porous alumina films were coated on Pt/SiO2 particles. The 

thickness of the porous oxide films was well controlled at a nanometer scale by applying 

the MLD technique. Liquid-phase hydrogenation reaction of n-hexene versus cis-

cyclooctene was carried out to test the size-selective effect of the prepared catalysts. This 

catalyst showed great selectivity in the hydrogenation of olefins. Importantly, the mass 

diffusion limitation was not significant due to the ultra-thin films. The success of making 

these materials by MLD opens up a new method for preparing size-selective catalysts. 
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ALD technique has been used for different types of nanostructures for LIBs 

application. The performance of electrode materials can be improved by depositing ultra-

thin film coatings on the electrode powders. Although, ALD has been used previously by 

other groups for this purpose, their results showed either no significant improvement in 

capacity or the fabricated LIBs were not tested for enough charge-discharge cycles to verify 

the performance for long cycle life. There was a trade-off between the facile transport with 

a thin layer and long protection with a thick layer. In this study, the solution found was to 

coat ultra-thin conductive cerium oxide (CeO2) coating with an optimum thickness on the 

cathode particle (LMO) surface, which provided a longer cycle life (~1,000 charge-

discharge cycles) at a significantly improved capacity compared to the uncoated particles 

(96% and 95% capacity retention after 1,000 cycles with 1C rate at room temperature and 

55 °C, respectively, and at least 24% improved initial capacity). 

A study was conducted to understand the mechanism of performance enhancement 

of these CeO2 coated cathode particles. It was understood from the previous study that the 

cerium oxide coated samples had much better conductivity than the uncoated sample. So, 

it became important to understand the ionic conductivity contributions for the CeO2 coated 

cathode particles to explain the improved performance of the lithium-ion batteries. The 

experiments were conducted to measure the electronic and ionic conductivity of different 

thicknesses of CeO2 coated LMO and LMNO particles by coating the two sides of the 

compressed pellets of the material with ion-blocking paste. Various thicknesses of Al2O3 

and ZrO2 coated LMO particles were also tested for comparison. The results showed that 

the ionic conductivity of the CeO2-ALD film was at least two order of magnitudes higher 

than that of the uncoated substrates. The ionic conductivity of optimal thickness of CeO2 



156 

coated sample was an order of magnitude higher than the insulating materials (Al2O3 and 

ZrO2). This proved that the CeO2-ALD film did in fact influence the Li-ion transport and 

thus perform much better than the uncoated material.  

Another type of thin film coating materials was used to explore its electrochemical 

performance for the LIB application. Ultra-thin films of iron oxide-ALD were deposited 

on LMNO particles. A novel synergetic effect of Fe doping and ultra-thin iron oxide 

coating was found to be another key to address the trade-off between the long cycle life 

and the protection of the particles. XRD and XPS results of the iron oxide-ALD coated 

samples showed that the elemental Fe had penetrated the LMNO surface. Also, TEM 

showed that there was a conformal iron oxide coating on the particle surface after certain 

number of ALD coating cycles. The resultant nanostructure showed significant capacity 

improvement at 1C rate at room temperature and 55 °C, compared to the uncoated LMNO 

(UC). Notably, 30 cycles of FeOx-ALD coated LMNO (30Fe) with an optimal film 

thickness of ~0.6 nm showed the best performance with 25% higher initial capacity than 

the UC, and 93% capacity retention even after 1,000 charge-discharge cycles at 1C rate at 

room temperature. At 55 °C, for the 30Fe sample the initial capacity was improved further 

by 26% than the UC, and the capacity retention even after 1,000 charge-discharge cycles 

at 1C rate was ~91%. This work reported the first time the synergic effect of doping and 

thin film coating on LMNO particles. ALD coating of iron oxide provided much better 

improvement in performance of LMNO than what could potentially be due to only doping 

effect. ALD has the potential to prepare these ultrathin electrochemically active films with 

an optimal thickness and synergetic effect of conductive coating and element doping, 
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providing the industry to design novel electrodes that are durable as well as functional at 

high temperature and fast cycling rates. 

 

2.2. FUTURE DIRECTIONS 

For the size-selective catalysts, although, the supported Pt nanoparticles, 

encapsulated with a porous alumina shell, showed selectivity for catalytic hydrogenation 

of n-hexene versus cis-cyclooctene due to the size discrimination of the ultra-thin porous 

layer, the conversion was low. The decline was mainly caused by the loss of Pt metal 

surface. In order to improve the reactive Pt surface area, nanogaps could be introduced 

between the Pt nanoparticles and the porous shell, which provides the size-selective sieves 

and more active sites to achieve higher conversion. Porous titania films should also be 

explored due to its better stability in water, for the size-selective applications. In addition, 

ALD can “homogenize” supported heterogeneous catalysts by creating nanoparticles with 

extremely narrow distributions in size and composition, which is essential for 

understanding the fundamental nature of the catalytic active site. This type of control over 

the distribution of active sites is critical for elucidating reaction mechanisms that form the 

foundation for the rational design of improved catalysts. 

For LIB cathode particles, a series of tests and characterizations should be 

conducted to investigate and establish the understanding for the working mechanism of the 

CeO2 
and iron oxide ALD coating on the performance of the cathode particles. These 

conductive coatings of CeO2 should be applied to anodes, to test the effect of the coating. 

It is also important to understand the doping effect of iron during the iron oxide ALD 

process. The first step could be to investigate the doping amount with respect to the distance 
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from surface to the center of the substrate. This could be carried out by a depth profile 

analysis using a secondary ion mass spectroscopy (SIMS) technique and Mossbauer 

spectroscopy. It is important to know the amount of Fe inside the structure of the substrate 

and depth of Fe doping and the point at which it starts forming the oxide film on the surface. 

Further in depth analysis of this unique phenomena could provide major breakthrough for 

not only to the field of energy storage but also to the ALD coating process. 
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