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Atomic layer deposition (ALD) is a vapor phase thin film coating technique that relies 

on sequential pulsing of precursors that undergo self-limited surface reactions. The self-

limiting reactions and gas phase diffusion of the precursors together enable the conformal 

coating of microstructured particles with a high degree of thickness and compositional 

control. ALD may be used to deposit thin films that introduce new functionalities to a particle 

surface. Examples of new functionalities include: chemical reactivity, a mechanically strong 

protective coating, and an electrically resistive layer. The coatings properties are often 

dependent on the bulk properties and microstructure of the particle substrate, though they 

usually do not affect its bulk properties or microstructure. Particle ALD finds utility in the 

ability to synthesize well controlled, model systems, though it is expensive due to the need 

for costly metal precursors that are dangerous and require special handling. Enhanced 

properties due to ALD coating of particles in various applications are frequently described 

empirically, while the details of their enhancement mechanisms often remain the focus of 

ongoing research in the field.  This study covers the various types of particle ALD and 

attempts to describe them from the unifying perspective of surface science.  

Mixed magnesium aluminum oxides were deposited onto γ-Al2O3 particles in varying 

Mg/Al precursor pulse ratios to study the formation of acidic and basic sites on the particle 

surface. Control over the acid/base properties of a catalyst could enable the development of 

bifunctional reactive catalysts with higher selectivity, and be used to elucidate two-site 
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chemisorption reaction mechanisms. Characterization of these ALD produced catalysts shows 

that the quantities and clustering of acid and base sites are controllable using process 

parameters. Acid sites have the highest surface density when atomic fractions of Mg and Al 

in the coating are similar. A fluorescent probe grafting technique that differentiated between 

clustered and isolated base sites showed no isolated sites present when both acid and base 

sites are mixed in similar quantities. Isolated base sites were identified at the two extremes, 

either when the concentration of acid sites on the surface is much higher than the base sites, 

or vice-versa. Catalyst activity in the self-condensation of acetone was similar to previous 

literature reports with reaction rate dependent on base site density, but not acid site density or 

clustering. 

The effect of TiO2 ALD coatings on cobalt/carbon water oxidation electrocatalysts 

was studied. The catalyst consisted of Co nanoparticles deposited onto a high surface area, 

mesoporous carbon support. A TiO2 ALD coating on the electrocatalysts resulted in reduced 

onset potential of water oxidation and higher reaction rate compared to the control sample. 

The catalyst lifetime was also enhanced – the nanoparticles being more resistant to sintering 

due to encapsulation of the particles by the electrochemically robust TiO2. Enhancement was 

attributed to the selective decoration of Co nanocrystal corners and edges with TiO2. The 

TiO2 decoration onto the Co creates Co4+, an unusually high oxidation state that is not present 

in the common oxides: CoO or Co3O4. The Co4+ formed near the TiO2-Co interface was 

observed using X-ray photoelectron spectroscopy (XPS) and attributed as the cause of 

increased electrochemical activity. 

The Li-ion battery cathode material LiNi0.5Mn0.3Co0.2O2 (NMC) was ALD-coated 

with Al2O3 and annealed post deposition to study the effects on coin cell cycle performance 

and on the electrochemical decomposition of electrolytes. Cycle performance and 
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electrochemical properties of the cells exhibited complicated dependencies on annealing 

temperature. Al diffusion into the bulk NMC increases with annealing temperature and was 

observable starting at ~500 °C. Unique surface reactivity was observed in cells annealed at 

500 °C, coinciding with the onset of measurable diffusion. These 500 °C cells underwent 

significantly more charge sequestering reactions during the initial two cycles as compared to 

all other samples. It is possible that the charge was consumed to form LiF, which was 

detected in high concentrations at the cathode surface after cycling. These cells demonstrated 

the all-around best performance: little reduction in initial capacity, improved capacity 

retention at high and low rates, and low self-discharge during an elevated temperature storage 

experiment. Formation of a charge sequestering LiF surface species could occur at the onset 

of diffusion and be correlated with the performance of the cells containing 500 °C annealed 

NMC.  
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1 Introduction 

1.1 Motivation 

Atomic layer deposition (ALD) is a vapor phase coating technique emerging as a tool 

for the synthesis of new classes of advanced particle-based materials. ALD is an established 

thin film deposition technique in the semiconductor industry, and is now gaining attention for 

its prospects in the field of powder coating with applications in Li-ion batteries, catalysis, 

light-emitting phosphors, medicine, cosmetics and solid lubricants. ALD uses sequential 

exposures of gas phase precursors that undergo complimentary, self-limiting surface 

reactions that allow for layer-by-layer deposition. The rapid sequential gas phase pulses and 

purges of self-limiting precursors allow geometrically complex structures to be conformally 

coated, provided that reactive surface sites are available to drive the ALD reaction chemistry.  

The most widespread implementation of ALD is in the deposition of thin films on 

macroscopically planar substrates in the semiconductor industry. Particle ALD coating is 

much less prevalent, however its history dates back to 1967 in Russia, when titanium oxide 

and germanium oxide were deposited onto silica.1 While planar ALD has rapidly outpaced 

particle ALD in research and in commercial viability, particle coating has nonetheless 

maintained a gradual growth throughout the course of ALD history due to its potential 

impacts. Ultimately, growth of the field is hindered by problems associated with powder 

handling and the orders of magnitude higher surface area of powders over planar substrates, 

which necessitates more precursor and longer exposure times to react over all available 

surfaces. 

A major trend in science is towards nanoscale precision in engineering. ALD employs 

sub-nanometer level of thickness and compositional control so it is well-suited to facilitate 

technological advancement in multiple industries that use powdered materials. Powder-based 

technologies are ubiquitous in modern industry and implementation of industrial scale ALD 
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powder coating could find a wide range of applications. This study attempts to illustrate the 

range of powder ALD as a distinct area of surface science by addressing the problems of finer 

degree of control over surface species, and by improving the electrochemical stability of 

electrocatalysts and electrodes. 

By the early 2010’s, several approaches to powder handling in ALD had been 

demonstrated, including static bed,2 fluidized bed,3-6 rotating bed,7 and semi-continuous bed.8 

With the proliferation of reactor technologies to address the issues of particle ALD, several 

advancements have been demonstrated across various powder-based technologies. ALD-

coated catalytic metal nanoparticles have demonstrated dramatically improved stability and 

selectivity.9, 10 The particle-based electrodes in lithium ion batteries have been given 

significantly longer lifetimes with a thin ALD coating.11, 12 Further development into these 

and other powder technologies is expected to yield more breakthroughs in efficiency and 

effectiveness. 

While improvements in catalysts and batteries have been demonstrated using ALD, 

many of these approaches remain exploratory. The mechanisms by which these 

improvements are achieved are not completely clear. For example, it is not understood 

exactly why ALD coating of batteries improves electrochemical performance in spite of their 

electrically insulating nature. The full range of applications of ultrathin ALD coatings on 

particles remains open to further development. 

A deeper level of scientific understanding of the interactions between ultra-thin ALD 

coatings and particle substrates will guide the direction of the field as it progresses. 

Interfacial chemical species occur between a substrate and an ultrathin ALD coating and also 

within the coating itself. Due to the coatings being thin, substrate can affect the chemical 

properties of the coatings surface as well. Beyond acting as simple coatings, potential 

applications for particle ALD include: surface doping,13 synthesis of two-dimensional surface 
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phases,14 deposition of thin films with precisely controlled elemental compositions,15 and as 

metal nanoparticle surface decorations that leave the substrate partially exposed to allow for 

bifunctional catalysis.16  

Optimal catalytic supports have high surface area to maximize catalytic activity; 

however the synthesis of a high surface area catalyst of a specific composition is sometimes 

not feasible due to limitations in synthesis techniques. ALD can be used to deposit coatings 

of broad compositional variety onto a high surface area catalytic substrate, decoupling the 

surface chemistry from the materials properties. Metal nanoparticles are deposited onto high 

surface area supports in many catalytic applications. The coating of these crystalline metal 

nanoparticles with a metal oxide can lead to unique orientation-specific interactions with 

various crystal facets. These coatings leave low index planes uncoated, while capping and 

stabilizing the corners and edges, the sites most susceptible to leaching.10, 17  

Electrochemical systems require particularly robust electrodes due to the corrosion 

accelerating effect of electric fields. It is important that electrochemical electrodes maintain 

longevity for economical utilization. ALD coatings can act as a protective layer preventing 

corrosion and other unwanted electrochemical reactions that reduce performance. They also 

may act as a method to improve the electronic characteristics of the electrode surface by 

accelerating the desired electrochemical reactions. Electrode properties can be modified using 

ALD by addressing requirements in chemical functionality as with catalysts, and also 

requirements in electronic properties. 

This study aims to demonstrate the significance and far-reaching prospects of particle 

ALD via the three selected case studies as representative fields of application. Other 

applications exist as well, and are yet to be discovered, but these three are interesting case 

studies that demonstrate the capacity of ALD to stabilize a particles surface and to generate 

surfaces with unique chemical and electrochemical properties. Through a deeper 
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understanding of the surface properties of particle ALD-coated materials, these studies 

contribute to the growing field. 

1.2 Scope of this Study  

 This study investigates the various aspects of surface science in particle atomic layer 

deposition as they affect the performance of catalyst, electrocatalyst and battery electrode 

particles. The nanoscale control offered by ALD makes it uniquely suited to improve 

effective performance and facilitate the development of advanced powder-materials.  

Magnesium aluminum oxide coatings were deposited on γ-Al2O3 powders, coatings of 

various cation stoichiometries were synthesized through control over the ALD pulse 

sequence. Characterization showed a nonlinear relationship between on acid and base site 

densities that are controllable through process parameters.  

Water oxidation catalysts composed of Co nanoparticles deposited onto activated 

carbon were coated with ALD TiO2 and showed increased catalytic activity. This increase in 

activity was attributed to a Co4+ formed due to interactions with the TiO2 and the Co 

particles.18, 19  

High voltage LiNi0.5Mn0.3Co0.2O2 Li-ion battery cathode powders were coated with 

Al2O3 at 100 °C and then annealed in batches at temperatures ranging from 300 to 700 °C. A 

surface species forming during onset of observable diffusion at 500 °C may be correlated 

with its all around good performance across high and low rate charge-discharge cycling, and 

in elevated temperature storage tests.  
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1.3 Organization of this Document 

Chapter 1 contains an introduction and motivates the work contained in this study. 

Chapter 2 contains background information that forms the basis for the studies 

presented in later chapters. Surface science, catalysis, electrochemical, and ALD growth 

fundamentals are presented. 

Chapter 3 contains information about the experimental techniques used in these 

studies. Specific experimental details are provided in later chapters, but the theory and 

description behind the conducted experiments are given in this chapter. The specific 

techniques used in this study are grouped based on their usage as either sample preparation or 

as materials characterization techniques. 

The experimental results and their discussion are contained in Chapters 4-6. Chapter 4 

presents a study of magnesium aluminum mixed oxide compositional effects on the acid/base 

properties of a solid base catalyst. Chapter 5 presents a study on TiO2 coatings deposited on 

cobalt nanoparticle-based water oxidation electrocatalysts. Chapter 6 presents a study on the 

effects of annealing on Al2O3 coated lithium ion battery cathodes on charge-discharge cycle 

performance.  

Conclusions and opportunities for future work are presented in Chapter 7. 
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2 Background Information 

2.1 Atomic layer deposition 

2.1.1 Surface Science in ALD 

Surface science is the study of interfaces between distinct states of matter, and the 

solid-gas interface is at the heart of ALD.1, 2 The advanced powder material applications 

examined in this study; catalysis, electrocatalysis and batteries, include the solid-gas and 

solid-liquid interfaces. The termination of bulk solid crystal results in exposed crystal facets; 

these facets possess unique atomic arrangements that determine the properties of their 

surfaces. An individual powder particle will have a diverse range of exposed facets. Certain 

surface sites such as extra atoms, surface vacancies, or terrace boundaries, often possess 

heightened chemical reactivity due to their low coordination. A particle may also be 

amorphous with no crystalline atomic arrangement, in which case the surface is a disordered 

assortment of under-coordinated atoms. The molecules and atoms in the liquid or gas phase 

may undergo reactions with a solid surface, first forming adsorbed surface species and then 

forming localized chemical bonds with reactive surface atoms.  A facet surface is also 

composed of local atomic arrangements that are deviations from the perfect facet. The upper 

few layers of a bulk material make significant contributions to surface properties due to 

surface restructuring or reconstruction and the reaction of surfaces with ambient chemicals 

such as O2, H2O and CO2.  
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The process of surface adsorption is well studied, and is often classified as either 

physisorption or chemisorption. Physisorption is the adsorption of a molecule to a surface 

without forming a strong covalent or ionic bond. The molecule becomes trapped in the 

potential well of the surface, typically via van der Waals forces, and can be mobile in the 

plane of the surface. A chemisorbed adsorbate forms a chemical bond to specific surface site 

and becomes fixed in place so long as the bond is intact. Such a chemical bond is typically 

stronger and physically shorter than the bond between the surface and a physisorbate. In 

ALD, deposition occurs via chemisorption of precursors to a substrate surface. A molecule 

approaching a surface has a kinetic energy based on temperature. As it approaches a surface, 

Figure 2.1. The potential energy diagram of an adsorbate as it approaches a surface. Echem represents the 

chemisorbed species, and Ephys represents the physisorbed species. a) The case where no barrier exists between 

the physisorbed and chemisorbed state. b) The case where an energetic barrier (Ebarrier) exists between the 

physisorbed and chemisorbed states. 

it typically falls into a potential energy well, becoming physisorbed. In some cases, no 

potential energy barrier exists between the physisorbed and chemisorbed state, as shown in 

Figure 2.1a, and the mobile, physisorbed surface species quickly transitions to the lower 

potential energy of the chemisorbed state. In other cases, a significant energy barrier can exist 
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between the two states, as shown in Figure 2.1b, and the adsorbate may remain in the mobile 

physisorbed state. Typically there is very little barrier to desorb into the gas phase, and 

desorption acts in competition with further reaction to the chemisorbed state. At low 

temperatures, precursors may lack the thermal energy to escape this well and remain trapped 

as mobile surface species.  

In ALD a few distinct types of chemisorption reactions exist dependent on the 

precursor and substrate combination. The two most common types of chemisorption reaction 

are the ligand exchange reaction and the dissociative reaction. In a ligand exchange reaction, 

a metal-ligand bond of the precursor breaks and is replaced by a bond to a reactive surface 

species.3 An example of this type of reaction is: 

 

1A)  ∗ MOH +  TiCl4 (g) ∗ MOTiCl3  + ∗ HCl 

* Denotes a surface species and M indicates a metal atom in the substrate 

In dissociative chemisorption, a metal-ligand bond in the precursor is broken, and both the 

metal precursor and the cleaved ligand are bound to the substrate.3 An example of this type of 

reaction may be written as: 

2A)   2 ∗ MOH +  TiCl4 (g) ∗ MOTiCl3  + ∗ MCl +  H2O (g) 

The reaction of the complementary precursor would proceed via ligand replacement in both 

these cases as follows (where equation 1B follows 1A and 2B follows 2A): 

1B)  ∗ MOTiCl3  + 3 H2O (g) ∗ MOTiOH3  +  3 HCl(g) 

2B) ∗ MOTiCl3  + ∗ MCl  +  4 H2O (g) ∗ MOTiOH3  + ∗ MOH  +  4 HCl(g)  
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Figure 2.2. A schematic of a representative ALD process: a) The substrate surface with reactive OH groups, b) 

the surface reacting with TMA, forming chemisorbed surface species and gas phase reaction byproducts, c) 

substrate surface saturated with precursor, d) surface reacting with H2O, with ligands being removed, and 

further formation of gas phase reaction byproducts, e) substrate surface saturated with H2O reactions, f) ALD 

film formed after repetition of cycles. 

A schematic representation of the trimethylaluminum (TMA) – H2O process is presented in 

Figure 2.2. Precursors are pulsed individually into a reactor until the surface reaction reaches 

completion (Fig 2.2a-b). Surface saturation is achieved when all possible sites on a surface 

have generated chemisorbed precursors and no further reaction is possible. At this point the 

pulse is terminated and unreacted precursor and gas phase reaction byproducts are purged 

from the reactor, leaving the surface terminated with chemisorbed precursors that will react 

with the complementary precursor (Fig 2.2b-c). This pulse-purge process is cycled between 

the complementary precursors to deposit multiple ALD layers. While at least two precursors 

are required, more than two are routinely employed for the formation of materials.  

The idealized self-limiting nature of these reactions allows films to be conformal over 

high aspect ratio morphologies, such as trenches, nanorods and mesoporous particles with 

tortuous diffusion pathways. As a result ALD is well suited for powder coating,4, 5 especially 

where nm-scale control over film thickness is desirable. A film’s thickness is determined by 
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multiplying the number of ALD cycles by the characteristic growth per cycle (GPC) of the 

ALD process. The type of surface reactions occurring during ALD will affect film 

microstructure and determine the observed GPC, which is usually <1nm per cycle. 

2.1.2 ALD Process Conditions 

The extent and kinetics of chemisorption reactions and thus film deposition are in part 

dependent on the availability of surface sites. Surface site type and quantity are affected by 

prior film deposition and by any thermochemical pretreatment of the surface, such as an acid 

‘rinse’ or high temperature heat treatment. GPC values in the initial and later stages of film 

growth are frequently different due to differences in the reactivity of the initial substrate 

surface and the surface of the growing film (Figure 2.3a). A nucleation stage that occurs 

during the early stages of ALD film formation on the substrate may result in some degree of 

island growth. Surface reactivity may be exploited to control film microstructure and 

composition. 

ALD film growth is dependent on sequential, self-limited surface reactions, in 

contrast to other vapor phase deposition processes such as physical vapor deposition and 

chemical vapor deposition, in which continuous deposition occurs. ALD processes must be 

operated under conditions that minimize continuous growth and selectively drive self-limited 

deposition to take place. The range of processing conditions that lead to self-limited ALD 

growth is called the ALD window. The ALD window for each process will correspond to a 

certain temperature range and to the length of the pulse and purge steps. Four temperature-

related factors may cause a process to deviate from self-limiting growth behavior needed for 

ALD3: 
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1. Decomposition above an upper temperature bound: Homogeneous gas phase 

precursor decomposition and/or homogeneous decomposition of physisorbed 

precursors leads to continuous deposition. 

2. Desorption above an upper temperature bound: Weak chemical bonds and low vapor 

pressure of film components in the gas phase drive their evaporation, counteracting 

deposition. 

3. Low reactivity below a lower temperature bound: Thermal energy required to 

overcome chemisorption reaction barriers is insufficient and no precursor deposition 

occurs. 

4. Condensation below a lower temperature bound: Precursor desorption from the 

physisorbed state is inhibited causing formation of multilayers that are not removed 

during the purging stage. 

 

Figure 2.3. a) Film thickness versus number of cycles showing variation in growth per cycle in the initial stage 

of film growth. b) A scheme depicting the types of self-limited and non-self-limited deposition in their 

temperature ranges where 1 = condensation, 2 = decomposition, 3 = low reactivity and 4 = desorption. c) Films 

deposited using pulses that are too short lead to thinner films as a result of incomplete surface reactions, or sub-

saturation. 

Self-limited growth is often confirmed through a saturation curve3 (depicted in Figure 

2.3b) which plots film thickness versus precursor pulse length. If precursor pulses are not 
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sufficiently long, the total flux of precursor to the surface will not result in saturation of all 

reactive sites, leading to sub-saturating growth. Sub-saturating growth results in films that are 

thinner than predicted from GPC and yield a spatial inhomogeneity in film thickness. Pulses 

that exceed the saturation length do not result in thicker films because precursor deposition 

does not occur beyond monolayer saturation. If purge times between precursor pulses are too 

short, the unreacted precursor will not be sufficiently purged, and gas phase and physisorbed 

multilayers of precursor remain present during pulsing of the next precursor. Two precursors 

mixing in the gas phase can lead to gas phase reaction products that deposit onto a sample. 

Precursor multilayers that do not desorb can react with the complementary precursor resulting 

in multilayer deposition. 

To achieve conformal coatings with ALD on high surface area materials such as 

powders, long precursor pulse times are necessary. This increase in pulse time is due to 

precursor and byproduct mass transport limitations, and it increases the possibility of non-

self-limiting growth. Longer pulse times may lead to a small amount of continuous deposition 

due to a very low but non-zero reaction rate counteracting self-limiting growth. An example 

of non-ideal conformality is found in the coating of trench structures with hafnium oxide, 

which can result in thicker coatings at the tops of the trenches than at the bottoms.6 This non-

conformality may be due to insufficient pulse lengths, or to a small amount of continuous 

deposition. The top of the trench is exposed to the Hf source at a higher partial pressure than 

seen in the base of the trench, leading to a higher reactant dose and increased deposition at 

the trench opening. Reports on other high surface area materials systems have noted the 

deviation from purely self-limited growth, such as in the deposition of Al2O3 on battery 

LiCoO2 cathode powders,7 the deposition of tungsten oxide on TiO2 powders,8 and in a TiN 

process with precursors decomposing during long pulses.9 While the ideal self-limiting 
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growth mode is commonly used to describe ALD, deviations from ideal self-limited growth 

can play a significant role in the application of ALD to powders. Researchers looking to 

leverage the advantages of ALD in powders must to be cognizant that self-limited deposition 

and continuous deposition are part of the same growth continuum. 

2.1.3 ALD Process Types 

The example of ALD shown in Figure 2.2 is representative of a binary half-reaction 

process leading to the formation of thermodynamically favored surface species. The 

thermally-driven, two precursor (AB) process is the most commonly employed process, and 

several variations of it exist. For example, three different precursors can be used, such as 

aminopropyl triethoxysilane – H2O – ozone,10 or Pd(hfac)2 – TMA – H2O, in an ABC 

sequence.11 The complexity of the reaction sequence can be further increased to create ABCB 

processes, which have been used in the deposition of mixed oxides, such as TMA – H2O – 

Cp2Mg – H2O.12, 13 Flexibility in reaction sequencing is a significant part of what makes ALD 

such an attractive method of thin film synthesis.  
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Figure 2.4. Proposed mechanism for Lewis base catalysis of SiO2 atomic layer deposition during the Si(OEt)4 

half-reaction using NH3. a) NH3 forms a six-membered ring complex with silanol and Si(OEt)4, b) pushing 

electrons in the six membered ring complex creating a more reactive and nucleophilic surface oxygen c) 

resulting in a Si surface species, NH3, and the reaction byproduct ethanol. 

The simultaneous introduction of specific reactants can open possible process 

windows that extend the previously mentioned ALD window by catalyzing a half-reaction. 

This co-addition or co-pulsing of reactants that do not remain in the film yet interact with 

ALD precursors can facilitate the film deposition process. These catalyzed ALD processes, 

usually referred to as catalytic-ALD, may be written as an A/C – B/C sequence. The most 

well studied example is the use of an amine catalyst to facilitate the reactions between the 

surface and precursors which have been developed to enable the low temperature deposition 

of SiO2.
14-20 Si precursors such as SiCl4 and TEOS possess low reactivity and require 

somewhat high deposition temperatures compared to those typically used in ALD (>250 

°C).14-20 Amine catalysts enables the deposition of SiO2 at room temperature, avoiding 

potential thermally-induced damage to other system components, such as those on an existing 

electronic circuit or supported metal nanoparticles. A proposed catalytic reaction mechanism 

is shown in Figure 2.4, where ammonia is hypothesized to form hydrogen bonds with surface 

silanol groups, thus increasing the nucleophilic nature of the hydroxyl oxygen and catalyzing 

the deposition of SiCl4.
16  

In contrast to thermally or catalytically-driven ALD, film deposition may also be 

enhanced using the in situ transfer of energy to precursors to generate reactive molecules 

such as ozone or the metastable species found in plasmas. Energy-enhanced ALD (EE-ALD) 

is used as an umbrella term to encompass a variety of methods used to transfer energy to 

precursors before they reach the substrate. EE-ALD methods include plasma-enhanced ALD 

(PE-ALD),21 hot wire ALD,22-25 and ALD processes using ozone.6, 10, 26-30 Ozone can be 
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generated in oxygen plasma or through the use of UV light irradiation. EE-ALD techniques 

are typically employed to reduce the deposition temperature, to circumvent the need for water 

as the oxygen precursor, or to increase growth rates.29 Careful design of process and reactor 

conditions, including the wall material, are important considerations in these EE-ALD 

methods. For example in PE-ALD oxygen radical recombination on reactor walls can be 3 

orders of magnitude higher than on a SiO2 surface, dramatically reducing these species’ 

lifetime. 

The least energetic of the PE-ALD techniques is called radical-enhanced ALD 

(REALD), which typically utilizes plasma generated through a RF-coupled source, electron-

cyclotron-resonance, or surface-wave-type plasmas powered by a microwave source.21, 29 The 

source is positioned sufficiently far from the sample that ions generated in the plasma 

recombine and are quenched before they reach the sample, while the remaining radicals act as 

precursors to film growth. Another technique, hot-wire ALD, generates radicals as precursors 

using a filament heated to ~1300 to 1900 °C placed near the inlet, on which precursors are 

cracked before entering the reactor.22-25, 29 Remote plasma ALD is similar to REALD; 

however, a remote plasma source is positioned sufficiently close to the reactor that the 

concentration of ions reaching the sample is controlled and does not necessarily diminish to 

zero.21, 29 The remote plasma source in this case is separate from the reaction chamber, but 

the substrate can experience a small concentration of impinging ions and a high radical flux. 

The EE-ALD approach with the highest amount of energy directed to the growth front is 

direct plasma ALD. This approach involves an electrical connection between one of the 

plasma electrodes and a substrate creating a near-surface electric field generally 

perpendicular to the surface directing and accelerating ions to the growth front.21, 29 The 

kinetic energy of the ions can be transferred to the adsorbed species, leading to an enhanced 
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reaction rate at low substrate temperatures. The required electrical connectivity is often 

difficult to achieve and hence the use of direct plasma on powders poses significant obstacles. 

The EE-ALD approaches most relevant to catalysis-based applications are therefore ozone 

ALD, radical enhanced ALD and remote plasma ALD. The growth of AlN31 and TiN32 on 

powders using NH3 plasma has been demonstrated using remote plasma ALD.  

A wide range of materials may be deposited or coated by ALD. The self-limiting 

growth mode allows for conformally-coated substrates in almost any geometry.33-42 

Additionally, selective coating may be achieved by control over the nature and density of 

active species on the substrate.43-49 ALD layers can be uniformly developed over complex 

geometries, provided that the entire surface has appropriate reactive sites. The possible 

materials with complex geometries coated by ALD include hierarchically-structured 

mesoporous oxides,35-38 zeolites,39-42 high aspect ratio nanostructures (i.e. nanowires,50, 51 

nanotubes52-57), complex self-assembled surfactants34 and block copolymers.58 Furthermore, 

the choice of the ALD precursors, surface preparation, and deposition conditions allows for 

the production of pinhole-free coatings, porous coatings,49, 59-61 coatings with compositionally 

controlled gradients,12, 13, 62-64 nanolaminates,65-68 nanoparticles,69-71 and core-shell 

structures.72-74 This wide array of synthesis approaches to the ALD process has only begun to 

be exploited for powder applications. 

The structure and composition of an ALD film is dependent on the choice of 

precursor. In addition to oxides, ALD nitrides,9, 75, 76 sulfides,77-79 carbides80 and other binary 

alloys have been deposited through appropriate design of half-reaction schemes. Metals are 

deposited using a reducing agent instead of an oxidant.70, 71, 73, 81-85 For example, the processes 

for TiO2 (TiCl4 – H2O) and Al2O3 (TMA – H2O), may be modified so that the H2O pulses are 

replaced with NH3 pulses, resulting in the growth of TiN76, 86 and AlN.87, 88 In the case of 
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some ALD-grown oxides, the choice of oxygen-containing source can change the bonding 

and oxygen content.26 The specific reactants, while nominally generating films of the same 

composition, can affect the microstructure and defect concentration. For example, Al2O3 

films grown with ozone have been found to contain a lower concentration of Al-Al bonds and 

O-H bonds than Al2O3 grown with H2O, effectively giving ALD another degree of control 

over the resulting atomic structure.26 

In addition to the deposition of conformal coatings, nanoparticles may also be formed 

on a surface through an appropriate choice of precursors, substrate, and deposition 

conditions. Nanoparticle formation is especially notable in the deposition of metals for 

catalysis, where ALD provides exceptional control over particle size.69-71 The initial 

formation of sparsely spaced metal clusters or islands serve as nucleation points during the 

ALD process. Nanoparticle growth proceeds through an island growth mode often referred to 

as the Volmer-Weber growth mechanism.89 The metal precursors can have a stronger 

interaction with the preexisting deposited metals than with the substrate, leading to the 

preferential formation of islands instead of conformal films. These interactions between metal 

precursors, substrates, and surface metal deposits in ALD have been demonstrated in certain 

systems to allow core shell metal nanoparticles to be produced with a high degree of 

compositional control. 72-74 

The selective adsorption of molecules which block or consume active sites prior to the 

initiation of the ALD cycles prevents these sites from participating in ALD film formation, 

creating templates for selectively coated surfaces. The templates can be removed after the 

ALD process, creating controlled porosity or the formation of microstructure in the ALD 

film.48, 90 Selective coating by ALD was first developed through the lithographic patterning of 

planar surfaces with unreactive organosilanes.48 The templating approach was extended to 
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powders by grafting unreactive template molecules onto TiO2 particles.90 The template 

molecules serve to block ALD coating, resulting in the formation of nanobowls that allowed 

for finely tuned sieving of reactant molecules by controlling the size and shape of the 

template as well as the thickness of the film.90 Another example of atomic selectivity in the 

ALD synthesis of catalysts has also been demonstrated in the deposition of oxides onto metal 

surfaces, in which edge and corner sites were significantly more reactive with the coating 

precursors than the low index number facets.49, 91 If greater than ~30 ALD cycles were used, 

the ALD films coalesced, completely encapsulating the metal. Subsequent high temperature 

treatment of encapsulated particles led to the formation of pores in the coating through the 

densification of the ALD film, leading to a selectively exposed metal surface.8 The chemical 

bonds formed between the ALD film and the highly reactive edge and corner metal sites stay 

intact, while the oxide coating de-wets from the lower index planes. These pores allow the 

diffusion of reactants through the coating to undergo chemical transformation at the metal 

surface.  

An emerging field within ALD is the production of organic and hybrid inorganic-

organic materials. These techniques include the growth of inorganic materials on organic 

substrates, the growth of polymers, and the growth of hybrid inorganic-organic films. Recent 

studies have demonstrated the deposition of model inorganic films, such as Al2O3, onto 

substrates such as polymers92, 93 nanofibers94, 95 and surfactants.34 Techniques that utilize 

organic molecules exclusively as precursors, or organic molecules in conjunction with metal 

precursors, are categorized as molecular layer deposition (MLD).96, 97 A class of hybrid 

inorganic-organic materials produced using this technique are the metalcones (i.e., alucone, 

zincone and titanicone).96 The simplest example of a metalcone process is the TMA – 

ethylene glycol process to produce alucone.98 The alcohol groups of the ethylene glycol react 
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with the TMA in a similar fashion to the typical TMA – H2O process, with ethylene glycol 

spacers linking molecular AlOx layers. Metalcone films can have excellent compliance96 and 

may be pyrolized to produce graphitic microdomains embedded within an oxide,99 or 

oxidized to generate highly porous oxides.59, 61  

2.1.3 Powder ALD reactor designs 

Many ALD processes were developed primarily for the coating of planar substrates 

such as silicon wafers. New designs and approaches are required to utilize ALD processes on 

powders both on the research and industrial scales. Powders present the most dramatically 

different case from the typical planar Si wafer, with increased diffusion times required for 

precursors to travel through pores on the meso-scale, and orders of magnitude more surface 

area which require correspondingly longer reaction times or higher reactant partial pressures 

in the ALD reactor. Many attempts have been made to agitate particle beds to decrease 

diffusion times and prevent particle agglomeration. In this section, different ALD reactor 

configurations are briefly described. A more detailed article discussing the various  

techniques to use ALD for  coating of powders may be found in reference {100}.  

The simplest and most established approach to the coating of powders consists of a 

static bed of particles into which the precursor vapors must diffuse and permeate to reach and 

coat all surfaces. The bed may be in a crucible or tray supported on a heating stage,100 or it 

may be in a flow tube with a specifically designed tray, such as that seen in Figure 6.101 The 

diffusion kinetics for this type of reactor configuration may be simplified to a model that 

treats the bed as a series of channels between particles.102 Analytical solutions to this growth 

model can be obtained to describe the ALD growth process.  These solutions are important in 

developing a fundamental understanding of the ALD processes.100, 103, 104 Assuming typical 

particle sizes and reaction conditions, a powder or particle bed depth of greater than a few 
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hundred microns would require precursor residence times that are unreasonably long for 

practical applications (greater than a few minutes per precursor pulse).  

 

Figure 6.5. a) ALD reactor schematic showing precursors, carrier gas, heated flowtube, valves, and pump, with a 

powder tray in the flowtube. b) Side view of the powder tray showing precursors entering the reactor and 

diffusing into the powder bed to coat the powder. c) Close up showing precursors diffusing through the wire 

cloth on the powder bed to prevent loss of the powder. d) Close up showing precursor diffusion into the powder 

bed and into the pores of the powder. Part a) adapted with permission from Elam et al. Copyright 2002 AIP 

Publishing LLC.105 Parts b)-d) adapted with permission from Libera et al. Copyright 2008 Elsevier B.V.101  

Various approaches to enhance the reactant contact with the particle surface in a static 

bed have been developed. Precursors may continuously flow through the reactor under an 

active pressure drop, permitting a high reactant partial pressure to be present throughout the 

reaction. Alternatively, the precursors may be dosed and held in a static, non-flowing reactor, 
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allowing a ‘soak time’ for thorough reactant diffusion and reaction, leading to greater 

precursor utilization. This static bed approach is well suited for the laboratory scale; however, 

batch size is typically limited to several grams.  

Particle coating in a fluidized bed is a standard industrial approach to powder 

processing; however, the use of fluidized bed reactors for ALD is less common.106 An 

example of a fluidized bed ALD reactor design is shown in Figure a, and a few fluidized bed 

ALD reactor options are now commercially available with a range of features and 

functionality. Fluidized bed ALD has several advantages including: 1) the ability to operate 

between vacuum and ambient pressure,107 2) demonstrated scalability of the fluid bed design 

(e.g., fluidized catalytic cracking) provides the ability to produce larger quantities of catalyst, 

3) solid particles are well mixed, 4) improved gas transport compared to a static bed, and 5) a 

very large ratio of powder to reactor wall surface area which allows for the efficient use of 

precursor by preventing its loss to the reactor walls. 

 

Figure 2.6. a) Schematic of a fluidized bed reactor for particle ALD. The reactor has an on-line in situ mass 

spectrometer, a stirring agitator, and vibration enhanced fluidization. The schematic on the right shows particle 

concentration as a function of height in the bed. b) Schematic of a rotary bed ALD reactor.  Part a adapted with 

permission from Elsevier Copyright 2007.108 Part b adapted with permission from AIP Publishing LLC 

Copyright 2007.109  
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A bed of solid particles is fluidized when the forces acting upwards on the bed due to 

the fluidization gas balances the force acting downward on the bed due to gravity. The critical 

minimum velocity Vmin required for fluidization of small spherical particles is given by 

Equation 3:110 

3)   𝑉𝑚𝑖𝑛 =
𝑔(𝜌𝑝−𝜌)𝐷𝑝

2𝜀3

150𝜇(1−𝜀)
 

 

In Equation 3, Vmin is the minimum fluidization velocity, g is the acceleration of 

gravity, ρp is the particle density, ρ is the gas density, Dp is the diameter of the particles, ε is 

the void fraction of the bed, and μ is the dynamic viscosity of the gas. As shown by Equation 

3, the fluidization properties are strongly dependent on the particle diameter, density and 

porosity. The fluidization regime within the fluidized bed reactor changes with increasing 

flow rate from: static, to bubbling bed, to turbulent bed, to pneumatic transport bed (riser 

reactor). The only existing examples in the literature are ALD processes operated in the 

bubbling bed regime, in which the solids are continuously mixed and circulated throughout 

the bed while the gases pass through the bed. Two phases form in this bubbling bed reactor: 

an emulsion phase that contains the solids and some gases and a gaseous phase that forms 

bubbles. The bubbles coalesce and grow as they travel up the reactor bed. The amount of 

gases that are in the bubble versus the emulsion phase depends on how high above the 

minimum fluidization velocity the bed operates. Fluidization at this minimum velocity 

typically allows the reactor base pressures to increase up to the Torr scale as a lower limit 

rather than the milliTorr scale used in other types of reactors.100 When gas transport through a 

fluidized bed is faster than through a packed bed, the possibility of particle agglomeration is 

reduced. The particles in the fluidized bed reactor are continuously circulated or well mixed, 
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so there is a uniform distribution between the particles and the gas. Additionally, as all of the 

precursor must pass through the fluidized powder bed, precursor usage efficiency can be 

greatly increased which has the practical implication of greatly reducing synthesis time and 

cost. Progress of the reaction can be monitored using in situ mass spectrometry to determine 

pulse and purge times to optimize deposition speed and precursor utilization.111 Fluidization 

may also be aided by the addition of baffles, vibration of the bed, or by a rotating propeller.111 

Finally, it is important to note that particles typically have a dispersion of sizes, and this will 

influence the fluidization behavior.111, 112 In addition, nanoparticles typically fluidize as larger 

highly porous aggregates, but the nanoparticles can shed and recombine between aggregates, 

which allows all of the individual particles to be coated.113 

An alternative approach to the agitation of particles during ALD is in the use of rotary 

bed reactors (Figure ).31, 32, 102, 114, 115 In this approach, the powder is typically contained within 

a rotating cylindrical enclosure with porous walls through which the reactants diffuse. 

Remote plasma ALD has been demonstrated on powders in a variant rotary bed in which an 

RF coil on a rotating quartz tube is used to energize precursors before the gas reaches the 

powder. 31, 32 The remote plasma source allows the higher energy ions to recombine before 

impinging on the coating surface where their interaction can lead to defects.  Note that while 

the rotary reactor is simpler than alternatives such fluidized bed ALD, it is also more likely to 

waste precursor due to bypassing of the substrate in the reactor.  

A typical reactor design uses well-controlled valving to enable rapid and near-

complete changes in the gas phase composition. Reactors are commonly operated at low 

pressures to facilitate mass transport of the gas phase with the flow rate and composition 

controlled through the use of mass flow controllers. While most reactors are operated at low 

pressure, atmospheric pressure reactors also exist.116-118  
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Figure 2.7. Schematic spatial ALD processes using powder reservoirs. a) Schematic of powder reservoir theory 

of operation i-iii. The powder to be coated is supported on a. b) CAD drawing of a powder reservoir type 

reactor. Adapted from King et al., and material available in the public domain. 119, 120 

The typical ALD process relies on temporal separation of the precursors through the 

inclusion of a purge stage between precursor pulses, with the substrate remaining fixed in 

space. An alternate approach to temporal ALD is spatial ALD, in which the precursors are 

dosed continuously in different zones of the reactor, while the substrate moves spatially 

through these regions.121 Studies on spatial ALD have shown promising preliminary results in 

the scale up of wafer coating systems.121 Designs of a spatial ALD powder system are shown 
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alongside the theory of operation of a semi-continuous spatial ALD reactor based on a valved 

reservoir concept (Figure ).119, 120 The powder is supported above a powder compliant valve 

while precursor vapor is filled into a reservoir below (Figure ai). The pressure in the powder 

reservoir is lower than in the precursor reservoir, so that when the valve is opened the 

precursor gasses escape upwards and the powder becomes a partially fluidized spouted bed 

(Figure aii). The precursor reacts with the powder as the powder falls into the reservoir below 

(Figure aiii). This design offers the advantage of semi-continuous processing and has a 

reported throughput of 12 to 15 kg per hour on the pilot scale. A CAD drawing of this semi-

continuous reactor is shown in Figure b.120 Another spatial ALD design has been proposed by 

a group at Delft.122 In this configuration a powder is moved using pneumatic transport 

through a winding tube made up of reaction zones that alternate with empty or purged 

regions. 

One of the primary hurdles for powder ALD is to ensure maximal usage of the gas 

phase precursor. Cost considerations and the large powder substrate–to-reactor surface area 

ratio achievable in a fluidized bed reactor, in combination with fact that scaled commercial 

processes for fluidization technology have already been developed; motivate the use of 

fluidized beds as a preferred technology. It is worth noting that the high cost of “rare” or 

custom precursors is not an uncommon hurdle in commercialization of new technologies. 

Appropriate large-scale applications for a precursor are required before large-scale 

production is pursued which can subsequently bring down the costs drastically. Also, while 

continuous processes generally have advantages with respect to capital and operating labor 

expenditures, the use of a fluidized bed ALD as a batch process in catalyst synthesis 

applications should not necessarily be considered prohibitory as industrial scale catalyst 
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manufacturing. Catalyst preparation is commonly done via batch synthesis, e.g., zeolite 

crystallization.  

Implementation of ALD catalyst manufacturing on a commercial scale will require 

integration into the existing manufacturing infrastructure, execution at an economically 

feasible cost, detailed reactor design, and process intensification. Since catalyst 

manufacturing costs represent the summation of materials costs, capital expenditure, and 

labor, some promising routes to reducing total costs include increasing reactor throughput, 

increasing precursor utilization, and reducing net energy consumption during operation.  The 

choice of the appropriate reactor requires the appropriate cost mitigation strategies with the 

required material specifications on a case–by-case basis. While ALD on powders at a 

commercial scale is still not realized, the advances presented above are expanding the set of 

options for technology development.  

A broad range of ALD reactor designs exist and new designs continue to emerge.123, 

124 The implementation of ALD for new applications leads to innovation in reactor 

configurations. Challenges, such as scalability and deposition on high surface area powdered 

substrates, have in part expanded the breadth of this technology.  

2.2 Overview of Catalysis 

A catalyst is any material or chemical that accelerates the rate of a desired chemical 

reaction but remains unchanged after catalytic action.125 Catalysts reduce the energetic 

barriers to specific, desired reaction pathways, and affect the selectivity and rate of a reaction. 

The majority of modern industries use catalysis including chemical, pharmaceutical, 

healthcare, food, agriculture, and environmental remediation. At modest estimation, 

approximately one third of the planetary GDP depends on catalysis.126 
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A heterogeneous catalyst is a solid that acts on chemicals that are in the gaseous or 

liquid phase. While more limited in terms of the range of methodologies for chemical 

synthesis than homogeneous catalysts, heterogeneous catalysts are desirable due to their 

superior handling and reusability. The dissimilarity of solid and liquid or gas phases allows 

the catalyst to be easily separated from the reaction mixture, leading to reusability and 

economical attractiveness. They are generally metal oxides, metal halides or metals, which 

can make up the entirety of the catalyst powder, or a catalyst can be deposited on a support, 

which acts as a high surface area scaffolding for the catalyst. Synthetic approaches for the 

production of catalysts include impregnation, ion exchange, and precipitation, which are all 

well established.  

Chemical reactants will physically or chemically adsorb to the surface of a solid 

catalyst, undergo chemical transformation, and then desorb, leaving the catalyst surface. The 

interaction between a reactant and a catalysts creates a low-energy reaction intermediate, 

facilitating formation of the desired product. 

2.3 Electrochemistry and Electrolytic Water Splitting 

Electrocatalysts differs from conventional catalysis in that the presence of the electric 

field reduces the activation energy of kinetic barriers to desired reactions, and that reactions 

all involve the reduction or oxidation of chemical reactants to produce the desired reaction 

products. 

Electrochemical testing is typically performed in a three-electrode cell, comprising 

positive and negative electrodes, and also a third electrode with known reduction potential 

that acts as a reference.127 The third electrode is necessary due to difficulties maintaining 

constant electrode potential while passing a current. The most straightforward 

electrochemical test is linear sweep voltammetry, in which the current is monitored as a 
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function of a constant voltage sweep starting at a potential at which no reaction occurs. This 

results in a polarization curve, which shows the electrocatalytic activity of an electrode. A 

variety of other electrochemical characterization exists, including Tafel analysis, which sheds 

insight into the number electrons transferred in a reaction, and electrochemical impedance 

spectroscopy, which models an electrochemical cell as equivalent circuit elements.127 

Modern day use of hydrogen is primarily based in the chemical industry, but much 

research is towards the use of hydrogen as an alternative fuel. Approaches to the production 

of hydrogen include chemical reforming of common industrial feedstocks such as 

hydrocarbons, sulfur and ammonia, and various approaches to water splitting. Water splitting 

by electrolysis (2H2O(l) → 2H2(g) + O2(g), ΔE = 1.23 V) is an electrochemical technique for 

the generation of hydrogen and oxygen from water. The formation of H2 and O2 in water 

splitting occur on opposite electrodes, requiring each to have its own specific electrocatalyst. 

The water splitting reaction typically occurs in highly corrosive environments (high 

and low pH, high electrical bias) which provide significant stability challenges in applications 

such as alkaline water electrolysis cells, proton exchange membranes, and solid oxide 

electrolysis cells that are commonly used.128 

2.4 Li+ ion batteries 

A battery is an electrochemical cell that acts as a power supply by generating a flow 

of electrons across an external load. Electrons travel from anode to cathode outside of the 

cell, while Li+ cations move from anode to cathode within the electrochemical cell (Figure 

2.8). Li+ transports between the electrodes through an electrolyte such as a dimethyl 

carbonate/ethyl carbonate mixture containing a Li salt, such as LiPF6.
129 The chemical 

potential of lithium in the anode is higher than in the cathode, so the most energetically 
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favorable state is the discharged state with the Li in the cathode. The difference in electrode 

chemical potentials is responsible for the battery voltage according to Equation 4:129 

4)    𝑉𝑂𝐶 =
(𝜇𝐿𝑖

𝑎𝑛𝑜𝑑𝑒−𝜇𝐿𝑖
𝑐𝑎𝑡ℎ𝑜𝑑𝑒)

𝑛𝐹
 

where 𝑉𝑂𝐶 is the open circuit potential of the battery, 𝜇𝐿𝑖
𝑎𝑛𝑜𝑑𝑒 is the chemical potential of Li in 

the anode, 𝜇𝐿𝑖
𝑐𝑎𝑡ℎ𝑜𝑑𝑒 is the chemical potential of Li in the cathode, n is the number electrons 

involved in the reaction, which in this case is one, and F is Faraday’s constant. 

 

Figure 2.8. Representative drawing of a lithium ion battery (LIB), in which Li+ ions pass from a graphite anode 

to a LiMO2 anode, while electrons travel through a load. Reprinted with permission from Science, AAAS. 130  

A primary lithium ion battery (LIB) is designed for a single discharge, while a 

secondary LIB is designed for multiple charge/discharge cycles. After a secondary LIB is 

discharged, an externally applied bias can be used to drive cations back to the anode to 
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perform charging. Charging a cell in this manner allows it to be used as a rechargeable power 

source.  

The charging process is not perfectly reversible, and LIB charge capacity and open 

circuit voltage degrade with each successive discharge. This degradation is caused by ionic 

disorder within the anode and cathode materials, increased cell impedance, and dissolution of 

electrode materials.129 Improvement of the cycle-lifetime of common battery materials by 

addressing these degradation issues is one of the major thrusts of LIB research today.129 

The electrochemical properties of the electrolytes, the electrodes and their 

compatibility must be considered carefully when designing a LIB. For example, the redox 

potentials or chemical potentials of the electrodes dictate the open circuit potential of the LIB 

through Equation 4. Development of electrodes that lead to higher voltages is an important 

research direction,131-133 however with higher voltages new problems arise. Electrochemical 

stability of the electrolyte is a key issue in high voltage batteries, since electrolyte 

decomposition is a major path of LIB degradation.129 An “electrolyte window” describes the 

safe operating voltage range in which an electrolyte does not undergo significant 

decomposition. If a battery is operated outside the electrolyte window, a layer of decomposed 

electrolyte will form on the electrode surface. This decomposed electrolyte is often called the 

solid electrolyte interphase or SEI layer, although this is a simplification of the complex SEI 

formation processes. The SEI creates states for the Li that are intermediary to the limits of the 

electrolyte window and the electrode potential.129 SEI layer typically possesses high 

impedance, and its formation can further accelerate other cycle-lifetime degradation 

pathways.  

In the case of LIBs, a LiCoO2 cathode with a graphite anode is presently the most 

common configuration, and has been in use commercially since 1991. The LiCoO2 cathode is 
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effective because of the high electron affinity of the Co(IV)/Co(III) redox couple, and 

undergoes the following reaction upon charging: 

5)   𝐿𝑖𝐶𝑜𝑂2 → 𝐿𝑖1−𝑥𝐶𝑜𝑂2 + 𝐿𝑖𝑥
+ + 𝑒𝑥

− 

This reaction remains reversible for x < 0.5, while beyond x = 0.5 the reaction becomes 

irreversible.129 This change in reaction reversibility is due to a phase transformation to cobalt 

oxide phases, or cationic disordering which leads to metal ions occupying the crystal sites 

that were previously available to Li+ ions.134 

Several cathode materials exist with the LiMO2 composition, in which M is any 

transition metal. In a notable example where M = Mn, the use of LiMnO2 leads to a higher 

charge capacity. LiMnO2 has not found widespread success due to the ease of dissolution of 

Mn2+ ions from the cathode crystal lattice, leading to their solvation into the electrolyte and 

degradation of the cathode structure. The formation of a more complex oxide achieved 

through mixing Mn with the more stable Ni, Co or both Ni and Co, to form LiNixMnyCo1-x-

yO2 (NMC), mitigates this effect.50, 135, 136 Two common phases of lithium metal oxides are 

layered and spinel. Both structures are susceptible to cationic disordering and dissolution, but 

the layered structure has a higher charge capacity. For example, the layered structure of 

LiMnO2 has an improved charge capacity of 200 mAh g−1 compared to 130 mAh g-1 for the 

LiMn2O4 spinel.52 The layered structure allows for Li+ intercalation into the two-dimensional 

planes between layers. 
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Table 2.2. Tabulated energy and charge capacity for typical cathode materials. Values for LiMO2 type materials 

are for the layered compound, not the spinel. Charge capacities are for battery operation in the reversible 

regime. 

Material Energy vs Li (eV) Charge Capacity (mAhg-1) 

LiCoO2 4.0129 13052 

LiFePO4 3.45129 170137 

LiMnO2 4.0129 20052 

LiNi1/3Mn1/3Co1/3O2 3.7138 170138 

 

Several other cathodes are described in the battery literature that are beyond the 

discussion of this overview. It is worth noting that the lower voltage, but stable LiFePO4 has 

enjoyed success in high power applications such as in power tools and electric vehicles.137 

Additionally, next generation electrodes such as lithium-air and lithium-sulfur have excellent 

prospects.55 

LIB electrolytes are ion-conducting salts dissolved in organic carbonate solutions. 

Salt and solution both decompose to form a SEI layer composed of organic carbonate, 

Li2CO3 and LiF decomposition products, which coat the electrode surface.139, 140 The SEI 

coating adds to cell impedance and traps Li through the formation of Li species such as 

Li2CO3 and LiF. Increased impedance in the cell causes a voltage gradient across the cell, 

sometimes referred to as an “IR drop” in reference to Ohms law: where V = IRSEI; the voltage 

drop equals current times resistance of the SEI layer. This voltage drop in turn reduces the 

amount of power accessible from the cell.  

Organic carbonates undergo oxidative decomposition to form the organic component 

of the SEI via electron transfer to the carbonyl carbon.141 The common electrolyte salt, LiPF6, 

can decompose to form HF, which etches battery components and forms LiF.139, 140 LiF is a 

poor lithium conductor, and adds to the cell impedance, reducing available power. These and 
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other undesirable reactions occur between the electrode surface and the electrolyte during 

LIB operation. Surface-electrolyte reactions are not fully understood and their elucidation 

will help develop the fundamental scientific understanding of LIB operation. 59 

The anodic SEI is much more prominent in LIB research, and its existence is 

important to stabilizing the commonly used graphitic anode.142, 143 The cathodic SEI has been 

linked with battery degradation though it is not clearly understood whether material 

comprising the SEI formed at the anode and then migrated to the cathode plays a more 

significant role than SEI formed on the cathode.144, 145 Despite this ambiguity, it has been 

shown that reduction of cathodic SEI due to cathode coating can be correlated to 

improvements in battery performance in terms of both rate performance and cycle lifetime 

performance.144, 145 As a result, formation of electrode coating layers has become a promising 

approach to improving the performance of layered LiMO2 cathode materials and to other LIB 

components.144, 146, 147  

Among the more successful electrode coatings are resistive materials such as SiO2, 

Al2O3 and ZrO2. The thickness of resistive coatings plays an important role, even at the nm 

scale, as added impedance to a cell will affect the accessible power.146, 148 ALD is well suited 

to form these coating layers due to its ability to deposit ultrathin films with excellent 

conformality regardless of substrate morphology.  
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3 Experimental Techniques 
This section contains information regarding the experimental techniques used for 

study of ALD-coated particle based materials. The techniques covered here are separated into 

two sections. The first section covers the sample preparation techniques associated with 

powder samples, and the second covers the materials characterization techniques used in this 

study.  

3.1 Powder preparation and treatment  

3.1.1 Grinding and sieving 

Powders received directly from a vendor may arrive as pellets that require further 

grinding with a mortar and pestle, which results in a broad range of particulate diameters. A 

narrow range of particle sizes is often desirable for an experiment, so that the ground pellets 

or powders with a broad particle size distribution may require further separation. Two-step 

sieving of powders allows for separation of particles by size yielding a more monodispersed 

size distribution. Only particles below a certain diameter pass through the mesh, the larger 

particles are retained above the mesh. Using two meshes allows for the separation of particles 

with an upper and lower size limit. The larger mesh size sieve is used first, and acts as an 

upper limit filter, and the larger diameter fraction is discarded. The smaller diameter fraction 

of this first separation is passed through the second, smaller mesh size sieve, which acts as a 

lower limit. The remaining upper fraction of the second sieving contains only particles within 

the desired upper and lower size limits.  

3.1.2 Incipient wetness impregnation 

Metal nanoparticles may be synthesized on a high surface area supports using a 

catalyst preparation technique termed incipient wetness impregnation. A metal precursor, 

such as a salt, is dissolved in an aqueous or organic solution. The solution has a volume 

matching the internal pore volume of the support, so that when all of the precursor solution is 
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absorbed by the powder, the powder begins to appear wet, and visual observation of the 

slurry may be used as an indicator of incipient wetness. The capillary action of the 

micropores of the support draws the solution fully into the pores. When the slurry containing 

the support particles reaches the point of incipient wetness, the catalyst is dried at elevated 

temperatures for a prolonged period, and then calcined at a higher temperature to drive 

formation of metal oxide nanoparticles from the precursors. A reduction using hydrogen is 

performed after calcination to reduce the metal oxide to its metallic form. In some cases 

where the metal nanoparticles are easily oxidized, a final passivation step is performed, in 

which dilute oxygen is used to form a thin passivating oxide on the surface of the metal 

nanoparticles. In the case of cobalt/carbon electrocatalysts, Co(NO3)2·6H2O in an aqueous 

solution was used to give a 20 wt% on the activated carbon support.   

3.1.3 Cathode sheets and coin cells 

Cathode sheets are prepared by mixing a NMC cathode powder with a solution of 

polyvinyl difluoride dissolved in n-methyl pyrrolidone and carbon black. Polyvinyl difluoride 

acts as a binder to maintain the adhesion of the cathode components, and carbon black acts as 

an electronic conductor that imparts electrical connectivity between NMC particles and the 

current collector. The slurry solution is mixed in a planetary mixer and then spread onto an 

aluminum sheet current collector. The sheet is dried overnight under vacuum to drive off the 

solvent and then punched into discs of appropriate size for coin cells. The discs are then 

pressed at 3 tons/cm2 to further enhance connectivity between particles and baked at elevated 

temperature in glove box to remove any residual water from handling in air.  
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Figure 3.1. Exploded schematic of a typical half-cell with each component labeled. Cells are assembled bottom 

to top. The lithium anode is pressed against the steel spacer below it before being placed into the cell. The three 

droplets of electrolyte consist of 20 μL.  

Figure 3.1 shows an exploded diagram of a coin cell. A proper assembly procedure is 

essential to optimizing coin cell operation. Coin cells were assembled in an Ar filled glove 

box using CR2032 type cases with Li foil or graphite used as the anode. Cells with Li foil 

were used for all studies except the elevated temperature storage test, which used cells with 

graphite anodes. The lithium foil is brushed with a nylon toothbrush immediately prior to 

assembly to remove any oxide formed at the surface. The electrolyte used was LiPF6 in a 1-

to-1 volume mixture of ethylene carbonate and dimethyl carbonate. The separators used are 

made of porous polypropylene and soaked for at least 5 minutes in electrolyte before 

assembly.   

The assembly shown in Figure 3.1 shows the configuration with Li foil as an anode 

and is often referred to as a “half-cell.” Commercial rechargeable batteries are “full-cells” 
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using graphite instead of a lithium anode, due to safety risk associated with lithium anodes. 

The half-cell is useful for non-rechargeable commercial batteries and for experimental studies 

on electrodes, such as NMC or LiCoO2 cathodes, and can be operated safely in controlled 

laboratory conditions. Graphite anodes may be fabricated in a similar matter to cathodes, the 

powder is cast as a slurry and dried. Additionally, several vendors sell graphite anodes (and 

several types of cathodes as well) deposited on copper current collector sheets. 

3.1.4 Atomic layer deposition  

ALD in these studies was performed in two separate home-built reactors. The first 

two studies, covering electrocatalysis and catalysis, were performed in a fluidized bed 

reactor. The third study was performed in a viscous flow reactor with a static powder bed. 

Schematics of both these reactors may be found in the appendices at the end. 

The viscous flow reactor consisted of a quartz flowtube 75 cm long and with 3.5 cm 

inner diameter and is heated using a three zone clamshell style furnace. Powders were placed 

on a static tray and spread as thin as possible (<1mm) over the tray surface to ensure rapid 

gas transport to particles at the bottom of the bed.  The deposition chamber of the fluidized 

bed consists of a vertical stainless steel tube 45-cm tall, 5 cm in diameter at the bottom, and 

flared out at the middle and top to 9 cm. The chamber is lined with a removable insert that 

has a porous (10 μm) stainless steel distribution plate at the bottom to support the powder 

bed.  

Fluidization is a condition in which a powder bed is agitated by a carrier gas stream 

passing vertically through the bed from the bottom to the top. The upward force acting on the 

particles must be similar in magnitude to the downward gravitational force acting on them to 

attain fluid-like behavior. Fluidized particles move vigorously in random directions, and may 

even “boil” under certain conditions. Minimum fluidization velocity of a carrier gas stream 

can be calculated using the following equation, derived from the Ergun equation: 
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1)     𝑣𝑓 =
(𝜌𝑝−𝜌)𝑔𝐷𝑝

2𝜀3

150𝜂(1−𝜀)
 

where vf = the minimum fluidization velocity, ρ = the density of the gas and ρp = the density 

of the particles, g = the gravitational force, Dp = the average particle diameter, ε = void 

fraction of the bed, and η = the viscosity of the gas.  

In an ALD reactor, the carrier gas also acts to transport precursor vapors through 

convection. The precursors are held in bubblers and delivered to the reactor relying on their 

own intrinsic vapor pressures, or by passing an inert carrier gas through a heated bubbler to 

entrain the precursor vapor. Pressure during depositions is generally ~0.5 Torr in the viscous 

flow reactor and ~2 Torr in the fluidized bed reactor, as measured by pressure gauges on the 

reactor outlets. Reactor pressure is controlled through adjustment of the carrier gas flowrate 

using mass flow controllers, and through a throttle valve on the exhaust directly upstream of a 

roughing pump.  

Depositions are performed at constant temperature after allowing the reactor 

temperature to equilibrate. Pulse sequences use precursor exposures of sufficient magnitude 

for the self-limited surface reactions to reach completion. Purge times between precursor 

pulses are long enough to allow all excess precursor and reaction byproduct to be removed 

from the reactor. These pulse and purge times were determined using in situ mass 

spectrometry, detailed in the following section. 

Pulse sequences may be complex, ranging from a simple [A-B] sequence, where A 

and B represent complementary precursors such as trimethylaluminum (TMA) and H2O, or 

TiCl4 and NH3. Square brackets in the sequence shown above denote individual cycles that 

may be repeated any number of times to achieve a desired film thickness. The number of 

cycles will correspond with a thickness according to the growth per cycle of the process. A 

more complex sequence may involve higher order patterns, for example ([A-B]x5 – [C-
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D]x1)x100, where a ternary or higher order mixed oxide can be deposited with excellent 

compositional precision. The digital nature of pulsing resulting from the self-limiting 

reactions allows for a high degree of precision of materials synthesis. Due to the complexity 

of pulse sequencing, an ALD reactor is controlled by a computer utilizing a user defined 

recipe.  

3.1.5 In situ mass spectrometry  

In situ monitoring of reaction processes may be performed using a residual gas 

analyzer (RGA) that utilizes a quadrupole mass spectrometer. Real time chemical analysis of 

the reactor effluent allows surface reactions associated with film growth to be monitored, so 

that pulse and purge lengths may be determined in an expedient manner.  An example spectra 

is shown in Figure 3.2. 

 

Figure 3.7. ALD pulse and purge times determined using a mass spectrometer. Signals of individual chemicals 

may be observed largely independent of one another. The spectra show the TiCl4 – H2O process which involves 

generation of HCl during half-reactions. 
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The quadrupole mass spectrometer analyzes effluent molecule masses by ionizing 

them on an electrically biased filament. The ions are filtered based on their mass to charge 

ratio using a field created by the four parallel rods of the quadrupole oscillating at radio 

frequency.1 

3.1.6 Post-deposition heat treatment 

Post-deposition heat treatments induce structural and chemical changes in an ALD 

coating and in the underlying substrate. These changes include crystallization, surface 

diffusion, diffusion into the bulk, reduction, oxidation, chemical decomposition and other 

chemical changes. Heat treatment temperatures are typically higher than the useable ALD 

temperatures (>400 °C), and involve process gasses such as nitrogen, oxygen and hydrogen. 

Heating under oxygen is often called calcination, while heating under hydrogen is often 

called reduction. The term annealing may also be used to describe heating process under a 

controlled environment. The heating rate may be ramped, and soak time at the target 

temperature is selected to optimize completion of the desired changes induced in the samples.  

3.2 Materials characterization techniques 

3.2.1 Scanning electron microscopy  

Scanning electron microscopy (SEM) is a technique that allows for morphological 

imaging of a sample at the micron-to-nanometer scale.1 The technique employs an electron 

beam that rasters over the area of interest. Atoms absorb the incident electron beam and emit 

low energy electrons that are inelastically scattered from the outer electron orbitals. Due to 

their low energy all detected secondary electrons originate within the outer few nanometers 

of any bulk sample, and give information regarding the morphology of the sample. The result 

electron micrograph appears similar to a photograph. 
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3.2.2 Energy dispersive X-ray analysis 

Aside from secondary electrons, a variety of other signals emitted from the sample 

may be collected in an SEM. Also present are high energy X-rays that contain elemental 

information about the samples. The incident electron beam causes ejection of inner orbital 

electrons, creating holes in the orbitals. Holes are filled by electrons relaxing from higher 

orbitals, and an X-ray is emitted carrying the energy corresponding to the difference between 

the two electron orbitals.  

Analysis of X-rays emitted by in this manner is called energy dispersive X-ray 

analysis (EDS).1 EDS has a sampling volume much deeper than SEM, as high energy X-rays 

have an escape depth on the micron scale. This escape depth depends on X-ray energy and 

sample composition. As a result, EDS allows for characterization of the bulk properties of a 

sample. This makes the technique useful in analyzing the composition of ALD films 

deposited within highly porous samples. 

3.2.3 Powder X-ray diffraction  

Powder X-ray diffraction (PXRD) is a variant of X-ray diffraction (XRD) and is used 

to identify the lattice parameters and crystal phases present in a material. Scattering of X-rays 

from a single crystal results in points on the Ewald sphere, occurring due to constructive 

interference that results when the conditions of the Bragg equation (nλ = 2dsinθ) are 

satisfied.2 A crystalline powder contains a collection of crystals randomly oriented in nearly 

every possible direction. This orientational randomization results in X-ray scattering in the 

form of concentric rings centering on the incident beam axis, instead of points. The individual 

points positioned on the Ewald sphere are collapsed into one dimension with the only 

significant factor being radial distance. The positions of these rings may be used to calculate 

the lattice parameters of various crystallographic orientations within the sample. 
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In addition to phase information, XRD may be used to estimate crystallite size using 

the Scherrer equation,2 where the broadening of a peak is inversely proportional to the 

average crystallite size. This may be used to observe nucleation and growth of crystals in a 

disordered material. The Scherrer equation should be used with the caveat that other factors 

may contribute to peak broadening such as dislocations and grain boundaries. 

3.2.4 Transmission electron microscopy  

Transmission electron microscopy (TEM) is an electron microscopic technique 

distinct from SEM that relies on primary electrons transmitted through a sample rather than 

secondary electrons emitted from the sample. As electrons must pass entirely through the 

materials being studied, the sample must be no more than ~100 nm thick, and may require 

involved preparation such as using a microtome. The high resolution of TEM allows imaging 

of the crystal lattices within a sample. 

3.2.5 Barrett-Joyner-Halenda (BJH) analysis  

BJH analysis is a porous media characterization technique that allows for 

measurement of specific surface area, total pore volume, distribution of pore sizes, average 

internal pore diameter, and external pore diameter.3 The internal pores of particles account 

for the very high surface area which is desirable in applications such as catalysis.  

The Langmuir adsorption model describes surface coverage of a molecule based on 

the heat of adsorption and can be used to predict the behavior of simple systems characterized 

by surface coverage which is limited to a single monolayer. Brunauer-Emmett-Teller (BET) 

theory is an extension of the Langmuir model that accounts for the heat of adsorption of 

second and higher layers of physisorbed molecules and may account for the total volume of 

gas adsorbed in addition to the surface area.4 The BET model is limited to measuring the 

volume of adsorbed gas multilayers on non-porous media (i.e. perfect spheres). BJH theory 

builds upon BET, using a combined model that incorporates the thermodynamics of 
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multilayer formation and the capillary action within pores. This more comprehensive model 

allows for accurate measurement of porous samples, and can measure non-Gaussian or 

Maxwellian pore size distributions with accuracy. 

The BJH technique usually employs N2 physisorption; measurements are performed at 

liquid nitrogen temperature to drive the condensation of the gas onto the particle surface and 

into the internal pores. The method analyzes the adsorption and desorption of N2 with the 

amount of N2 present in the sample vessel referenced to a control vessel. The BJH technique 

models hysteresis in the adsorption and desorption profiles as due to the capillary effect in the 

internal pore volume. 

3.2.6 X-ray photoelectron spectroscopy  

X-ray photoelectron spectroscopy (XPS) utilizes the photoelectric effect, which is the 

ejection of electrons from atomic orbitals upon absorption of electromagnetic radiation. This 

effect was connected to Einstein’s discovery of the photon, the quantized unit of 

electromagnetic radiation. The XPS equation is written:  

 

2)   Ek = hν – Eb 

 

The ejected electron from an atomic orbital within a specific bonding environment possesses 

a kinetic energy (Ek) equal to the incident photon (hν) minus the binding energy of the 

electron in its orbital (Eb).
5 XPS is a powerful tool for materials characterization due to its 

ability to measure photoelectron intensity and peak energy. The photoelectron energy may be 

used to identify the elements present in a sample and their local chemical environment.  The 

reative intensity of the photoelectron emission is related to the stoichiometry within the 

probed volume.  
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Figure 3.8. Diagram of the electron photoejection process. An X-ray with energy = hν collides with an orbital 

electron, resulting in ejection of a photoelectron with the energy of the incident X-ray minus the binding energy 

of the orbital electron.  

XPS analysis is limited to the upper <10 nm of a sample surface due to the low mean 

free path of electrons (and photoelectrons) in solids. As a result, XPS is a surface sensitive 

characterization technique. This sampling volume limitation makes XPS optimally suited for 

analysis of nanometer thin films deposited by ALD. Bulk techniques such as EDS may not 

yield any useful information on a nanometer thin film where the coating to bulk atomic ratio 

is very low. Due to the extremely shallow sampling depth, analysis must be performed at 

ultra-high vacuum, so that physisorption of atmospheric molecules is minimized. Operation 

of the X-ray gun also requires ultra-high vacuum. 

In addition to photoelectrons, Auger electrons are also observed in XPS spectra. 

Auger electrons are emitted as the result of a three electron orbital interaction. The 

photoejected electron leaves a hole, which is filled by an electron in a higher orbital that falls 

down to fill the hole. This relaxation is accompanied by X-ray generation. In some cases, the 
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energy associated with the emitted X-ray is transferred to a third electron orbital, ejecting an 

Auger electron with a kinetic energy dependent on this three orbital interaction. 

The electronic structure of an atom gives rise to a unique set of photoelectron energies 

and intensities. When using this information for quantification of elements present in a 

sample, a sensitivity factor must be taken into account, which is based on the calculated and 

empirical photoejection probability of each electron orbital.6 

Splitting of the electron peak energy in an XPS spectrum occurs for all electrons 

except those emitted from s-orbitals due to spin coupling of electrons with different angular 

momentum. Split peaks have near-degenerate energies, with peak-to-peak distance equal to 

the spin-orbit interaction energy. This peak splitting energy may vary as a function of 

chemical environment. Peaks exhibiting spin orbit splitting also have a total area that varies 

with the spin state. The p1/2 and p3/2 typically have an area ratio of 1:2, while d3/2 and d5/2 

have a ratio of 2:3 and f5/2 and f7/2 have a ratio of 3:4.  

Photoelectrons undergo inelastic scattering as they escape the solid sample and loose 

kinetic energy with each collision. The mean free path of an electron in a particular material 

determines both the amount of energy loss it undergoes, and the total sampling depth of the 

experiment. Due to this effect, nearly all XPS peaks have a broad tail, and exhibit step-like 

asymmetry with intensity of electrons increasing toward lower kinetic energy (Figure 3.4). 

Analysis of peaks must take into account this background noise. Peaks usually use a Shirley 

background subtraction, which is a function of the derivative of the peak and two end points 

at either side of the peak.5, 6 The Shirley background curve takes on the shape of a rounded 

step. 
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Figure 3.9. Example XPS survey scan showing the full emission spectrum of Al2O3 coated NMC particles. 

Step-like increase of the spectra towards the left is due to photoelectron loss energy by inelastic scattering, or 

bremsstrahlung.  

Chemical shifts in XPS occur when the binding energy of an orbital deviates from that 

of the pure element due to the bonding environment. For example, the 2p peaks of TiO2 have 

a higher binding energy than elemental titanium. The electron withdrawing nature of oxygen 

causes electrons in the titanium atom to move to a higher orbital binding energy and require 

more energy for photoemission. This chemical shift of the peak energy in XPS can be used to 

extract information on the chemical environment of the atoms, including situations when 

there are a variety of compounds containing the same element.6  

Deconvolution of peaks may be necessary if multiple compounds are present, as 

peaks often overlap to a significant degree. Peaks of individual compounds and elements may 

be separated from a single, complex peak structure, by approximating each individual peak 

with a specific peak shape based on the statistical distribution of photoemitted electrons. 

Common peak functions are the Gaussian, Lorentzian and Voight functions. Use of the 

Shirley background here is an essential background correction allowing for the spectrum to 
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be properly modeled. Peak deconvolution may be used to quantify the relative amounts of 

different compounds containing the same element within the sampling volume. For example, 

relative concentrations of TiO2 and Ti metal in the sample surface may be determined. 

Ar+ ion etching may be performed in conjunction with XPS to perform a depth 

profile. Etching was performed using a cluster source, which produces aggregates of Ar 

atoms with a single positive charge, rather than individual singly charged ions. Under the 

appropriate conditions, etching removes surface atoms in a controlled manner, so that 

alternating etch-scan steps will produce a compositional depth profile determining the 

elemental and chemical nature of the sample as a function of depth. Etching is a destructive 

technique and in some cases may cause damage to a sample, decreasing the oxidation state of 

certain elements, or catalyzing chemical reactions within the sample. 

3.2.7 Inductively coupled plasma-atomic emission spectroscopy  

Inductively coupled plasma-atomic emission spectroscopy (ICP-AES) is an elemental 

analysis technique that uses the emission spectra of atoms given off when excited in a plasma 

flame.1 Samples are digested into an acidic solution and fed into the plasma flame using a 

peristaltic pump. The high energy plasma causes excitation of ground state electrons to higher 

atomic orbitals. Relaxation of an excited electron results in the emission of a photon with 

energy corresponding to the difference between the ground state and excited state orbitals. 

Intensity and position of peaks are interpreted using the well-known atomic emission energies 

to give molar concentration of the digestion solution. 

This technique is destructive, requiring the digestion of a sample in acid. Care must be 

taken that the digested elements are not volatile. For example, digestions performed using 

hydrofluoric acid will lead to formation of volatile halide species such as PF5 and SiF4, which 

evaporate to give artificially low quantities of those elements. 
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3.2.8 Electrochemical impedance spectroscopy  

Electrochemical impedance spectroscopy (EIS) is useful in the analysis of electronic 

properties of an electrochemical system by modeling it with equivalent circuit elements.7 A 

sinusoidal AC signal is swept through a range of frequencies. Analysis of the phase offset 

between the signal across the electrochemical cell and a control yields the real and imaginary 

impedance of the cell. Information gained from EIS includes charge transfer resistance, 

double layer capacitance, and Ohmic resistance. To interpret the data, the spectra must be fit 

to an equivalent circuit diagram and are plotted as either a Bode plot, showing phase versus 

frequency, or as a Nyquist plot, showing imaginary versus real impedance. 

Individual layers within an electrochemical cell may be differentiated by identifying 

their impedance. In a battery, this tool is useful in quantifying the charge transfer resistance, 

which correlates to the ease at which a Li+ ion will intercalate into an electrode. It also allows 

a measurement of the solid electrolyte interphase (SEI) that evolves during cycling as a result 

of electrolyte decomposition. The impedance associated with the SEI can be modeled to 

monitor the extent of parasitic decomposition reactions. 

3.2.9 Mass spectrometer-temperature programmed desorption  

Specific density of surface acid and base sites of a powder can be measured using 

mass spectrometer-temperature programmed desorption (MS-TPD).8 The mass spectrometer 

is also a quadrupole, identical to that used for in situ monitoring of ALD processes. This 

measurement is performed by exploiting the chemisorption of small molecule acids (CO2) 

and bases (NH3) onto basic and acidic surface sites, respectively. For example, CO2 will react 

with MgO sites to form MgCO3. Upon chemisorption of the desired probe molecule, the 

sample is heated in a linear temperature ramp, which will cause the MgCO3 to decompose 

into its component parts once sufficient temperature has been reached to dissociate the two 

components. Upon dissociation, the CO2 or NH3 will desorb and is detected by the mass 
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spectrometer. Bond strength is thus related to desorption temperature, and observation of the 

evolved gasses allows for quantification of the surface sites, assuming a 1-to-1 ratio of 

detected probe molecules to surface sites.  

3.2.10 Outside angle fluorescence 

Fluorescence measurement is typically performed as a characterization technique to 

measure the light absorption and emission of fluorescent molecules dissolved in a solution.1 

A sample cuvette is filled with a solution of known concentration, and the sample is excited 

with light in the visible or UV range. Upon absorption of a photon, electrons in the 

fluorophore are excited to higher energy orbitals and excited vibrational modes are activated 

in the molecule. Relaxation of the molecule occurs first by vibrational relaxation, and then by 

relaxation to a lower electronic orbital, which is accompanied by emission of a photon 

corresponding to the energy of the orbital relaxation.  

The fluorophore used in this study was 1-pyrene butyric acid, which was grafted to 

the surface of the ALD coated particle.9 Pyrene has the unusual property that it forms an 

excimer consisting of two stacked pyrene molecules, which fluoresces at a higher wavelength 

than the monomer.10 When bound to a surface containing clustered and isolated base sites, 

excimer formation at clustered sites and monomers will form at isolated sides, leading to 

fluorescence at both wavelengths. This enables identification and qualitative measurement of 

the amount of base sites proximity. 

To measure fluorescence of a solid sample, a cuvette solution cannot be used. Instead, 

outside angle fluorescence measurements must be performed.9 Due to this complication, 

samples were pressed into pellets positioned at an angle so that photons generated by 

fluorescence reach the detector, while the incident photons do not reflect off the sample into 

the detector. 
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3.2.11 High temperature storage measurements 

High temperature coin cell storage experiments using full cells employing graphite 

anodes allow analysis and tracking of a coin cells’ lithium inventory.11 Cells are cycled and 

then held at 4.3V in an incubator at 40 °C for 500 hours. After the storage period, the cells 

are cycled again. The voltage drop during the storage period gives some indication of the 

reactions leading to self-discharge within the cell. The first (D1) and second (D2) cycles after 

storage are compared with the cycle immediately prior (D0) to the storage test. The difference 

between D1 and D2 shows the reversible capacity loss. The difference between D2 and D0 

show the irreversible capacity loss. Generally speaking, reversible capacity loss is due to 

charge shuttling reactions such as decomposition of a LiPF6 electrolyte molecule to form a 

negative charge that can shuttle a Li+ from anode to cathode. Irreversible capacity loss might 

involve decomposition of the electrode crystal structure which hosts Li+, or loss of Li+ to 

form an electrochemically inactive species such as LiF. 
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4 Tuning Acid-Base Properties Using Mg-Al Oxide Atomic Layer 

Deposition 

Atomic layer deposition (ALD) was used to coat γ-Al2O3 particles with oxide films of 

varying Mg-to-Al atomic ratios, which resulted in systematic variation of the acid and base 

site area densities. Variation of the Mg-to-Al ratio also affected morphological features such 

as crystalline phase, pore size distribution, and base site proximity. Base site area density 

increased with increasing Mg content, while acid site density was at a maximum with similar 

number of Mg and Al atoms in the coating. This behavior leads to nonlinearity in the 

relationship between Mg-to-Al and acid-to-base site ratio. The physical and chemical 

properties were elucidated using scanning electron microscopy (SEM), energy-dispersive X-

ray spectroscopy (EDS), powder X-ray diffraction (XRD), X-ray photoelectron spectroscopy 

(XPS), N2 physisorption, and CO2 and NH3 temperature-programmed desorption (TPD). 

Fluorescence emission spectroscopy of samples grafted with 1-pyrenebutyric acid (PBA) was 

performed to analyze base site proximity. The degree of base site clustering was correlated to 

acid site density. Catalytic activity in the self-condensation of acetone was dependent on 

sample base site density and independent of acid site density. 

4.1 Introduction 

The use of atomic layer deposition (ALD) in catalysis has found multiple successful 

applications in recent years.1-7 Excellent conformality in complex geometries and sub-

nanometer-level thickness control8, 9 make ALD well suited for coating high surface area 

catalysts. However, few examples exist where the high degree of compositional control 

offered by ALD has been utilized for catalysis.7, 10, 11 We show here the surface acid/base 

properties of a catalyst can be controlled by modifying the pulse sequences in the ALD 

coating of Mg-Al oxide onto γ-Al2O3.  
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The use of ALD grown mixed oxide catalysts has been studied in the deposition of Ti-

V-O, in which control over the pulsing sequence enabled optimization in the liquid phase 

epoxidation of cyclohexene.12 ALD has also been shown to enable the tailoring of catalyst 

acidity,13-16 although to the best of our knowledge, this is the first example of using ALD to 

tune both acidity and basicity. 

Basic oxides have been studied for their use as catalysts and catalyst supports.17-19  

Traditionally, solid bases have been made by precipitation of the bulk oxide, ion exchange 

with alkali metal cations,20, 21 impregnation or occlusion with basic salts or metals,22-24 and 

nitridation.25, 26  These solid oxides are of interest in catalysis because of their potential to 

replace corrosive homogeneous catalysts such as NaOH, facilitate catalyst separation, and 

reduce waste stream processing. Basic oxide catalysts have been used in numerous 

chemistries including isomerization of alkenes, addition reactions, Knoevenagel 

condensations, and aldol condensations.20, 27, 28 They are also relevant in biomass conversion 

strategies, and have been used for the aldol condensation of furfurals with acetone and 

propanal to produce diesel fuel precursors.29, 30 We have selected mixed Mg-Al oxide for 

study here due to its widespread use as a basic oxide.17, 18  

Magnesium oxide (MgO) films have been deposited by ALD onto planar Si and soda 

lime glass using Cp2Mg (bis(cyclopentadienyl)magnesium) and water.31 Also, magnesium 

aluminate and mixed magnesium aluminum oxide films have been deposited by using the 

Cp2Mg MgO ALD process in combination with Al2O3 ALD using trimethylaluminum 

(TMA).10, 32 In addition to Cp2Mg, EtCp2Mg (bis(ethylcyclopentadienyl)magnesium)33 and 

Mg(thd)2 (thd = 2,2,6,6-tetramethyl-3,5-heptanedione)34 have been studied in the ALD of 

MgO. We have selected Cp2Mg, TMA and H2O as precursors here in the ALD of Mg-Al 
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oxide. We have selected γ-Al2O3 as a powder substrate, due to its broad usage and 

characterization in the field of catalysis. 

4.2 Results and Discussion 

The commercial γ-Al2O3 particles used as the substrate are fabricated through the 

calcination of boehmite. The structure of γ-Al2O3 made using this process is typically 

described as having a cubic lattice with a tetragonal distortion.35, 36 The pores of γ-Al2O3 form 

from the breakdown of hydroxide layers of boehmite, and as a result contain water and 

hydroxide species, as well as exhibiting some amorphous regions near the surface.35, 36 The γ-

Al2O3 phase of Al2O3 form a highly mesoporous structure composed of interconnected rod-

like nanoparticles.37 

Particles were coated using 36 ALD cycles (~4 nm) with varying Mg-to-Al pulse 

ratios.  Samples are named to reflect the Mg:Al pulse ratio used during ALD (ratios in this study 

were: 1:0, 2:1, 1:1, 1:2 and 0:1). Figure 1 shows SEM images of the substrate particles (Figure 

1A) and the 1:0 coated particles after 600 °C calcination (Figure 1B). All particles were 

sieved to within ~11-30 μm in diameter, and is confirmed by SEM. All samples appeared 

similar in SEM, demonstrating the ability of ALD to deposit thin, conformal films. 
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Figure 4.1. SEM micrograph showing (A) the γ-Al2O3 substrate and (B) the 1:0 sample after calcination. The 

scale bars show 20μm.  

EDS was used to measure the bulk elemental composition of the samples (Figure 2A), 

and shows that Mg:Al pulse ratio has a monotonic relationship with Mg/Al atomic ratio. Both 

the γ-Al2O3 substrate and the ALD coating are measured due to the 10 – 20 μm sampling 

depth of EDS, such that this technique cannot be used to directly measure the Mg/Al content 

of the ALD film. XPS analysis was also used to quantify the elemental composition of the 

samples within the shallower sampling volume of the instrument, which is several nm. 

Similar trends in Mg/Al atomic ratio were observed; however the amounts of Al detected 

were much lower, with 1:0 having an atomic ratio of 7.32±0.75.  Additional studies of these 

ALD films on other substrates would allow clearer insight into the chemical species present 

within a mixed Mg/Al film, however the composition of nm-scale ALD films are extremely 

surface dependent, and results would vary dependent on the substrate. 

It should be noted that 1 g of powder in the 5 cm diameter column used in this study 

leads to a bed height of less than 1 mm, leading to difficulties in fluidization. Additionally, 

particles in the 10s of μm in size are classified as Geldart C particles,38 which also are known 

to agglomerate and are difficult to fluidize. The homogeneity of coating of particles was 
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confirmed using EDS, and error bars shown represent sampling of 12-15 particles per 

experimental sample, and shows good homogeneity. 

 

Figure 4.2. A. Mg:Al atomic ratio as determined by EDS point analysis. Samples are named X:Y to reflect the 

Mg to Al pulse ratio used during ALD. B. Powder XRD spectra showing (i) uncoated γ-Al2O3 (ii) 1:0 as 

deposited, and (iii) 1:0 after 600 °C calcination in air. Peaks marked with “γ” indicate γ-Al2O3 and “*” indicate 

cubic MgO. 

We note that ALD of 36 cycles of either oxide or a mixture of oxides is estimated to 

completely fill all pores of the γ-Al2O3, because the predicted thickness of the oxides (~4 

nm)32 is thicker than the average radius of the pores (~3 nm, BJH).  However, the magnesium 

content in the 1:0 sample was ~2 times lower than that estimated assuming that the entire 

pore volume was filled with crystalline MgO (Mg/Al atomic ratio = 2.2 for crystalline MgO). 

Possible reasons for this lower than expected measured value include: low film density, pore 

clogging, and surface poisoning39, 40 by cyclopentadiene ligands. The relatively wider error 

bars of the 1:0 sample reflect less homogeneous deposition, and may reflect these factors. 

This varied deposition is in contrast to reports using this same precursor system on glass and 

Si wafers, in which pulsing ratio showed little effect on growth per cycle.32 A seed layer 
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consisting of a single TMA – H2O cycle did not significantly affect Mg/Al atomic ratio, 

indicating that nucleation of MgO on γ-Al2O3 is not a likely a cause of the apparent low Mg 

content.   

XRD spectra were acquired for all samples before and after calcination at 600 °C in 

air for 2 hours. Nearly all spectra were identical to the substrate spectrum (Figure 2Bi), which 

shows peaks belonging to the γ-Al2O3 structure. Spectra with additional peaks were obtained 

for the 1:0 sample as deposited (Figure 2Bii) and the 1:0 sample calcined in air (Figure 

2Biii), which were identified as peaks corresponding to the cubic MgO phase. Calcination 

causes a small degree of sharpening of the cubic MgO peaks. Using the Scherrer equation 

with a shape factor of 0.9,41 MgO crystallites were estimated to be 2.8 nm in the 1:0 as 

deposited sample and 10.9 nm in the 1:0 calcined sample. A lack of any other peaks in the 

other samples indicates that the deposited films either remain amorphous, or that the Al2O3 

crystallizes while MgO remains amorphous.  Both of these results are supported by previous 

studies of calcined ALD films.3 Phase segregation of spinel MgAl2O4 in bulk oxides has been 

reported in the literature when Mg/Al < 1,42 however this phase was not observed in XRD of 

these samples. No other phases are expected in this system.43 The absence of the spinel phase 

is consistent with other reports of MgO and Mg-Al oxide ALD onto planar Si and soda lime 

glass, as well as onto ZrO2 and SiO2 powders.31-33  
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Figure 4.3. (A) XPS spectra of Mg2p and Al2p regions showing changes in peaks depending on precursor pulse 

ratio. (B) Plots showing peak position of as made (■) and calcined (●) samples. 

The most significant difference observable by XPS analysis of the samples is that 

when deposited in the pure MgO form in 1:0, the Mg2p peak is ~49.6 eV, roughly 0.5 eV 

lower in binding energy than in the other samples. All mixed Mg-Al samples have roughly 

the same Mg2p peak position. This difference in binding energy is correlated with the 

difference in the XRD spectra of 1:0 versus the other samples. However, crystalline MgO is 

typically reported at >50 eV,44, 45 so the binding energy is shifted in the opposite direction to 

that expected. Lower binding energy may be due to reduced ionicity of the Mg atoms. The 

Mg2p peak shows no change with calcination. Al2p peaks are all within the expected 

range,46, 47 although reduction in Al2p binding energy is observed in two cases. The peaks 
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shift to lower binding energy when mixing Mg and Al in the coatings, in particular 1:1, and 

also upon calcination of 1:2. This reduction in binding energy may be due to the partial 

oxidation of Al3+ due to interactions with MgO. 

N2 physisorption was performed on all ALD-coated and calcined samples, and the 

uncalcined samples with Mg:Al ratios of 1:0, 1:1, and 0:1 were analyzed, as shown in Figure 

4A. Calcination resulted in an increase in BET surface area in all samples measured. Higher 

Mg content was correlated with a smaller change in surface area upon calcination, likely due 

to a tendency of the MgO to be polycrystalline upon deposition (see Figure 2B). The 1:0 as 

deposited sample and the 1:0 calcined sample are both polycrystalline and have the lowest 

change in surface area upon calcination (because the sample was partially crystalline upon 

deposition). Also, a higher Mg content led to higher surface area before and after calcination. 

The 0:1 sample showed the greatest change in surface area upon calcination. Changing 

surface area is attributed to a densification of ALD films caused by loss of hydroxyls and by 

crystallization.3 Given that ALD Al2O3 is amorphous and conformal on the substrate, its 

crystallization may be associated with increasing surface area from cracking of the ALD film 

and opening of clogged pores from densification. It should be noted that no significant 

change in γ-Al2O3 peak broadening was observed in XRD spectra. 
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Figure 4.4. (A) BET surface area of samples as deposited (gray), and after 600 °C calcination in air (black). 

Numbers X:Y denote Mg:Al pulse ratio. (B) Pore volume distribution for the γ-Al2O3 substrate and all calcined 

samples showing a bimodal pore formation trend.   

Trends in pore size distribution are shown in Figure 4B, which shows distributions for 

γ-Al2O3 and all calcined samples. Pores may be separated into two size-groups, the first 

group between 3 and 4 nm, and the second group between 4 and 10 nm. Populations of these 

two groups depended on the Mg/Al ratio. The pores of the γ-Al2O3 substrate show a peak 

maximum at 6.12 nm with no peaks in the smaller size-group. Interestingly, the average pore 

diameter of 1:0 was equal to that of the substrate. As Mg/Al decreases, the number of pores 

and the mean pore diameter in the larger size-group decreases. Additionally, as Mg/Al 

decreases, the population of the smaller size-group of pores increases. The peak maximum of 

the smaller size-group is fixed at 3.5 nm regardless of Mg/Al. These 3.5 nm pores are not 

present in the γ-Al2O3 substrate, and form with all ALD samples. The area of this peak 

increases with decreasing Mg/Al, and the peak is largest with the 0:1 sample. The 3.5 nm 

pore is attributed to the densification of amorphous alumina that has filled the 6.2 nm pores 

of the γ-Al2O3 substrate. Such a change corresponds to a loss of a third of the volume upon 
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densification, assuming that the initial state has a pore volume completely filled with 

amorphous alumina. Also, a pore diameter of 6.2 nm is incongruous with the 10.9 nm MgO 

crystallite diameter estimated from XRD. This result indicates a few possibilities: that 

crystallite formation dominates in pores larger than the average pore diameter, that 

crystallites are continuous in the direction of the pore length, or that a significant fraction of 

MgO crystallites are on the outside of the particles. 

 

Figure 4.5. (A) Site area densities for base (■) and acid (○) sites in μmol/m2 for all ALD samples. (B) Acid to 

base site molar ratio. 

TPD was performed using CO2 to measure the number of base sites and NH3 to measure the 

number of acid sites, the results are shown in Figure 5A. Standard deviation in these values was ±4%, 

a value smaller than the symbols used to represent points in this figure. The γ-Al2O3 substrate calcined 

at 600 °C in air gave an average acid site density of 53 μmol/g, and when calcined in He it gave a site 
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density of 146 μmol/g. This difference is attributed to cationic Al centers that act as Lewis acid sites 

which are oxidized when calcined in air, but remain stable in He. Samples in Figure 5 were calcined 

in air to be consistent with reaction pretreatment conditions. TPD spectra of CO2 show a single peak 

corresponding to weak basic sites associated with MgCO3 formation.42  

This study showed that the number of base sites roughly decreased with decreasing 

Mg content. However, 1:0 and 2:1 were similar with 0.55 μmol/m2 base site densities and 1:1 

and 1:2 were similar with 0.32-0.33 μmol/m2 base sites densities. The similarity in base site 

densities is surprising in that the atomic concentration of Mg in 1:0 was almost two times 

higher than 2:1, demonstrating that base site density is not dependent on elemental 

composition alone. Acid site densities were highest when Mg:Al was closest to 1:1.  

To study base site clustering, the fluorophore PBA was grafted to base sites on the 

ALD oxide surfaces, and fluorescence emission was measured using 300 nm light excitation 

(Figure 6).48-50 Peaks from 350 to 410 nm indicate monomers of pyrene, while the broad peak 

around 460 nm indicates dimer excimers which form when two or more pyrene molecules are 

at an intermolecular distance of 0.3 ≤ z ≤ 1.0 nm.51 Pyrene monomers form at isolated base 

sites while the dimers form at neighboring base sites. 
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Figure 4.6. Fluorescence emission spectra of pyrenebutyric acid grafted to ALD samples i. 1:0, ii. 2:1, iii. 1:1, 

iv. 1:2, V. 0:1. Peak heights are normalized. 

Red-shifting of the excimer peak indicates a higher degree of pyrene interaction.51 It 

was observed that lower Mg/Al led to more pyrene interaction, as excimer peak positions 

increase monotonically going to higher aluminum content, with 1:0 occurring at 462 nm, 2:1 

at 464 nm, 1:1 at 466 nm, 1:2 at 467 nm and 0:1 at 470 nm. (±1.25 nm). This shift is likely 
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due to the decreasing pore diameter with higher aluminum content rather than base site 

clustering, as it is not correlated to pyrene monomer peak area, nor increasing base site 

density. A higher curvature of the pore walls would lead to increased interactions between 

PBA bound to the oxide surface. The monomer peaks in the region between 350-400 nm are 

smallest in the 1:1 spectrum. Increasing or decreasing Mg:Al from 1:1 corresponds with 

increases in the monomer peak area. The intensity of the monomer peak is in an inverse 

relation to the acid site density of the surface. Such a relationship would indicate that high 

acid site density leads to a clustering of base sites, while low acid site density leads to more 

well-spaced base sites, causing monomer formation.  This behavior suggests the possibility of 

a certain degree of spatial control over the active sites which should be explored further. 
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Figure 4.7. (A) The chemical pathway of the acetone self-condensation reaction. (B) Concentration of diacetone 

alcohol in mmol per liter of acetone as a function of time. (C) Turnover frequency in the production of diacetone 

alcohol. 

Acetone self-condensation reactions were performed using powders calcined at 600 

°C immediately prior to reaction. Reactions were performed in glass reactors at 60 °C in pure 

acetone. The rate of diacetone alcohol (DAA) production was highest for the 1:0 sample, and 

more DAA was produced with more Mg in the ALD coating (Figure 7B). Additionally, 

turnover frequency (TOF) of acetone to DAA (Figure 7C) showed that individually, all base 
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sites behave similarly in all mixed Mg-Al samples, which agrees with other reports on solid 

base catalyzed aldol condensation.52 Overall there is a trend of slightly increasing activity 

with higher Mg content. As the number of base sites determines the DAA production, it can 

be concluded that the aldol condensation reaction here shows no dependence on measured 

acid site density or base site proximity, consistent with the base catalyzed aldol condensation 

mechanism which only requires a single base site and does not require cooperativity between 

multiple base sites. Areas of future work include reactions that require two reaction 

intermediates on separate base sites to probe base site cooperativity, or reactions that require 

neighboring acid and base sites, such as the dehydrogenation of ethanol to acetaldehyde.42 

4.3 Conclusion 

γ-Al2O3 was coated using ALD Mg-Al mixed oxides with varied pulse sequences 

resulting in control of the Mg and Al concentrations in the coatings. Cubic MgO phase was 

present only in the sample coated using exclusively Cp2Mg and H2O as precursors.  Upon 

calcination, MgO crystallites were about 10.9 nm, which is larger than the mean pore 

diameter (6.2 nm). This size is likely due to crystallite formation in larger than the average 

pores, or crystallites continuous in the direction of the pore length. Base site density was 

generally higher for higher Mg content, while acid site density was highest when the coatings 

were performed in a 1:1 Mg to Al pulse ratio. This high acid site density in the 1:1 sample 

was correlated with higher base site clustering and lower Al2p XPS binding energy. All 

samples had similar acetone self-condensation reaction rates when normalized by the number 

of base sites, demonstrating that the reaction is independent of base site clustering or base to 

acid site ratio. This study provides a platform for future studies on reactions requiring fine 

control over acid and base site. 
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5 Enhanced Activity and Stability of TiO2-coated Cobalt/Carbon 

Catalysts for Electrochemical Water Oxidation 

Production of hydrogen is an important area of study for power storage and many 

industrial processes. Cobalt nanoparticles on activated carbon supports (Co/C) were 

overcoated with TiO2 deposited by atomic layer deposition (ALD), and studied in the 

electrochemical oxidation of water. The Co/C catalyst with a TiO2 overcoating of 

(ALD(TiO2)-Co/C) demonstrated 2.5 times higher turnover frequency (TOF) than the Co/C 

electrocatalyst. The TOF of ALD(TiO2)-Co/C increased with increasing ALD coating cycle 

number from 5 to 60. In addition, the stability of the 60 cycle ALD(TiO2)-Co/C catalyst was 

enhanced compared to the Co/C catalyst. This work shows how ALD can be used to improve 

the electrocatalytic water oxidation activity and electrochemical stability of non-precious-

metal based catalysts like Co/C. 

5.1 Introduction 

Water electrolysis (2H2O → 2H2 + O2) is an important industrial reaction for the 

production of hydrogen and oxygen.1-3 The hydrogen produced can be used for powering fuel 

cells,4-6 for removing oxygen from biomass,7-10 or for hydrotreating in the petrochemical 

industry.11 Water oxidation for oxygen evolution at the anode (4OH- → O2 + 2H2O + 4e- at 

high pH) has been recognized as more critical in water electrolysis than the hydrogen 

evolution reaction at the cathode (4H2O + 4e- → 2H2 + 4OH- at high pH) because it requires 

a higher overpotential.1, 2, 12 Pt has been commonly used as an electrocatalyst of its high 

activity and stability,1, 2 however it is expensive and has limited earth abundance. Metal 

oxides have been studied as abundant and cheap replacements for Pt. RuO2 and IrO2 have 

been reported as active electrocatalysts for water oxidation in acidic conditions,13, 14 although 

these metal oxides are still rare and expensive. Researchers have investigated non-precious 
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metal and metal oxide catalysts using metals such as cobalt or nickel, which reduce the 

necessary overpotential and increase water oxidation activity in alkaline conditions.15-31 Still, 

non-precious metal catalysts require substantial progress to enhance their activities and 

stabilities. 

Previous studies have shown that ALD metal oxide (e.g, Al2O3 or TiO2) overcoatings 

can inhibit leaching of non-precious metal nanoparticles such as Cu or Co.32, 33 It has also 

been reported that an ALD overcoat of metal oxides can stabilize semiconductor 

photoelectrodes and increase performance in photoelectrochemical applications.34-38 

In this study, a thin TiO2-ALD coating is demonstrated to increase catalytic activity and 

stability of carbon-supported cobalt catalysts (Co/C) for electrochemical water oxidation. We 

first prepared the Co/C catalyst by incipient wetness impregnation, then ALD coated the 

Co/C catalyst with TiO2 (ALD(TiO2)-Co/C). The coated catalysts were then activated by a 

treatment that involved high temperature calcination in air and then reduction under 

hydrogen. The activity of the ALD(TiO2)-Co/C electrocatalyst in the water oxidation reaction 

increases with increasing TiO2 coating thickness, and at its best shows 2.5 times higher 

activity than the Co/C catalyst. The stability of the ALD(TiO2)-Co/C catalyst is enhanced, 

losing only ~25% of its activity after 8 hours, compared to the Co/C catalyst, which lost 

~50% of its activity after 8 hours. 
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5.2 Discussion 

 

Figure 5.1. High-resolution TEM images of the ALD(TiO2)-Co/C catalytic system. Catalysts with a thickness of 

5 cycles showing (a) oxide decorating a Co nanoparticle and (b) interplanar distance measurement of TiO2. 

Catalysts with a coating thickness of (c) 30 cycles and (d) 60 cycles. 

Figures 5.1a-d exhibit representative high-resolution transmission electron microscope 

(HR-TEM) images for structural analysis of ALD(TiO2)-Co/C catalysts. Mean Co particle 

sizes were calculated from observation of over 120 particles in the TEM images, and are 

shown in Table 5.1. The prepared Co/C and ALD(TiO2)-Co/C catalysts have Co particles of 

20±7 nm in size that are distributed on the carbon support. Both the X-ray diffraction (XRD) 

pattern and the interplanar spacing measurement in Figure 5.1b indicate that anatase is the 

predominant TiO2 phase. XRD also detected hexagonal close-packed as the predominant Co 
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phase in the as-prepared Co/C.39, 40 Figure 1a also shows that the synthesized catalyst has a 

surface oxide layer with 2-3 nanometer thickness on Co metal. During the ALD process, the 

TiO2 forms a thin film over the cobalt oxide on the exterior of the cobalt particle. After 

calcination and reduction, the TiO2 forms pores leaving the Co exposed. In the TiO2-coated 

Co/C catalyst, the thin TiO2 film is thought to decorate the under-coordinated cobalt sites 

located at defects, corners, and edges which thereby stabilizes the cobalt.36 The decoration of 

the Co with TiO2 is shown in Figure 5.1b showing TiO2 deposition on both the carbon and 

the Co particles. 

The ALD(TiO2)-Co/C catalysts were studied for electrocatalytic water oxidation in a 

three electrode electrochemical cell at room temperature in an aqueous 1M KOH solution. 

The electrocatalytic results were summarized in Table 5.1. The electrocatalytic performances 

of all catalysts examined in this study were evaluated in terms of the following five aspects: 

(1) overpotential (η) = applied potential - thermodynamic potential (Eo = -1.23 V), (2) current 

divided by geometric electrode area (igeo, glassy carbon: 0.07 cm2), (3) current divided by 

entire surface area of the catalyst that was deposited on the glassy carbon electrode (isupport) (4) 

current divided by Co metal loading (imass), and (5) current divided by the number of surface 

Co atoms (turnover frequency, or TOF)determined by the particle sizes measured by TEM. It 

is noteworthy that the amount of catalyst loaded on the glassy carbon working electrode 

(area: ca. 0.07 cm2) was 0.916 mg/cm2 for all the catalysts tested, although the Co loading on 

the electrode decreased with the increasing ALD cycles because of titania mass gain (Table 

5.1). 
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Table 5.1. Electrocatalytic activity data for water oxidation at room temperature and in an aqueous 1 M KOH solution. 

Catalyst System 

Cobalt Loading 

(Ti/Co mol ratio) 

[mg/cm2] 

Size[a] 

[nm] 

η[b] @ 

igeo=10 mA/cm2 

[mV] 

igeo
[c]  @ 

η=0.40, 0.38V 

[mA/cm2] 

isupport
[d] @ 

η=0.40, 0.38V 

[μA/cm2] 

imass
[e] @ 

η=0.40, 0.38V 

[A/g] 

TOF[f] @ 

η=0.40, 0.38V 

[s-1] 

Co/C 
0.183 

( 0 ) 
19.1±6.9 425 

7.1 (0.40 V) 

5.3 (0.38 V) 

1.19 (0.40 V) 

0.89 (0.38 V) 

38.8 (0.40 V) 

28.9 (0.38 V) 

0.090 (0.40 V) 

0.065 (0.38 V) 

05ALD(TiO2)-Co/C 
0.144 

( 0.33 ) 
20.4±5.3 411 

8.6 (0.40 V) 

6.4 (0.38 V) 

1.84 (0.40 V) 

1.37 (0.38 V) 

59.9 (0.40 V) 

44.6 (0.38 V) 

0.154 (0.40 V) 

0.114 (0.38 V) 

30ALD(TiO2)-Co/C 
0.120 

( 0.65 ) 
21.0±7.9 402 

9.5 (0.40 V) 

6.3 (0.38 V) 

2.44 (0.40 V) 

1.62 (0.38 V) 

79.4 (0.40 V) 

52.7 (0.38 V) 

0.209 (0.40 V) 

0.139 (0.38 V) 

60ALD(TiO2)-Co/C 
0.112 

( 0.79 ) 
20.3±7.7 398 

10.1 (0.40 V) 

6.8 (0.38 V) 

2.79 (0.40 V) 

1.89 (0.38 V) 

90.2 (0.40 V) 

61.1 (0.38 V) 

0.230 (0.40 V) 

0.156 (0.38 V) 

[a] Mean particle size calculated from observation of 120 particles in the TEM images; [b] η (overpotential) = applied potential - thermodynamic potential; 

[c] igeo = current divided by geometric electrode area (glassy carbon: 0.07 cm2); [d] isupport = current divided by surface area of the carbon support that was 

deposited on the glassy carbon electrode; [e] imass = current divided by Co metal loading (g) on the glassy carbon electrode; [f] TOF = turnover frequency 

for oxygen evolution assuming that every Co surface atom is catalytically active and Faradaic efficiency is 100%, which indicates the rate of electron 

delivery per surface cobalt atom per second.  

8
8
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Figure 5.2. Electrocatalytic water oxidation activity of Co/C and ALD(TiO2)-Co/C catalysts. (a) LSV curves of 

Co/C, 30 cycle ALD(TiO2)/C and 30 cycle ALD(TiO2)-Co/C. (b) Comparisons of η at igeo = 10 mA/cm2 and igeo at η 

= 0.4 V for Co/C, 30 cycle ALD(TiO2)/C and 30 cycle ALD(TiO2)-Co/C. 

In Figures 5.2 and 5.3, the catalytic activity of the Co/C and ALD(TiO2)-Co/C catalysts 

were examined by linear sweep voltammetry (LSV). The scan potential was from 0 to 0.9 V (vs. 

Hg/HgO) at a scan rate of 5 mV s-1. In Figure 2, 30 cycle ALD(TiO2)/C had very low activity in 

terms of igeo at η = 0.4 V and η at igeo = 10 mA/cm2 compared to the Co/C catalyst. This could be 

expected from previous literature demonstrating that TiO2 binds O and OH weakly, a 

characteristic that is associated with low water oxidation activity.13 The 30 cycle 

ALD(TiO2)Co/C catalyst demonstrated higher igeo at η = 0.4 V (also 2 times higher imass) and 

lower η at igeo = 10 mA/cm2 than the Co/C catalyst for the reaction. This result suggests that 

interactions between Co and TiO2 in the TiO2 coated Co/C catalyst leads to improved catalytic 

activity. In Figure 5.3 and Table 5.1, the catalytic performances of ALD(TiO2)-Co/C catalysts 

increased with increasing ALD-TiO2 coating cycle number from 5 to 60. The η at igeo = 10 

mA/cm2 for all ALD(TiO2)-Co/C catalysts were lower than for the Co/C catalyst. As shown in 

Figure 3a, the igeo of the ALD(TiO2)-Co/C catalysts for electrocatalytic water oxidation 
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decreased in the following order: 60 cycle ALD(TiO2)-Co/C > 30 cycle ALD(TiO2)-Co/C > 5 

cycle ALD(TiO2)-Co/C. Figure 5.3b shows changes of Ti/Co molar ratio and TOF according to 

ALD coating cycle. As shown in Figure 5.3b, the TOFs of ALD(TiO2)-Co/C catalysts increased 

with increasing Ti/Co molar ratio (and with increasing ALD coating cycles). Figures 5.3c shows 

Tafel plots of Co/C and ALD(TiO2)-Co/C catalysts, which indicate the electron efficiency in 

water electrolysis. Figure 3d  

 

 

Figure 5.3. Effect of ALD coating cycle number on ALD(TiO2)-Co/C for electrocatalytic water oxidation. (a) LSV 

curves of ALD(TiO2)-Co/C with different ALD coating cycle number. (b) Changes of Ti/Co molar ratio and TOF 
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according to ALD coating cycle number. (c) Tafel plots of Co/C and ALD(TiO2)-Co/C catalysts. (d) Change of 

Tafel slopes with Ti/Co molar ratio. The dashed line indicates a Tafel slope of 122 mV/dec for aged Co electrode 

(surface oxidized Co by an electrochemical treatment) and are shown for reference. 

shows the change of Tafel slopes with Ti/Co molar ratio. For the uncoated Co/C catalyst, a Tafel 

slope of 169 mV/dec was calculated which agrees with the values calculated from the previous 

experiments with cobalt electrodes.41, 42 The Tafel slopes for ALD(TiO2)-Co/C catalysts 

decreased with increasing Ti/Co ratios. The Tafel slope at the highest Ti/Co ratio was similar to 

the reported Tafel slope (122 mV/dec) for an aged Co electrode that was surface-oxidized by an 

electrochemical treatment.42 The 60 cycle ALD(TiO2)-Co/C had the lowest Tafel slope and 

largest igeo, isupport, imass, and TOF among the tested catalysts. 

 

Figure 5.4. Stability tests of Co/C and 60 cycle ALD(TiO2)-Co/C for electrocatalytic water oxidation at η=0.4 V for 

8 hours. (a) chronoamperometry measurements (igeo vs. reaction time) and (b) chronoamperometric responses (% of 

initial current vs. reaction time) using rotating disk electrode  at a rotation speed of 1600 rpm. 

To investigate electrocatalyst stability during water oxidation, chronoamperometry 

measurements were performed using a rotating disk electrode (rotation speed: 1600 rpm) on the 
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Co/C and the 60 cycle ALD(TiO2)-Co/C catalysts at η = 0.4 V for 8 hours. In Figure 5.4a, the 

steady-state igeo of 60 cycle ALD(TiO2)-Co/C was found to be stable compared to that of the 

Co/C. Figure 4b show both currents normalized to their initial value and confirms that the 

stability of 60 cycle ALD(TiO2)-Co/C was improved (only ~25% activity loss after 8 hours) 

compared to the Co/C catalyst (~50% activity loss after 8 hours). Additional TEM analysis was 

conducted to understand why ALD(TiO2)-Co/C had a higher stability than to the uncoated Co/C. 

After the electrochemical stability test, the cobalt particle size of the Co/C increased from 19.1 ± 

6.9 nm to 34.5 ± 13.1 nm. However, the cobalt particle size of the used 60ALD(TiO2)-Co/C 

(22.1 ± 8.5 nm) did not statistically change from fresh 60ALD(TiO2)-Co/C (20.3 ± 7.7 nm). In 

addition, the cobalt loadings of Co/C and 60ALD(TiO2)-Co/C after the electrochemical stability 

test did not change compared to those of the fresh Co/C and 60ALD(TiO2)-Co/C. It has been 

also reported that the Co nanoparticle catalysts are stable towards dissolution during electrolysis 

in alkaline solution.17 This result suggests that the stability enhancement by ALD coating is due 

to preventing the catalyst from sintering rather than the catalyst leaching during the 

electrochemical water oxidation. It has been observed that sintering or leaching of metal 

nanoparticles begins at under-coordinated metal atoms located at defect, corner, and edge sites.32, 

43 Recently, we have reported that the thin TiO2 overcoating probably decorates these under-

coordinated cobalt sites located at defects, corners, and edges which thereby prevents the 

sintering or leaching of cobalt.33 
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Figure 5.5. XPS analysis of the prepared ALD(TiO2)-Co/C catalysts. X-ray photoelectron spectra of (a) Co(2p) and 

(b) Ti(2p) for the ALD(TiO2)-Co/C catalysts. 

XPS analysis was conducted to elucidate the surface species present on the Co/C and 

ALD(TiO2)-Co/C catalysts. Figure 5.5 shows high resolution XPS spectra of the Co 2p and Ti 2p 

regions. In the as-made Co/C catalyst, the Co 2p3/2 peak has a binding energy (BE) of 780.7 eV 

which is attributed to Co(OH)2 species.44, 45 The BE of the Co 2p3/2 peak in the ALD(TiO2)-Co/C 

catalysts is 781.3 eV, higher than that of the Co 2p3/2 peak indicating Co(OH)2, and is similar to 

that observed in 5% Co doped in TiO2 (781.5 eV).46 The Co peak at 781.3 eV in the ALD(TiO2)-
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Co/C catalysts has also been attributed to Co2+ in the Co-O-Ti phase.47 This peak at 781.3 eV has 

a BE lower than that of Co2+ in a CoO phase.47 This can be explained by the weakening of the 

Co-O bond because of the formation of Co-O-Ti configuration.47 Additionally, the Co 2p3/2 

region has two components, a primary peak denoted as Co α and a satellite peak denoted as Co β. 

The α/β peak area ratio of has been reported to decrease with increasing Co loading on TiO2 

caused by interaction between Co and TiO2.
46 This ratio decreased as the TiO2 loading increased 

for the ALD(TiO2)-Co/C catalysts. It has been reported that the rate-limiting step in water 

oxidation is the reaction of an adsorbed OH- anion with an adsorbed O atom to form OOH 

species.13, 18, 20, 48 The catalytic water oxidation activity can be increased by modifying the BE of 

O or OH species on the surface.13, 48-50 The formation of Co-O-Ti configuration mediated by the 

interaction between Co and TiO2 may change the surface BE of O or OH species on the catalyst, 

thereby facilitating the formation of O-OH, which could enhance the activity of water oxidation.  

The Co BE of the TiO2 overcoated Co/C catalysts shifts to higher BE as after ALD 

overcoating, reflecting enhanced oxidation of the surface Co oxide by TiO2.
45 The large observed 

peak widths of Co β with increasing TiO2 coating suggests that other species, such as Co(III) or 

Co(IV), may be present on the catalysts samples. Co3O4 is more active than CoO for the oxygen 

evolution reaction.17 It is also known that the activity of cobalt catalysts for water oxidation 

could be enhanced by increasing the population of Co4+ species present in the oxide.17, 18, 41, 51-53 

It has been postulated that the Co4+ species improve the electrophilicity of the adsorbed O, which 

is likely to promote the formation of O-OH via nucleophilic attack by an OH- anion with an O 

atom associated with Co4+ species.18, 53 The enhancement in catalytic water oxidation activity on 

TiO2 overcoated Co/C catalysts may be related to the role of TiO2 in facilitating the oxidation of 

surface Co oxide. From these XPS results and the observation of kinetic parameters, we 
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hypothesize that the TiO2 overcoating on a Co/C catalyst changes the nature of the active sites, 

thereby promoting the formation of O-OH (known as the rate-limiting step for the reaction) more 

effectively, which would improve the water oxidation activity. In Figure 5b, the BE (458.9 eV) 

of Ti 2p3/2 peak in the ALD(TiO2)-Co/C catalysts is attributed to TiO2.
47, 54 Only in the 60 cycle 

ALD(TiO2)-Co/C catalyst, the Ti 2p3/2 peak has two components of Ti α and Ti β. There is little 

record of a Ti β peak at this high binding energy (460.5 eV) in the literature. It has been 

attributed to band bending caused near the metal-TiO2 interface.55-57 

5.3 Conclusion 

TiO2-coated Co/C catalysts prepared by ALD were used to study the effects of the TiO2 

overcoating on Co/C catalysts for electrochemical water oxidation. The catalytic activity of the 

ALD(TiO2)-Co/C catalyst increased with increasing ALD-TiO2 coating cycle number from 5 to 

60 cycles. The 60 cycle ALD(TiO2)-Co/C catalyst showed 2.5 times higher TOF than the Co/C 

catalyst. The improvement in activity is attributed to formation of highly oxidized Co3+ or 

possibly Co4+.  In addition, the 60 cycle ALD(TiO2)-Co/C was found to be highly stable 

compared to Co/C. The stability improvement is attributed to the overcoating preventing 

sintering of Co nanoparticles. This work shows how the ALD technique can be used to enhance 

catalytic activity and stability of non-precious metal catalysts for electrochemical water 

oxidation. This study also paves the way for future catalyst design in electrochemical 

applications such as fuel cells and electrolyzers. 
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6 Electrochemical effects of annealing on atomic layer deposited 

Al2O3 coatings on LiNi0.5Mn0.3Co0.2O2 

This study investigated the annealing of ALD Al2O3-coated Li-ion battery cathodes to enhance 

the materials electrochemical properties by inducing chemical, electronic and morphological 

changes. LiNi0.5Mn0.3Co0.2O2 (NMC) cathode powders were coated with 5 ALD cycles at 100 

°C, annealed between 300 and 700 °C, cast into electrode sheets and assembled into coin cells. 

Cells were characterized using charge-discharge cycling, electrochemical impedance 

spectroscopy, pre-casting and postmortem X-ray photoelectron spectroscopy, charge endpoint 

slippage measurement, and an elevated temperature storage test. Cell performance and solid-

electrolyte interphase properties exhibit relationships with cathode surface properties, which are 

dependent on annealing temperature. Diffusion of Al into bulk NMC was observable at ≥500 °C, 

and increased with increasing temperature. High quantities of surface species that formed LiF 

were detected in cells annealed at 500 °C, and may be responsible for these cells exhibiting the 

best all-around performance. Un-annealed ALD-coated cathodes showed exceptional capacity 

retention at high charge-discharge rates. This study approaches post-deposition annealing 

temperature as a parameter that may be used to explore the electrochemical properties of ALD-

coated battery cathodes. 

6.1 Introduction  

Li-ion batteries play an important role in modern society, with applications in portable 

electronics, power tools, and electrified vehicles.1 The broad goals of energy storage 

technologies, including batteries, are to improve power density, energy density and lifetime. To 

achieve these goals, much battery research focuses on developing next generation technologies 

such as Li-air, and also on the further development of commercially used electrodes, such as the 
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LiNixMnyCo1-x-yO2 cathode.2, 3 This study is targeted towards the enhancement of the coin cell 

performance characteristics of LiNi0.5Mn0.3Co0.2O2 (NMC), which serve as an experimental 

study applicable to other battery configurations. 

The parasitic reactions that occur within a cell during operation are some of the major 

causes attributed to the loss of charge capacity.4 These parasitic reactions act to remove Li+ from 

the redox cycle, increase cell impedance, and degrade the electrode crystals that act as a host 

matrix for Li+ ions.4 Increased cell impedance is caused by a solid electrolyte interphase (SEI) 

that forms at the electrode surface via the continuous decomposition of the electrolyte during 

cycling. The SEI impedes Li-ions from entering the electrode, resulting in reduced cell energy 

density. 

ALD coating of cell components has demonstrated utility in improving battery 

performance to a significant degree.5-7 Coatings materials are typically composed of Al2O3, 

ZrO2, or other oxides, and the improved battery performance they yield is attributed to their 

mechanical stability and the ability to block electron transfer to prevent electrolyte 

decomposition.5-7  

Studies into ALD-coated Li-ion battery materials have largely focused on “as-deposited” 

coatings and not on annealed coatings. Limited studies touching on the effects of post-deposition 

annealing exist, and have described the approach as cathode surface doping.8 Post-deposition 

annealing has been more thoroughly studied in applications such as catalysis9, 10 and 

semiconductors.11, 12 Annealing allows for the activation of new film properties by inducing 

chemical, morphological and electronic changes. This present study systematically investigated 
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the effects of post-deposition annealing of ALD-coated NMC on the electrochemical 

performance of Li-ion batteries. 

6.2 Results 

Coated and annealed NMC powders were examined by XPS with the results collected in 

Figure 6.1. Annealing temperature shows a negative correlation with both Al 2p peak area and 

peak position (Al 2s peaks exhibited identical trends and are not shown). Figure 6.1a shows the 

XPS spectra of the Al 2p region, with both peak shifts and intensity changes apparent. Figure 

6.1b shows the Al 2p peak position versus temperature, exhibiting a negative linear relationship. 

Al 2p peak positions shifted to lower binding energies, away from the tabulated values for Al in 

sapphire,13 and towards the tabulated values reported for Al metal.13 At higher temperatures, the 

Al bonding changes from more ionic in nature to more a covalent, metallic system, such as one 

with a smaller band gap than sapphire. NMC is a semiconductor so stronger interaction of Al 

with the layered NMC structure would account for the binding energy shift observed. Figure 6.1c 

shows the Al/Co ratios, where Al 2p peak areas are divided by the areas of the Co 2p peaks for 

the purpose of internal referencing. The Al/Co value represents the overall amount of Al at and 

just below the NMC surface. Unlike peak position, Al/Co does not have a linear relationship to 

temperature (Fig 6.1c). The 100-500 °C range shows a modest correlation between annealing 

temperature and Al/Co. A more pronounced slope is seen from 500-700 °C, where Al/Co falls 

far below that of the lower temperature anneals. This type of rapid decrease in Al content 

measured by XPS is due to the diffusion of Al atoms into the NMC bulk. When atoms diffuse 

beyond the sampling volume of XPS, they are not detected. XPS sampling volume reaches to a 

depth similar to that of typical photoelectron escape depths, or <10 nm.  Onset of observable 
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Figure 6.10. XPS of coated, annealed NMC. a) Al 2p region spectra, b) Al 2p peak position versus temperature, c) 

Al/Co ratio represents the quantity of Al at the surface of NMC. In panels b) and c) squares show the first batch of 

coated NMC powders while triangles show the second batch.  

diffusion is at ~500 °C, and the extent of diffusion increases with increasing temperature (Fig 

6.1c). Upon diffusion, Al atoms will form interstitial ions or substitute for metal atoms in the 

NMC lattice, both processes support the shift in peak position observed in Figure 6.1b. 
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Figure 6.2. a-d) C/5 rate discharge capacity profiles of experimental cells plotted with the As-Rec control sample 

for comparison. e) C/5 EIS results, and f) R3 versus the 2nd order coefficient, R3 represents the large semicircle in 

the EIS data, which corresponds the resistance of the SEI layer. 

Coin cells were cycled 100 times at a C/5 rate. The results of cycling are shown in Figure 

6.2, with each of the experimental samples displayed against the As-Rec control sample. In this 

test, the As-Dep started with an initial discharge capacity ~5 mAh/g lower than the control (Fig 

6.2a). This loss of initial capacity is attributed to lower Li+ ion diffusivity, or sequestration of Li+ 

in the Al2O3 film as ALD coatings formed at low temperature have high proton concentration, 

perhaps acting as an exchange ion.14 Performance of all cells was similar, though Ann-300 and 

Ann-700 retained 93.6±0.3% and 93.4±0.1%, respectively, of initial discharge capacity over 100 

cycles. These two values were the highest of samples tested.  
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After 100 cycles at C/5 rate, cells were examined using EIS (Figure 6.2e). The resistance 

corresponding to R1 is the electrolyte resistance. R2 is the real impedance assigned to the 

interface between coating and cathode and is too small to be easily seen at the figures scale. R3 

is attributed to the SEI layer, with a larger R3 implying a thicker SEI layer.  

In addition to the comparison of the discharge capacity retention, discharge profile 

curvatures were analyzed to show the dynamic nature of surface reactions occurring within the 

cell during operation. The discharge profile curvature was defined as the second order coefficient 

to a parabolic line fit to the profiles shown in Figure 6.2a-d. Figure 6.2f shows curvature plotted 

against R3, with a negative linear trend observed. Negative curvature (concavity), as seen in As-

Rec, indicates that discharge capacity fade increases at an accelerating rate during cycling.  A 

thicker SEI (larger R3) would result from parasitic reactions that accelerate as cycling continues. 

The positive curvature (convexity) seen in the measurement of As-Dep, Ann-500 and Ann-300, 

corresponds with smaller R3. Convexity implies a decelerating charge capacity fade, so that the 

NMC capacity becomes more stabilized the longer cycling continues. Reduced parasitic 

reactions would result in a thinner SEI layer, and convexity would yield smaller R3.  
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Figure 6.3. Discharge profile at C/5 rate with end-to-end line fit subtraction. Convex curvature means that the rate 

of loss in charge capacity per cycle is decreasing while concave curvature means it is increasing.  

Figure 6.3 shows the discharge profiles of C/5 samples normalized to show the 

convex/concave nature of the profiles in greater detail. This normalization consisted of 

subtracting a line fit to the two end points of the discharge capacity profile. While the parabolic 

fit used above in Fig 6.2f reflects the curvature of the profiles in very general terms, the end-to-

end line fit subtraction in Figure 6.3 shows the more detailed structure of the profile with 

multiple peaks and valleys. A detailed analysis of the peak structure could yield more 

information about surface reaction dynamics during cycling, though that analysis is beyond the 

scope of the current study.  

Figures 6.4a-d show the discharge profiles of half cells cycled at a rate of 5C with a 2 

hour potentiostatic hold at 4.3 V after every charge. Overall, As-Dep showed the smallest loss in 

discharge capacity, falling to 60.7±1.1% after 100 cycles. Some improvement over As-Rec was 

seen with Ann-500 and Ann-700. Ann-300 performed the worst, being nearly identical to As-
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Rec, and falling to 49.8±9.3% of its initial discharge capacity. Ann-300 also demonstrated the 

largest error bars, and thus was the least reproducible. 

 

Figure 6.4. a-d) 5C rate discharge capacity profiles of experimental cells plotted with the As-Rec control sample for 

comparison. e) 5C EIS and f) Real impedance of R3 and R4, the two large semicircles representing the interface of 

the film and the resistance of the coatings, respectively. f) R3 and R4 versus the 2nd order coefficient to a 2nd order 

polynomial fit of the discharge profiles. 

Nyquist plots in Figure 6.4e show post mortem EIS measurements performed after 100 

cycles at 5C, with impedance components named R1-R4 moving from left to right. R1 is the 

electrolyte solution impedance. R2 is the real impedance attributed to the interface and belongs 

to a semicircle too small to be seen at the current scale. R3 is attributed to the ALD coating, and 
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R4 is attributed to the SEI layer (both also semicircles).15, 16 Interestingly, Ann-300 had the 

smallest R4 impedance, despite being the worst performing sample with the highest capacity 

loss. Similarly, the well performing As-Dep had the largest R4 impedance. It is worth noting that 

R3 appears bimodal, as Ann-300 and Ann-700 have R3 = ~20 Ohms, while the other samples are 

~30 Ohms.  

In comparison of Figures 6.2e and 6.4e, it is observable that three semicircles are present 

in the EIS of 5C cells while only two are seen in the EIS of C/5 cells. The additional semicircles 

reflect differing electrochemically induced changes in the cells due to use of high and low rate 

cycling protocols. 

Second order coefficients are plotted against the real impedances R3 and R4 in Figure 4f 

to reflect the relationship between curvature and SEI formation. No clear relationship between 

curvature and R3 is observed. R4 impedance and discharge profile curvature have a positive 

linear relationship, indicating that continuous generation of SEI layer during 5C cycling is 

generally desirable to prolong cycle lifetime. This correlation between curvature and SEI 

impedance is directly opposite to that seen in the C/5 cells shown in Fig. 6.2f, and suggests 

fundamental differences in cycle performance at high and low rates.  

Table 6.1. Initial discharge capacity and discharge capacity retention after 100 cycles at 5C and C/5 rates. 

 C/5 initial 

capacity 

(mAh/g) 

C/5 Capacity 

Retention 

(%) 

5C initial 

capacity 

(mAh/g) 

5C Capacity 

Retention 

(%) 

As-Rec 176 91.3±0.2 144 49.3±2.6 

As-Dep 169 92.1±0.2 140 60.7±1.1 

Ann-300 174 93.6±0.3 141 49.8±9.3 

Ann-500 176 92.6±0.3 143 54.5±4.4 

Ann-700 174 93.4±0.1 139 55.7±2.5 
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Table 6.1 shows initial discharge capacity and discharge capacity retention after 100 

cycles of all samples at both 5C and C/5 rates. Ann-500 has the smallest reduction in starting 

capacity at C/5 rate, and As-Dep had a notably large reduction in C/5 initial capacity. In C/5 rate 

cycling percentage capacity retention did not deviate significantly (<0.3%) across any samples. 

The As-Dep sample had significantly higher 5C capacity retention than other samples. All ALD-

coated samples outperformed the As-Rec controls at both C/5 and 5C rates, though suffered 

some loss in initial discharge capacity.  

 

Figure 6.5. Example plot of charge endpoint slippage (ΔC) analysis of the first two cycles for As-Rec. 
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Before all cycling, cells were conditioned by performing two charge-discharge cycles at 

C/10. These C/10 cycles were used to measure charge endpoint slippage during initial charging 

and discharging. An example of an endpoint slippage plot is shown in Figure 6.5a. The 

difference between the charge endpoints of the first and second charge, denoted as ΔC, is the 

slippage. Slippage towards the right is generally attributed to parasitic side reactions.17 Values 

for ΔC are shown in Fig 6.5b for each of the individual cells studied. Most samples tested had a 

similar ΔC of about 1-2 mAh/g, however Ann-500 showed a noticeably higher average value at 

~3 mAh/g in the first batch of cells, and ~4 in a second, repeat batch. This high slippage was 

accompanied by much higher noise. In addition to a repeat of Ann-500, the second batch 

included Ann-433 and Ann-566, which also showed higher slippage and a higher level of noise. 

The ranges of values produced from Ann-433, Ann-500, and Ann-566 are much broader than As-

Rec, As-Dep, Ann-300 and Ann-700, indicating inhomogeneity in the ALD coating 

characteristics that result in slippage. This result highlights the unique electrochemical properties 

of ALD films annealed in this narrow temperature range. Notably, this phenomenon occurs very 

close to the onset temperature of Al diffusion into the NMC bulk as seen in Figure 6.1c. 
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Figure 6.6. Elevated temperature storage experiment. (a) An example of the voltage versus time plot during a 500 

hour open circuit hold at 40 °C (showing As-Dep), with the D0, D1 and D2 discharges before and after the hold. 

Elevated temperature storage tests were performed at 40 °C using full cells fabricated 

from graphite anodes instead of lithium (Figure 6.6). An initial charge-discharge cycle (D0) was 

performed before the cells were charged to 4.2 V and held for 500 hours under open circuit 

conditions. After storage, the cells were discharged (D1), charged, and discharged one final time 

(D2). The difference between discharge capacities D1 and D2 gives the reversible capacity loss, 

while the difference between D2 and D0 gives the irreversible capacity loss.17 Reversible loss is 
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defined as reversible charge transfer reactions that involve spontaneous discharge of charge 

carriers such as Li+. Irreversible loss is categorized as the loss of active Li+ into an 

electrochemically inactive form such as LiF, or as the dissolution of the electrode host matrix 

into solution.18  

The voltage drop (Fig. 6.6b) observed during the experiment shows some dependence on 

annealing temperature in the ALD-coated samples, exhibiting a greater voltage drop with higher 

temperature annealing. As-Rec, As-Dep, and Ann-300 are the most effective at protecting the 

cathode surface and preventing spontaneous transfer of charges to or from electrode to solution, 

and Ann-700 is the least effective, facilitating self-discharge.  

Figure 6c shows the reversible loss (D1 - D2) of samples. All samples show the same 

reversible loss within statistical variation, except Ann-700, which has a higher reversible loss. In 

addition to the highest reversible capacity loss, Ann-700 has the highest voltage drop. The 

positive correlation between voltage drop and reversible capacity loss is supported by existing 

literature.18 Irreversible loss was also calculated though it does not show any trend, a result also 

consistent with the literature.18  

After cycling tests, cells were disassembled and their cathode s were analyzed using XPS. 

Results from postmortem XPS chemical analyses are shown in Figure 6.7. Spectra were acquired 

before and after Ar+ sputtering to analyze the SEI composition at the surface and within the SEI 

layer. Spectra of the O 1s, F 1s, P 2p and C 1s regions were acquired. Most spectral regions were 

easily deconvoluted into 2-3 component peaks, though the C 1s region did not lend itself to facile 

quantification,19, 20 and detailed analysis of this region was not performed. The O 2s region in 

Figure 6.7a-b was deconvoluted to yield an oxide peak (529.6 eV), a Li2CO3 peak (532.0 eV) 
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and a carbonate, or RCO3 peak (533.8 eV). The oxide peak was excluded from analysis, as the 

intention of this analysis was to examine SEI composition. The F 1s region in Figure 6.7c-d was 

divided into a peak associated with LiF (684.7eV) and a peak containing overlapping PvdF and 

LiPFx signals (687.0 eV). Finally, the P 2p region was divided into a LiPFxOy (134.1 eV) peak 

and a LiPFx (137.2 eV) peak associated with the parent LiPF6 molecule.  

Comparison of chemical species before and after sputtering in the O 1s spectra (Fig 6.7a-

b) show that the Li2CO3 content is generally higher at the surface of the SEI during C/5 cycling, 

while the Li2CO3 content is generally lower at the surface of the SEI in 5C cycling. RCO3 

content is higher in the 5C samples, indicating a greater degree of carbonate solvent 

decomposition, as would result from accelerated parasitic reactions under more aggressive 

cycling conditions. Among the 5C samples, the As-Rec has the highest amount of RCO3, which 

indicates the highest degree of solvent decomposition. Figures 6.7c-d show the F 1s region. A 

notable observation here is an increase in LiF in Ann-500 at the surface of the SEI versus the 

interior composition. This observation holds for both 5C and C/5 rates. A higher content of LiF 

near the surface coincides with the onset of Al diffusion observed by XPS in pre-casting and pre-

cycled NMC (Figure 1c). This also coincides with the anomalous charge slippage observed in 

Figure 6.5. The P 2p spectra in Figure 6.7e-f show a general trend of higher LiPFxOy within the 

films as compared with at the surface, which most likely originates from decomposition and 

oxidation of LiPFx at the electrode-SEI interface.  
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Figure 6.7. Post Mortem XPS depth profile of cells cycled at 5C and C/5 rates. Results for cycling at C/5 and 5C 

rates are shown for each sample. Adjacent pairs of columns show the composition of the SEI before and after a 1440 

s sputter. Compositions were quantified using deconvolution of XPS peaks. 
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Powders that were ALD-coated and annealed at 500 °C showed the onset of diffusion of 

Al into the NMC bulk, the smallest reductions in starting cell capacity, increased parasitic 

reactions seen in charge endpoint slippage, and high quantities of LiF formed near the surface of 

the electrode within the SEI. These observations may be used to conclude the presence of a 

surface species formed as Al diffusion into bulk NMC become significant. The surface Al takes 

on unique chemical properties before diffusing into the bulk. This could be an intermediate 

species necessary for the transition from Al2O3 in the coating to Al in the NMC crystal. This 

species may be responsible for increased charge consumption measured during the initial cycles, 

the parasitic current resulting in formation of LiF. The unique Ann-500 surface leads to the best 

all-around electrochemical characteristics of all samples tested. It has the highest initial 

discharge capacity at high and low rates, has among the highest charge capacity retention at high 

and low rates, and does not suffer from accelerated self-discharge. 

As-Dep has the lowest charge capacity loss at 5C, although it also has the lowest initial 

capacity in C/5 cycling. At C/5, As-Dep suffers from loss of charge possibly due to higher film 

impedance or to Li+ sequestration within the ALD film due to ion exchange with protons 

remaining from initial ALD process.14 These protons would leave the film during annealing, so 

the capacity loss should not appear in annealed samples. As-Dep is the most effective “high-rate” 

coating and shows low self-discharge. 

The relationship between SEI impedance measured by EIS and the curvature of the 

discharge profile showed a negative linear relationship at C/5 and a positive linear relationship at 

C5. This contradiction is not trivial and highlights the complex relationship between SEI 

formation characteristics and charge-discharge rate. 
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6.3 Conclusions  

Extensive characterization was performed to investigate the annealing of Al2O3 ALD-

coated NMC powders. The un-annealed As-Dep samples which were ALD-coated at 100 °C 

show the lowest initial discharge capacity at C/5, but also show the best cycle performance at 5C. 

Samples annealed at 500 °C showed the best all-around performance with the highest initial 

capacity, among the best high and low rate discharge capacity retention tested, and no significant 

self-discharge. It was found that significant Al diffusion into the bulk NMC was apparent at and 

above an annealing temperature of ~500 °C.  Surface species formed at Al diffusion onset result 

in higher parasitic reactions during the initial two cycles. The parasitic reactions led to a higher 

LiF content at the cathode-SEI interface than that observed in ALD samples absent this surface 

species. A deeper investigation into the relationship between annealing parameters at 500 °C, 

LiF formation, and performance metrics is an interesting direction for future research. 

Understanding the nature of the diffusion process observed here will be crucial for future 

researchers in this field. An interesting implication of this induced diffusion is that it could be 

used to produce particles with a radial composition gradient of Al, a concept which has shown 

recent promise.21 Analysis of discharge profile curvature showed contradicting trends in the 

relationship between cycle performance and SEI layer impedance. Further exploration of this 

phenomenon would shed new scientific insight into the cycle rate dependence of reactions 

leading to charge capacity loss.  
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7 Conclusions and Future Recommendations 

Atomic layer deposition and post-deposition heat treatment of powder materials were 

used to engineer surfaces across a range of advanced material applications. Applications 

investigated were catalysis, electrocatalysis, and Li-ion batteries. In each case, the materials 

properties were studied in order to engineer functionality suited to the desired application. The 

effects of both deposition conditions and heat treatment on the materials were investigated; 

significant phenomena such as the generation of desired microstructure, surface chemistry and 

ionic diffusivity were discovered and characterized. The properties achieved by annealing are not 

accessible by ALD alone, it is the combination of coating and annealing that enabled these 

studies. Thermally induced interactions between the substrate and the coating or within the 

coating material itself were used to further tailor the properties of the coatings. This section 

contains a discussion of experimental results, suggestions for expanding on these studies, and 

outlines new powder ALD research directions built upon the over-arching lessons learned in the 

context of this cross-disciplinary study.  

7.1 Conclusions  

The mixing of ALD Mg-Al oxide film composition was performed by controlling the 

pulse ratios, spanning the range from pure MgO to pure Al2O3. It was found that the ALD-MgO 

was poly-crystalline with crystallites measured to be 2.8 nm by XRD using the Scherer equation. 

γ-Al2O3 coated by only MgO exhibited the smallest change in surface area, from 225 m2/g before 

ALD to 140 m2/g after, while the pure Al2O3 coating yielded a surface area of 15 m2/g after 

coating. The difference in surface area is a result of the difference in crystallinity in the coatings. 

The amorphous Al2O3 coating conformally fills all mesopores, eliminating pore volume and 

reducing the surface area. MgO deposits containing nanometer scale crystallites and these 
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crystallites grow within the mesopores of γ-Al2O3 to yield new surfaces within the internal 

volume of the particle. The mixing of Mg and Al pulses leads to lower surface area with lower 

Mg content. The mixed oxide samples do not exhibit any crystalline phases aside from the γ-

Al2O3 phase attributed to the supporting particles. Annealing of the coatings led to significant 

changes in the catalyst microstructure. Surface area of all samples increased upon 600 °C 

calcination in air. MgO crystallites increased in average diameter to 10.9 nm due to sintering of 

crystallites or further crystallization of amorphous MgO domains. The surface area of non-

crystalline mixed oxides and Al2O3 coatings increased due to a densification of films which led 

to increases in pore diameter. This densification did not result in changes in XRD spectra, and 

are assumed to have not led to formation of any new crystals apart from the possible generation 

of more γ-Al2O3. Instead, densification is attributed to a loss of interatomic void volume and loss 

of dangling bonds, such as dangling hydroxyls turning into water molecules and evaporating 

from the coatings. 

The compositions of the ALD coatings were correlated to the acid and base site densities 

on the surface (measured in μmol/m2). Base site density was linearly proportional to the Mg 

content, and acid site density was highest when the Mg and Al mixing was the highest. This 

demonstrates that base site generation was only dependent on the atomic fraction of Mg cations 

in the film, while interaction of the Mg and Al atoms led to the generation of acid sites. The 

presence of isolated base sites was inversely correlated to acid sites and thus to Al-Mg mixing.  It 

is possible that the clustering of base sites was driven by a higher surface density of acid sites. 

While base site surface density was dependent on Mg content in the film, the catalytic activity of 

base sites decreased slightly with more mixing of Mg with Al.  
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Water oxidation electrocatalysts composed of cobalt nanoparticles supported on activated 

carbon powders were enhanced by overcoating with TiO2-ALD films followed by heat treating 

under oxygen and then hydrogen. This procedure led to the formation of a microstructured 

coating on the Co particles in which the low index crystal planes were exposed while the edges 

and steps of the crystal were coated. This microstructure leads to stabilization of the particles 

while allowing for the cobalt-water interface necessary for the water oxidation reaction. 

Immediately following ALD, the coatings formed a continuous layer blocking the entire surface 

of the electrocatalytically active Co particles. Upon heat treatment under oxygen, pores in the 

coatings were generated. The subsequent reduction converted cobalt oxide to metallic cobalt and 

generated highly active catalytic sites formed at the interface of the Co and TiO2.  

XPS analysis of the catalysts showed that the amount of highly oxidized Co cations 

increased with increasing TiO2 deposition. XPS showed that while the un-coated catalysts had 

predominately Co(OH)2 at the surface, deposition of TiO2 caused peak shifts and changes in the 

peak structure that have been reported to reflect Co3+ and potentially Co4+. Ti peaks did not show 

changes associated with oxidation state, implying that upon interacting with Co, the Ti remains 

as TiO2, while the Co changes due to the influence of the TiO2 electronic structure. 

While higher film thickness was correlated with better electrochemical activity, TiO2 

films as thin as 5 ALD cycles demonstrated 175% activity improvement in the water oxidation 

reaction. The sample with 60 ALD cycles, the thickest coating tested, demonstrated a 240% 

increase in activity. This improvement was attributed to the formation of the highly oxidized Co 

observed in XPS. The 60-cycle sample also demonstrated improved stability, retaining 75% of 

its initial current over 8 hours of continuous operation, compared to 50% observed with the 
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control. This stability was due to Co nanoparticle encapsulation by TiO2 which prevented 

sintering. 

NMC cathode powders coated with ALD-Al2O3 were annealed and the surface chemistry 

and microstructure that result from annealing were investigated and correlated to electrochemical 

performance of coin cells made using these powders. Deposition was performed at 100 °C, an 

atypically low temperature for ALD, which has been reported to yield Al2O3 films with high 

proton concentration.1 Changes in the Al2O3 film upon annealing are in part attributed to the 

densification of films, as is observed in other studies.2 This results in loss of hydroxyl groups and 

a decrease in interatomic void fraction within the film. Upon annealing at or above 500 °C, the 

Al2O3 coatings diffuse observably into the bulk NMC. Higher annealing temperature correlated 

with a greater degree of diffusion into the bulk. The temperature controlled diffusion of the ALD 

coatings is responsible for the changes observed in electrochemical behavior. Upon annealing at 

700 °C, the highest temperature studied, more than half of the film diffused beyond the upper ~5 

nm of the NMC particles. These samples should no longer be considered to have a coating at the 

surface of NMC, with the majority of the Al either incorporated into the NMC crystal structure 

replacing the Ni, Co or Mn transition metals in the lattice, or having intercalated between the 

layers of the oxide structure.  

A range of electrochemical properties were examined to characterize annealed Al2O3-

NMC, and no single treatment showed clear improvement across all studies. The un-annealed 

sample showed the best capacity retention during an aggressive cycling protocol consisting of 

high-rate charging and discharging in combination with extended potentiostatic holds at the end 

of each charge cycle. The un-annealed samples also exhibited significant loss of initial charge 

capacity during low-rate cycling. The Al2O3 deposited at 100 °C with low density and high 
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proton content may facilitate Li+ transport and minimize parasitic reactions during high-rate 

cycling. The coatings as deposited also add impedance to the cells during low-rate cycling 

resulting in low initial capacity. Samples annealed at 500 °C were designated as the best all-

around performers, due to their initial capacity, capacity retention at both high- and low-rate 

cycling, and self-discharge during an elevated temperature storage test. The sample annealed at 

700 °C demonstrated similar desirable cycle performance, but underwent significantly higher 

self-discharge during the storage test. 

Observable diffusion began at 500 °C, and samples annealed at this temperature also 

demonstrate the all-around best electrochemical properties. Charge endpoint slippage analysis of 

the first two cycles of all cells showed that samples annealed from 433 to 566 °C showed 

anomalously high charge consumption due to parasitic reactions. In a post-mortem XPS analysis, 

the 500 °C annealed cathodes also exhibited anomalously high LiF content within the SEI that 

had formed during cycling. As a result, the good performance of 500 °C annealed samples is 

attributed in part to a charge-consuming surface species that forms as diffusion into the bulk 

begins. This surface species may be associated with the high amounts of LiF detected. This 

surface species may be an intermediate chemical state between Al in Al2O3 and Al in NMC, 

which possesses chemical properties that enhance battery performance. 

7.2 Recommendations for future work 

This section contains suggestions for extending the research described here, and also 

suggests research in other fields that employ powders in an attempt to build off of the trends 

observed in this cross-disciplinary study. 

Mixed oxide ALD has been demonstrated as an effective approach to tuning the acid base 

surface properties of a Mg-Al oxide. While the reaction used for characterization of samples was 
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a simple model reaction, the catalysts may be used for an exploration of bifunctional reaction 

mechanisms. Such a mechanism might require the presence of proximal acid and base sites for a 

single reaction step, such as the dehydrogenation of ethanol.  

Deposition of TiO2 onto a cobalt-carbon electrocatalyst represents the first study 

investigating the application of ALD-coated metal nanoparticles as an electrocatalyst. Possible 

directions for building upon this study would likely include exploration of other base metals such 

as nickel that are seen as not effective catalysts due to leaching, sintering and low catalytic 

activity. This electrocatalyst design approach may also be employed in the analogous fuel cell 

system, where similar reactions are required. 

Improvements to Al2O3 ALD-coated battery cathodes have been achieved using a post-

ALD annealing. With the acquired knowledge of the effects of heat treatment, advanced 

electrode oxide particles may be designed. For example, a controlled diffusion may be used to 

form a concentration gradient along the radial depth of a particle, consisting of a higher 

concentration of elements with high capacity on the particle interior, while a high concentration 

of elements imparting stability are on the exterior. Additional investigation of the suggested 

surface species forming at 500 °C annealing should also be performed. A better understanding of 

its chemical nature, formation, electrochemical properties, and its reactions with the electrolyte 

could lead to further optimization of electrodes. Electrode performance may also be engineered 

via post-deposition annealing towards a specific application such as high- or low-rate, or high 

temperature operation.  

Phosphors are a powder materials application that may benefit from the use of ALD 

techniques investigated in this study. A phosphor is a material that exhibits luminescence, and is 
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usually doped with rare earth metals to generate color centers. Phosphors are used in a range of 

lighting and display applications including cathode ray tubes, and notably, in white light LEDs 

acting as light converters. A significant amount of light in LED conversion phosphors is lost due 

to scattering at the interface between the phosphor particles and the binders that embed them in 

the LED.3 This scattering is caused by a difference in refractive index between the phosphor and 

binder, and might be mitigated by grading the refractive index at the interface, thus eliminating 

the sharp step in refractive index. Deposition of a compositionally graded coating or a coating of 

intermediary refractive index might solve this problem, and could be achieved through controlled 

diffusion of an ALD coating. Phosphor particles containing sulfides have been noted to degrade 

rapidly due to reactions with ambient moisture. One approach to increasing sulfide phosphor 

lifetime is to coat the particles with a moisture barrier. The excellent thickness control and 

conformality of ALD would allow for the thinnest possible functional moisture barrier, 

minimizing the light blocked by a coating. 

In the field of medicine, drug delivery agents are currently a major focus of study, which 

are often high surface area powders that allow for absorption of drugs within the particle volume. 

These drugs may be released in a controlled manner either over time, or at a specific input signal 

such as the local biological environment, or electromagnetic radiation. The role of surface 

properties have been shown to regulate endocytosis, a key factor for intracellular drug delivery.4 

Surface functionalization can be used to control the drug-surface interactions. ALD may be a 

promising technique for the engineering of new drug delivery agents beyond the currently 

employed methods.  
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8 Appendices 

8.1 Safety considerations  
The ALD growth process and other laboratory work involved in this study present many different 

safety concerns, including pressurized gases, high temperatures, and pyrophoric and/or toxic reactants. 

Several precautions were taken during the execution of experiments: 

Pressurized cylinders containing inert N2 gas were safely secured at all times during use. 

Cylinders are attached securely to a wall, and when being transported they are capped. Any damage to a 

high pressure cylinder would force high pressure gas out of the cylinder, turning it into an accelerated 

projectile that could cause large amounts of damage to people and the lab. 

Metal precursors used in this study are all pyrophoric and will react violently upon exposure to 

air. In order to keep precursors separate from air, the ALD reactor must be maintained as air tight, 

requiring continual maintenance and upkeep of reactors. The reactor is leak checked using a helium leak 

checker, any leaks showing intake of helium into the reactor are addressed and eliminated by repairing 

gas panel connections and changing gaskets. Bubblers are attached to the reactor using leak free 

pneumatic valves to protect the bubblers from oxidants during depositions. Bubblers and the precursors 

they contain are handled in a glove box maintained in an oxygen and water free argon environment. 

During depositions the ALD reactor is held at rough vacuum, creating negative reactor pressure ensuring 

that no pyrophoric gasses escape from the reactor into the laboratory. 

Deposition and powder annealing is performed at high temperatures ranging from 100 to 700 °C 

and should be considered dangerous. Heated furnaces are marked with appropriate signage, and time at 

high temperature is minimized by only heating the reactor during deposition. 
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8.2 Reactor schematics  

 

Viscous Flow Reactor Schematic 
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Fluidized Bed Reactor Schematic 

 


