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ABSTRACT   
 

This thesis presents the fabrication of a series of novel nanostructured materials using 

atomic layer deposition (ALD). In contrast to traditional methods including chemical 

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

ALD benefits the synthesis processes of nanostructures with many unrivalled advantages 

such as atomic-scale control, low temperature, excellent uniformity and conformality. 

Depending on the employed precursors, substrates, and temperatures, the ALD processes 

exhibited different characteristics. In particular, ALD has capabilities in fine-tuning 

compositions and structural phases. In return, the synthesis and the resultant 

nanostructured materials show many novelties.  

 

This thesis covers ALD processes of four different metal oxides including iron oxide, tin 

oxide, titanium oxide, and lithium titanium oxide. Four different substrates were used in 

the aforementioned ALD processes, i.e., undoped carbon nanotubes (CNTs), nitrogen-

doped CNTs (N-CNTs), porous templates of anodic aluminum oxide (AAO), and 

graphene nanosheets (GNS). In practice, owing to their distinguished properties and 

structural characters, the substrates contributed to various novel nanostructures including 

nanotubes, coaxial core-shell nanotubes, and three-dimensional (3D) architectures. In 

addition, the surface chemistry of the substrates and their interactions with ALD 

precursors also were considered.  

 

The ALD process of iron oxide (ALD-Fe2O3) was the first one studied and it was fulfilled 

on both undoped CNTs and N-CNTs by using ferrocene and oxygen as precursors. It was 

found that N-CNTs are better than undoped CNTs for the ALD-Fe2O3, for they provide 

reactive sites directly due to their inherent properties. In contrast, undoped CNTs need 

pretreatment via covalent acid oxidation or non-covalent modification to create reactive 

sites before the ALD-Fe2O3 could proceed on their surface. This work resulted in 

different CNT-Fe2O3 core-shell structures with controlled growth of crystalline α-Fe2O3.         

  

Another metal oxide, tin dioxide (SnO2) was performed using tin chloride (SnCl4) and 

water as ALD precursors. It was synthesized into different nanostructures based on N-

 iii



CNTs, AAO, and GNS. The work on N-CNTs disclosed that the ALD-SnO2 is favored by 

doped nitrogen atoms but the effects of different nitrogen-doping configurations vary 

with growth temperatures. In comparison, the ALD-SnO2 on AAO and GNS mainly relies 

on hydroxyl groups. A common finding from the studies is that growth temperatures 

influence the resultant SnO2, leading to amorphous, crystalline phase, or the mixtures of 

the aforementioned two. In addition, the cyclic nature of ALD contributes to controlled 

growth of SnO2. Based on the results from the ALD-SnO2 on AAO, it was concluded that 

the ALD-SnO2 experience three different growth modes with temperature, i.e., layer-by-

layer, layer-by-particle, and evolutionary particles. The layers are in amorphous phase 

while the particles are in crystalline rutile phase. The aforementioned understandings on 

ALD-SnO2 led to pure SnO2 nanotubes based on AAO, CNT-SnO2 core-shell coaxial 

nanotubes, and GNS-based SnO2 3D architectures with controlled growth and structural 

phases.   

 

The third metal oxide, titanium dioxide (TiO2) was deposited using titanium isopropoxide 

(TTIP) and water as ALD precursors. It was found that the ALD-TiO2 is tunable from 

amorphous to crystalline anatase phase with temperature while the resultant deposition is 

controllable from nanoparticles to nanofilms as well. Based on different substrate, i.e., 

AAO, acid-pretreated CNTs, and GNS, TiO2 was fabricated with different nanostructures 

including nanotubes, core-shell coaxial nanotubes, and 3D architectures. In particular, the 

resultant nanostructures are distinguished with controlled phases and morphologies of 

TiO2.        

    

Different from the above binary metal oxides, the last metal oxide, lithium titanium oxide 

(Li4Ti5O12, LTO) is a ternary compound. The route for ALD-LTO is based on combining 

and tuning two sub-ALD systems. One sub-ALD system is for TiO2 using TTIP and 

water, and another sub-ALD system is for lithium-containing films using lithium tert-

butoxide (LTB) and water as precursors. It was revealed that, through suitably matching 

the ratios of the two sub-ALD systems and annealing the resultant films, LTO is 

successfully synthesized on N-CNTs. However, this pioneering work shows a bit rutile 

TiO2 with LTO, and thus further effort is needed in future work. 
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 In summary, the discoveries in this thesis contribute to a better understanding on various 

ALD systems and provide a series of novel nanostructured materials for various potential 

applications. In particular, these materials are promising candidate materials for energy-

related devices, such lithium-ion batteries, fuel cells, and solar cells.  
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 2 

1.1 Introduction 

 

1.1.1  Atomic layer deposition and its applications  

 

Atomic layer deposition (ALD) is a thin film deposition process first emerged in 1970s, 

credited to Suntola and co-workers [1]. Distinguished from other deposition techniques 

such as chemical vapor deposition (CVD), physical vapor deposition (PVD), and other 

solution-based methods, ALD as a chemical vapor method operates with a unique 

mechanism relying on two gas-solid half-reactions to produce an ultimate material [2]. 

The reactions of ALD feature the characteristics of surface-controlled and self-

terminating nature. In return, ALD performs the deposition of films in a layer-by-layer 

mode and it is especially superior in controlling films at the atomic level. As a result, 

ALD provides the deposited films with excellent uniformity and unrivalled conformality. 

In essence, ALD works with a temperature lower than the decomposition of the used 

precursors, typically lower than 400 oC even down to room temperature. In addition, ALD 

requires no catalysts and has no needs on solvents. All the aforementioned characteristics 

contribute ALD to be a unique but precise deposition technique.  

 

Ascribed to the above-mentioned advantages, ALD is particularly suitable for production 

of high-quality thin films. Its initial applications were limited to the growth of II-VI 

materials and dielectric thin films for electroluminescent display devices [2], but it was 

later widened for the growth of III-V compounds [3]. Besides its successes in the areas of 

semiconductors, ALD has been gaining more applications since the beginning of the 21st 

century, owing to an increasing recognition on its versatile capabilities. The new widened 

applications of ALD are closely related with nanotechnology which offers new 

opportunities for many areas with novel components [4,5]. Recent reviews conducted 

Knez et al [6], Kim et al [7], and George [8] jointly provide a comprehensive view on the 

latest progress of ALD, especially on the fabrication of nanostructured materials. The new 

tendencies of ALD in nanotechnology are offering ALD many more opportunities in new 

areas such as sensors, solar cells, fuel cells, lithium-ion batteries. 
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1.1.2  Energy challenges and solutions  

 

A. Energy challenges facing modern society 

 

With ever-growing population and limited resources, the modern and civilized society of 

the mankind is facing more pressures than ever before. It is reported that the world 

population is growing with an annually increasing rate of more than 0.081 billions a year, 

but food and energy as two essential resources are posing challenges for the modern 

society [9].  First, the limited food production capability in the earth will not be capable to 

produce sufficient food supply for the mankind in the foreseeable future. On the other 

hand, the energy supply from all the convincible energy resources (fossil fuel, solar, 

geothermal, and nuclear energy resources) will be seriously short in the future even with a 

fixed human population of about 10 billion [9]. In particular, each energy source has 

some undesirable characteristics [10]: processes of using fossil fuels produce carbon 

dioxide and perhaps also other contaminants, such as nitrogen oxides, sulphur oxides and 

ash; nuclear plants produce radioactive fission products; hydroelectric plants require dams 

and large lakes; solar energy and wind energy require large areas and are limited 

geographically; geothermal sources are limited to very few locations. At present, most of 

the world’s energy supply comes from fossil and nuclear sources [9,10]. In particular, 

about two-thirds of the world’s total electric power is generated from fossil fuels [10], 

and electricity generation provides around 40% of humanity’s total energy use [11]. 

However, world oil production has peaked and the world supply of oil is projected to last 

approximately 40-60 years if use continues at current production rates [12]. Natural gas is 

considered adequate for about 30 years and coal for less than 100 years [12]. 

Consequently, mankind has to face the issues of resource limitation. In addition, the 

combustion of fossil fuels releases harmful emissions into the air, influencing the 

greenhouse effect and the direct health of people, especially in urban areas. Thus, to meet 

increasing global demands for energy and to allow for the depletion of fossil fuel supplies 

in coming years, alternative “clean” energy sources, which do not depend on fossil fuels 

and which have a tolerable environmental impact, must be developed.   
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B. Solutions   

 

To meet the challenges posed by the fading fossil fuels and the demands on mitigating 

environmental pollution incurred by the combustion of fossil energy, renewable means of 

producing and storing electricity are expected to be increasingly important in the future 

and could compete with existing technologies based on the strides in condensed-matter 

physics and materials technology. In this way, solar cells, fuel cells (FCs), lithium-ion 

batteries (LIBs), and supercapacitors are being developing as potential candidates. Of 

them, FCs and LIBs stand out for energy conversion and storage, respectively [10].  

 

FCs are electrochemical cells of converting chemical energy to electrical energy, 

consisting of two electrodes and a layer of electrolyte. The voltage of the cell depends on 

the difference between the two half-cell reactions happened in an anode and a cathode, 

respectively. There are many different types of FCs, but they commonly use hydrogen or 

methanol as the fuel and produce little pollutants [13]. For example, the most promising 

one for electrical cars (ECs) are proton exchange membrane fuel cells (PEMFCs), using 

hydrogen as the anode fuel and producing water on the side of cathode as the product. 

Direct methanol fuel cells (DMFCs) uses methanol as the anode fuel and produce CO2 

and water, particularly suitable for portable electronics such as cell phones, MP3s. 

Commonly, they are fed with oxygen in the cathode. Thus, FCs are apparently clean and 

environmentally friendly. To boost the half-cell reactions, catalysts are required and 

platinum (Pt) is the most efficient and widely used one.  However, FCs as an alternative 

promising energy conversion technology are by no means new devices and emerged in 

the middle of the 19th century [13]. Their development has lagged behind the more well-

known steam engine and internal combustion engine (ICE), mainly due to economic 

factors, materials problems, and certain inadequacies in the operation of electrochemical 

devices. One of the major factors [13] that influenced the development of FCs over the 

last few years is the worldwide concern about the environmental consequences of fossil 

fuel use in the day-to-day production of electricity and for the propulsion of vehicles. The 

dependence of the industrialized nations on oil became apparent during the oil crises and, 

recently, pressure on fossil fuel reserves is a cause for anxiety. More importantly, 
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however, is the increasing societal awareness, over the last few decades, concerning 

issues of environmental pollution. In 2003, the former US president George W. Bush 

announced a US$1.2-billion hydrogen-fuel initiative to develop commercial fuel-cell 

vehicles by 2020 [14]. In 2009, US President Barack Obama released a budget for fiscal 

year 2010, including more then US$2.3-billion for energy efficiency and renewable 

energy [15]. Later in September 2009, nine major car manufacturers (Daimler, Ford, 

General Motor (GM), Honda, Hyundai, Kia, Renault, Nissan, and Toyota) signed a joint 

statement suggesting that fuel-cell vehicles could hit dealerships by 2015 [14]. The main 

advantages of FCs are their higher efficiencies, compared to an ICE, and their lower 

emissions. However, fuel cells are still suffering from some critical issues in both cost 

and durability. As is well known, the catalyst platinum (Pt) is unacceptable expensive, 

accounting for US$60 per gram at the current price [14]. Thus, the reduction of Pt use is 

obviously important. GM is expecting to reduce the use of Pt from 80 grams currently to 

30 grams in the near future [14]. Another challenge is posed by the degradation of 

platinum-based catalyst layer, happened in both the Pt catalyst and carbon support [16]. 

To reduce cost and improve durability of FCs, some solutions root in: (1) modifying Pt 

catalyst; (2) developing non-Pt catalyst; (3) using novel carbon supports; (4) employing 

non-carbon supports.  

 

Besides FCs, LIBs represent another technical route of great potential for clean energy. 

LIBs are one of the great successes of modern materials electrochemistry, also consisting 

of an anode (negative), a cathode (positive), and an electrolyte [17]. This technology has 

become a commercial reality through the efforts of the Sony Corporation [18] and others, 

and is used widely today in portable computer and telecommunications devices, 

especially as these devices get smaller and more efficient [10]. Compared with mature 

batteries technologies, such as lead-acid or Ni-Cd, LIBs are still in their infancy, leaving 

much hope for improvement [19]. Compared to FCs, according to the US Secretary of 

Department of Energy (DOE) Steven Chu, LIBs show more possibility for electrical cars 

[18]. To better serve the modern society, LIBs are facing some challenges in further 

improvements in both specific energy and power. Typically, carbon materials are used as 

negative electrodes while air-stable Li-based metal (usually cobalt but sometimes nickel 
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or manganese) oxides are employed as positive electodes. However, carbon materials are 

approaching their capacity limit. Demand and competition is driving the quest for higher 

storage capacity, longer operating times, faster recharging times, and other optimization 

of performance [10]. As a consequence, LIBs are experiencing intensive studies mainly 

focused on improving specific energy and power [20]. In addition, safety and reliability 

are also important for further improvements.    

 

 

1.1.3. The opportunities with nanostrutured materials  

 

It has been more and more acknowledged that, to tackle the issues with FCs and LIBs 

(even solar cells and supercapacitors), nanomaterials are taking very critical roles, 

because of the unusual mechanical, electrical and optical properties endowed by 

confining the dimensions of such materials and because of the combination of bulk and 

surface properties to the overall behavior [21].  

  

In FCs, one of the most important challenges for the ultimate fuel cell commercialization 

is the preparation of active, robust and low-cost electrocatalysts [22]. Pt is one main 

factor for the cost. One of the present approaches in order to increase the catalyst 

dispersion involves the deposition of Pt nanoparticles on carbon black support (Acetylene 

Black, Vulcan XC-72, and Ketjen Black [23]) [21], and supported catalysts show higher 

activity and stability in comparison to bulk metal catalysts [23]. However, carbon blacks 

experienced degradation in a chemical or electrochemical process in FCs [16]. In recent 

decades, nanostructured carbon materials were explored as catalyst supports, and carbon 

nanotubes (CNTs) are the most well-known nanostructured carbon. The reported studies 

have shown that CNTs were superior to carbon blacks as catalyst supports in FCs [16,23]. 

More recently, since the discovery of graphene in 2004 [24], the interest on this two-

dimensional carbon crystal being supports in FCs is growing. On the other hand, many 

studies disclosed that nanostructured transition metal oxides (e.g. SnO2 [25], TiO2 [25,26], 

CeO2 [25], V2O5 [27],  NbO2/Nb2O5 [28], etc.) are crucial in help Pt or Pd gain higher 

catalytic activity in comparison to pure Pt or Pd. Thus, the addition of transition metal 
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oxides is cost-effective for FCs. In addition, nanostructured transition metal oxides were 

also investigated as alternative catalysts, such as ZrO2, TiO2, SnO2, Nb2O5, and Co3O4 

[29,30]. In particular, metal oxides can be potentially used as supports in place of carbon 

materials in FCs with improved durability [31]. Thus, transition metal oxides have 

multiple applications in FCs in helping reduce cost and increase durability.     

 

On the side of LIBs, nanomaterials can be used as electrodes, and there are several 

potential advantages as well as disadvantages [21]. Favorably, nanomaterials can provide 

(i) better accommodation of the strain of lithium insertion/removal, improving cycle life; 

(ii) new reactions not possible with bulk materials; (iii) higher electrod/electrolyte contact 

area leading to higher charge/discharge rates; (iv) short path lengths for electronic 

transport (permitting operation with low electronic conductivity or at higher power); and 

(v) short path lengths for lithium ion transport (permitting operation with low lithium ion 

conductivity or high power). Unfavorably, they may lead to (i) an increase in undesirable 

electrode/electrolyte reactions due to high surface area, leading to self-discharge, poor 

cycling and calendar life; (ii) inferior packing of particles leading to lower volumetric 

energy densities unless special compaction methods are developed; and (iii) potentially 

more complex synthesis. Currently many carbon materials (e.g., natural and synthetic 

graphite, petroleum coke, carbon fibers) were generally developed as anodes but 

approaching their limits in capacity [13-15]. Thus, in order to increase anode capacities, 

carbon alternatives are searched and it was discovered that nanosized materials presented 

very promising performances in high capacity, capacity retention, and high recharging 

rate [32]. Of them, transition metal oxides cover a wide range of various nanostructured 

candidates as promising LIB anodes: SnO2 [33], TiO2 [34], Co3O4 [35], Fe2O3 [36], 

MnO2 [37], etc. In parallel, carbon-based nanocomposites were found to be able to 

provide more advantages [21]. For example, SnO2 is one of the most promising materials 

for next generation of LIBs, presenting very high capacity. However, SnO2 suffers from a 

large volume expansion up to 300% in charging-discharging processes [38,39], which 

incurs aggregation and thereby badly influences the reversibility. As one solution, carbon-

based SnO2 nanocomposites, for example, SnO2/CNT nanocomposites, were 

demonstrated with enhanced performance due to the combined advantages of SnO2 and 
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CNTs [40]. More recent studies, similar to the cases of FCs, are paying a special interest 

on graphene and graphene-based metal oxides as anode candidates of LIBs.  

 

Based on the above review, it is apparent that nanostructured metal oxides as well as 

carbon-based metal oxide nanocomposites are commonly crucial for the successes of both 

FCs and LIBs. Thus, the development on them has practical significance for future energy 

conversion and storage technologies. 

 

 

1.2  Objectives 

 

Renewable clean energy devices are promising to supply alternative energies for our 

society. However, FCs and LIBs have urgent needs on advanced nanostructured materials 

in order to improve their performance. On the other hand, ALD has the capabilities to 

synthesize novel nanomaterials with many advantages over its counterparts such as CVD, 

PVD, and solution-based methods. Due to its late emergence for nanotechnology, there is 

still a large area for ALD to explore.  

 

In this context, the author devoted to study ALD processes with different precursors on 

various substrates in order to prepare novel nanostructured materials with controlled 

manners. The efforts were mainly focused on synthesizing nanostructures of several 

popular metal oxides including Fe2O3, SnO2, TiO2, and Li4Ti5O12. Determined by the 

employed substrates, the aforementioned metal oxides were synthesized into nanotubes, 

core-shell structured nanocomposites, or graphene-based 3D nanocomposites. In 

particular, the author elucidated the influences of ALD parameters on the fabrication of 

the listed metal oxides. In general, ALD is subject to the influences from three key 

parameters, i.e., precursors, substrates, and temperatures. As a consequence, the thesis not 

only succeeded in the synthesis of the above-mentioned metal oxides with novel 

nanostructures but also contribute to the understanding of the growth characteristics of 

various ALD processes. In addition, the synthesized nanostructured metal oxides are 

promising candidates in energy devices. The main research objectives are listed below.      
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(1). To synthesize different nanostructures with different substrates. ALD surface-

controlled nature determines that the resultant nanostructures rely on the characteristics of 

substrates. In this study, four kinds of substrates were employed, including porous anodic 

aluminum oxide (AAO) templates, undoped carbon nanotubes (CNTs), nitrogen-doped 

CNTs (N-CNTs), and graphene nanosheets (GNS). In return, nanotubes, CNT-based core-

shell nanostructures, and GNS-based 3D architectures were developed with different 

ALD processes of metal oxides.  

 

(2) To study the growth characteristics of various ALD processes based on different 

substrates. Besides their dominance on the ultimate nanostructures, substrates are among 

the critical parameters influencing ALD growth characteristics. The influences may be 

incurred by the difference on the density of reactive sites between different substrates, or 

by their inherent properties such as structures.   

 

(3). To investigate the growth characteristics of various ALD processes with temperatures. 

Temperatures are another key factor. Previous studies disclosed that ALD-deposited thin 

films might experience a phase-transformation with increased temperatures. Furthermore, 

increasing temperatures may also change the surface conditions of substrates, leading to 

some change on the growth characteristics.          

 

(4). To investigate the morphological evolution of the deposited materials with increased 

ALD-cycles. A distinguishing characteristic of ALD is its deposition precision at the 

atomic level. Through controlling ALD cycles, precise control on the morphologies and 

thereby on the deposited materials can be designed in purpose.  

 

(5). To gain understandings on underlying mechanisms of various ALD processes. The 

general mechanism for various ALD processes is quite straightforward. However, 

different precursors are likely to induce different growth characteristics, for they may 

induce different surface reactions. Thus, it is essential to explore the underlying 

mechanisms for each precursor system.  
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(6). To explore ALD as a technique to tune the composition of complicated compounds. 

ALD has widely successes for binary metal oxides or other binary compounds, but 

ternary or more complicated compounds often take important roles in many areas. For 

example, Li4Ti5O12 is a particularly important material as LIB anode and offers many 

advantages. Thus, it is of great importance to develop ternary or more complicated 

compound via ALD.  

 

 

1.3  Thesis structure 

 

This thesis consists of twelve chapters and fulfills the requirements on “Integrated-

Article” form as outlined in the Thesis Regulation Guide by the School of Graduate and 

Postdoctoral Studies (SGPS) of The University of Western Ontario. It is built up with the 

following arrangement.  

 

Chapter 1: generally introduces the background of ALD and its potential applications. In 

this section, the capabilities of ALD for nanostructured materials are highlighted in 

energy-related devices, for energy needs represent our most urgent challenges in our 

society. Besides some general strategies of ALD for nanostructures, the research 

objectives, the thesis structures, and the major contributions from this study are clearly 

stated.    

 

Chapter 2: presents a clearer picture of ALD and its characteristics with more detained 

information. To highlight the superiority of ALD in energy-related devices, a thorough 

review on emerging applications of ALD in LIBs is conducted. In the meantime, the 

challenges facing ALD are also summarized.  

 

Chapter 3: outlines the experimental setup, apparatus, materials, and conditions in the 

study. It also provides the information about experimental methods and procedures.  

 



 11 

Chapter 4: describes the ALD of iron oxide on two kinds of carbon nanotubes (CNTs), 

i.e., undoped and nitrogen-doped CNTs, using ferrocene and oxygen as precursors. This 

study provided a case study on the effect of reactive sites on ALD processes and on the 

synthesis of 1D core-shell nanostructures. In this study, the influences of the two kinds of 

CNTs are compared and clarified. In return, 1D core-shell CNT-based crystalline α-Fe2O3 

nanocomposites are fabricated. 

 

Chapter 5: studies the ALD-SnO2 of using SnCl4 and water as precursors on porous 

AAO templates with the preparation of highly structure-tunable SnO2 nanotube arrays. 

This study disclosed that the ALD-SnO2 exhibits three growth modes with temperature, 

i.e., layer-by-layer, layer-by-particle, and evolutional particles. In particular, the layers 

are amorphous while the particles are crystalline. To better understand the underlying 

mechanisms, the effects of temperatures on surface chemistry are discussed with three 

proposed growth models.     

 

Chapter 6: investigates the effects of doped-nitrogen of N-CNTs on the ALD-SnO2 of 

using SnCl4 and water as precursors. This study revealed that, besides the influences of 

temperatures on structural phases, the doped-nitrogen atoms are responsible for the 

success of the ALD-SnO2 on N-CNTs. It further disclosed that, however, the effects of 

the doped-nitrogen are closely related with their doping configurations and also show 

temperature-dependent characteristics. This study provides a route to produce 1D CNT-

SnO2 nanocomposites with tunable deposition.  

 

Chapter 7: makes an attempt to fulfill the ALD-SnO2 of using SnCl4 and water as 

precursors on graphene nanosheets (GNS). GNS as substrate offers high specific areas 

and excellent electrical conductivity. The synthesized SnO2-GNS 3D nanocomposites 

feature the deposited SnO2 component with controlled morphologies and structural phases.  

 

Chapter 8: fulfill the fabrication of 1D nanostructures of TiO2 via ALD with two 

substrates, i.e., AAO and CNTs. The precursors are titanium isopropoxide (TTIP) and 

water. With the deposition of TiO2, the former produces TiO2 nanotubes while the latter 
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offers TiO2-CNT composites. It also disclosed that temperatures are critical for tuning the 

deposited TiO2 from amorphous to crystalline anatase phase.     

 

Chapter 9: examine the ALD-TiO2 on GNS, using titanium isopropoxide (TTIP) and 

water as precursors. It demonstrated that ALD is a fine-tuning route to prepare TiO2-GNS 

nanocomposites. Besides controlled morphologies of TiO2, ALD is able to tune the 

phases of the deposited TiO2 from amorphous to crystalline anatase phase by selecting 

suitable temperatures. It is another case to produce GNS-based metal oxide 3D 

nanocomposites.  

 

Chapter 10: exploits ALD as a viable route to deposit ternary lithium titanium oxide 

(LTO, Li4Ti5O12) on N-CNTs by combining two sub-ALD systems. One sub-ALD system 

is TiO2 using TTIP and water as precursors, and another sub-ALD system is for the 

deposition of lithium-containing films using lithium tert-butoxide (LTB) and water as 

precursors. This work demonstrated that, through suitably adjusting the ratio between the 

two sub-ALD systems and annealing at high temperatures, LTO can be fabricated into 1D 

CNT-based nanocomposites.     

 

Chapter 11: attempts to provide a general discussion on the synthesized nanostructured 

materials. It highlights the routes employed in the thesis and their benefits.   

 

Chapter 12: summarize the successes from the thesis and informs of the contributions. In 

addition, some personal opinions and suggestions from the author are also offered.   

 

 

1.4  Major contributions 

 

The major contributions of the study can be summarized as follows: 

 

(1).  A thorough review was conducted on emerging applications of ALD for LIBs. It 

timely informs readers of the most recent progress and future research tendencies.  
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(2). α-Fe2O3 as a important energy-related material was successfully synthesized into 1D 

CNT-based nanocomposites, and the effects of undoped and N-doped CNTs were 

clarified and discussed.   

 

(3). A systematic study was conducted on ALD-SnO2 in which SnCl4 and water were 

used as precursors. It is disclosed that growth temperatures are critical in determining the 

growth modes of ALD-SnO2 and there are three growth modes with ALD-SnO2, i.e., 

layer-by-layer, layer-by-particle, and evolutionary particles. This study contributes to the 

understanding of potential mechanisms with three proposed growth models.      

 

(4). Using N-CNTs as substrates, SnO2-CNTs nanocomposites were synthesized. Besides 

controlling the morphologies and structural phases of the deposited SnO2, the effects of 

the doped-N atoms were investigated and elucidated.  

 

(5). Based on GNS, ALD-SnO2 was performed with different temperatures and ALD-

cycles. In return, 3D architectured SnO2-GNS was fabricated with tunable SnO2 

components. First, the deposited SnO2 can be controlled from amorphous to crystalline 

rutile phase by adjusting growth temperatures. In addition, the deposited SnO2 can be 

tuned from small nanoparticles to nanofilms (or big nanoparticles) by increasing ALD-

cycles.   

 

(6). Controllable 1D TiO2 nanostrutures were synthesized based on two different 

substrates, i.e., AAO and CNTs. The first route provides aligned TiO2 arrays while the 

second route produces CNT-TiO2 core-shell nanocomposites. In both cases, the deposited 

TiO2 is tunable in structures from amorphous to crystalline anatase phase and in 

morphologies from nanoparticles to nanofilms.   

 

(7). ALD-TiO2 was synthesized into 3D architectured TiO2-GNS nanocomposites, based 

GNS substrates. Due to tunable phases and evolutional morphologies of the deposited 

TiO2, the synthesized TiO2-GNS nanocomposites present multi-choices. In addition, a 
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transition was observed at an intermediate temperature, leading to the deposited TiO2 

being present amorphous and crystalline phase at the same time.  

 

(8). A pioneered work was conducted to synthesize Li4Ti5O12 on N-CNTs. This work was 

based on two sub-ALD systems, TiO2 and a lithium-containing compound. Suitably 

tuning the ratio between the two sub-ALD systems, it was disclosed that the designed 

Li4Ti5O12 was realized by high-temperature annealing. This work for the first time 

provides a controllable route to synthesize CNT-based Li4Ti5O12 nanocomposites.     
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2.1 Atomic layer deposition  

 

2.1.1 A briefing on traditional film deposition techniques 

 

Before we discuss atomic layer deposition (ALD), it is necessary to know the other two 

film deposition techniques, chemical vapor deposition (CVD) and physical vapor 

deposition (PVD).  

 

In a CVD process, a solid material is deposited onto a heated substrate surface as a result 

of chemical reactions in gas phase in a proper reactor. The deposition reaction can be of 

several types including pyrolysis, reduction, oxidation, compound formation, and 

disproportionation, etc [1]. The precursors utilized in CVD should satisfy several 

requirements [2]: (1) having sufficient vapor pressure to allow transport to the substrate 

surface, (2) being easy to decompose to the desired product at an acceptable temperature, 

and (3) having no association or reaction in the gas phase.  

 

Different from CVD, PVD includes all methods in which the vapor particles are ejected 

from a source into the vacuum by a physical process [1]. PVD is divided into two main 

classes, i.e., evaporation and sputtering. In PVD processes, atoms or small clusters of 

atoms are removed from a source (solid or liquid). These atoms are traveling in a vacuum 

chamber reaching a substrate to form a thin film. The rate of deposition depends mainly 

on system pressure, source-substrate distance and substrate temperature. The nucleation 

and the growth of thin films generally occur via condensation of individual atoms or 

polyatomic species striking the substrate surface.  

 

Both CVD and PVD have a long history with human society and they have widely 

applied for depositing a broad variety of films. However, the two commonly suffer from 

some drawbacks. They both are source-controlled processes in which films are deposited 

continuously. A problem commonly encountered by them is the precise control on 

deposited films. In addition, they both are not good at conformal deposition, especially 

for trenched structures. Thus, there are needs for a technique enabling uniform and 
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conformal deposition. In this way, ALD fits the needs, associated with many other 

advantages, as will be discussed in the following sections.     

 

2.1.2 Mechanisms  

 

ALD by nature is a vapor-phase thin film deposition process, first emerged in 1970s and 

credited to Suntola and his co-workers [3]. Its initial application was about the synthesis 

of II-VI and III-V compounds for thin film electroluminescent (TFEL) display devices 

[4,5]. Since then, ALD experienced a slow progress. Concurred with the demanding 

needs in scaling complementary metal-oxide-semiconductor (CMOS), ALD is now 

undergoing its renaissance starting from the right beginning of the 21st century. Different 

from its traditional counterparts such as chemical vapor deposition (CVD) and physical 

vapor deposition (PVD) whose deposition are dominated by the supply of precursor 

sources, ALD is a surface-controlled process in which the growth of films is dictated by 

two self-terminating gas-solid surface reactions.  

 

To demonstrate the underlying mechanisms of ALD processes, a classical ALD process 

for the binary compound Al2O3 is schematically illustrated in figure 2.1. Two precursors 

are exclusively required for a binary ALD. The most successful ALD process of Al2O3 

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

2.1. In a CVD process, the TMA and water reaction is described by an overall reaction [6]:  

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

In comparison, the ALD-Al2O3 proceeds with two half-reactions as suggested as follows: 

[6]: 

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

Al-O-Al(CH3)2* + 2H2O (g) → Al-O-Al(OH)2* + 2CH4 (g)                             (2B) 

where the asterisks (*) designate the species carried by or attached on substrates by 

chemisorption, and (g) the gas phase of byproducts. In practice, an ALD-Al2O3 process 

includes four repetitive steps: (1) a supply of the aluminum source precursor TMA to 

induce a surface reaction (i.e., 2A) with the reactive sites (e.g., -OH, figure 2.1(a)) on a 

substrate or on a former-deposited film, and thereby to form an intermediate layer (i.e., -
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Al(CH3)2, figure 2.1(b) and (c)) with the release of CH4 as the byproduct; (2) a purging 

phase following the self-terminated reaction 2A to evacuate the oversupplied non-reacted 

TMA and the gaseous byproduct CH4; (3) A supply of an oxygen precursor H2O to start a  

 
 
 

Figure 2.1 A model ALD process by depositing Al2O3 using TMA and water as precursors. (a) the initial 

substrate covered by hydroxyl groups; (b) TMA molecules reacting with hydroxyl groups, leading to a new 

intermediate layer; (c) the substrate covered with a new-created intermediate layer; (d) H2O molecules 

reacting with the intermediate layer, leading to new hydroxyl groups; (e) the substrate covered again by 

hydroxyl groups. 
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second surface reaction (i.e., 2B, figure 2.1(d)) with the reactive groups (i.e., -CH3) of the 

intermediate product and to produce the target product Al2O3 as well as new reactive sites 

(i.e., -OH, figure 2.1(e)); (4) another purging phase to evacuate the oversupplied non-

reacted precursor H2O and the gaseous byproduct CH4. Obviously, ALD is cyclic in 

operation and proceeds in a layer-by-layer manner.  

 

It needs to be emphasized that, for an ALD process as illustrated above, there are three 

key parameters determining the deposition features. They are substrates, temperatures, 

and precursors. First, as shown by figure 2.1, a substrate is required to be initially 

functionalized with reactive sites [7]. The first half-reaction relies on the interaction 

between the surface reactive sites and the first precursor. The reaction terminates with a 

new created layer when the surface reactive sites are saturated. Thus the gas-solid 

reaction is by nature self-limiting. The new layer provides reactive sites for a following 

half-reaction while the oversupplied precursor and by-products are purged by vacuum. 

Similarly, the second half-reaction creates a new layer with functional groups for the 

following reactions and is also self-terminating. As a consequence, the two half-reactions 

combine to produce the target material in a well-controlled growth manner. Obviously, 

the initial coverage of reactive sites affects the growth of deposited materials. As an 

important factor, the growth temperature is also crucial for sustaining ALD characteristics. 

As stated above, ALD performs in a self-limiting manner and therefore it requires the 

adsorption of precursors to be chemisorption rather than physisorption [8]. Thus, the 

lowest temperature should be able to minimize physisorbed ligands. On the other hand, a 

suitable ALD temperature should not decompose any precursor. Otherwise, the deposition 

proceeds in a CVD manner other than ALD. In comparison to CVD, ALD typically 

employs much lower temperatures even down to a room temperature [9]. There may exist 

a range of temperature in which the growth of ALD is comparatively constant, called 

ALD window. As for ALD precursors, they should be able to provide sufficient vapors 

and their concentrations in the gas phase must exceed a threshold value to saturate all of 

the adsorption sites on substrates [10] in order to achieve continuous monolayer coverage. 

The fractional coverage increases linearly with precursor partial pressure initially, but 

then levels off to 100% once a threshold pressure has been exceeded. This threshold must 
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be determined experimentally from deposition rates and film properties and usually 

chemisorption occurs on time scales of tens of milliseconds [11]. It is worth noting that 

precursors take effect on the ALD growth, closely related to their properties. Furthermore, 

the purging of oversupplied precursors and by-products is also critical for avoiding 

continuous processes (e.g., CVD and PVD) and for accurately controlling the ALD 

growth of materials. Hence, the purge flow rates must be sufficiently high to reduce the 

concentrations of oversupplied precursors and byproducts to trace levels after their 

respective steps [10], or the purges have to be elongated.  

 

2.1.3 Characteristics 

 

In return for its unique reaction mechanisms and operation, ALD offers a series of 

distinguished advantages for resultant films over its vapor-phase counterparts (e.g., CVD 

and PVD) and other solution-based methods.  

 

A. Low growth temperature 

 

One of main features of ALD, especially compared to CVD, is its much lower growth 

temperature (typically less than 400 oC). In particular, ALD succeeded in depositing 

many materials with low temperatures lower than 100 oC, even down to room temperature 

(RT). Gasser et al conducted the first ALD experiments at RT for depositing SiO2 from 

Si(NCO)4 and water in 1994 [9]. Later in 1997, Luo et al [12] deposited CdS on 

ZnSe(100) at RT in a ultra-high-vacuum ALD system using Cd(CH3)2 and H2S as 

precursors. Almost at the same time, George’s group [13] at University of Colorado 

discovered that ALD-SiO2 can be performed at RT by catalyzing the surface reactions of 

SiCl4 and water with pyridine (C5H5N), though traditional ALD processes are catalyst-

free. Other metal oxides deposited by ALD at or around RT include B2O3 [14], Al2O3 

[15,16], TiO2 [16], ZnO [17], ZrO2 [18] and SnO2 [19], etc. In addition, some metals such 

as Cu [20] and Pd [21] were also deposited by ALD at temperatures lower than 100 oC. 

This benefit is particularly attractive for coating heat-sensitive materials such as polymers 

or biomaterials.    
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B. Atomic-scale and stoichiometric deposition 

 

Due to its layer-by-layer self-limiting nature, ALD affords another advantage in enabling 

the deposited films precisely controlled at the atomic level. This character makes ALD 

superior to CVD, PVD, and solution-based methods. In general, the growth rates of ALD 

are at the order of magnitude of angstroms (typically less than 2Å per cycle), jointly 

determined by the employed precursors, temperatures, and substrates. For example, the 

growth rate for ALD-Al2O3 of using TMA and water reaches a maximum of 1.33 Å/cycle 

in the range 100 - 125 oC while lower values at higher or lower temperatures [15]. In 

contrast, the ALD-Al2O3 of using Al(CH3)2Cl and water achieved the maximum growth 

rate of approximately 0.8 Å/cycle in a narrow temperature range from 180 to 250 °C [22], 

and the ALD-Al2O3 of using (CH3)2(C2H5)N:AlH3 and water resulted in a much higher 

growth rate of 2.5 nm/cycle under growth temperatures lower than 200 °C [23]. It worth 

pointing out that, attempting to overcome the traditional ALD slowness in deposition, 

Gordon’s group at Harvard University developed a pair of precursors, TMA and tris(tert-

butoxy)silanol [(ButO)3SiOH] which realized a rapid growth of SiO2 with a rate of 12 

nm/cycle in the temperature range from 200 to 300 oC [24]. However, this kind of cases is 

really rare in ALD processes.  

 

In addition to the control on growth rates, ALD is capable of stoichiometrically tuning the 

compositions of deposited materials. As a whole, the ALD-deposited materials 

stoichiometry is close to their theoretic values, but growth temperatures and precursors 

may play some influence. Using Rutherford backscattering spectrometry (RBS), for 

example, Groner et al [15] demonstrated that the O/Al ratios due to the ALD-Al2O3 of 

TMA and water close to 1.50 in the range 33 – 177 oC, varying form 1.34 to 1.70. They 

also pointed out that there is no systematic trend with growth temperatures. Using time-

of-flight elastic recoil detection analysis (TOF-ERDA), Niinistö et al [25] studied the 

ALD of gadolinium oxide films. They disclosed that, using Gd(thd)3 and O3 as ALD 

precursors, the resultant Gd/O ratios are lower than the theoretic value of 0.67 but 

increase from 0.41 to 0.55 with growth temperatures increasing from 225 to 350 oC. In 

contrast, the ALD precursors of (CpCH3)3Gd and water contributed to higher Gd/O ratios 
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increasing from 0.57 to 0.64 with increasing temperatures from 150 to 250 oC. 

Furthermore, Kukli et al [26] demonstrated that ALD-HfO2 is stoichiometric dioxides 

when the deposition was preformed at 300 oC with HfCl4 or HfI4 and water as precursors. 

Thus, suitable choices on ALD parameters are crucial for controlling both growth rates 

and compositions of deposited films.  

 

C. Excellent uniformity and conformality 

 

Another benefit from ALD unique mechanisms is excellent uniformity and unrivalled 

confomality of deposited films over CVD, PVD, and solution-based methods. Atomic 

force microscopy (AFM) disclosed that, for instance, ALD-Al2O3 on flat substrates 

presents a surface roughness of 1 - 3 Å for a deposition in the range 200 - 560 Å [27-29]. 

A much smaller surface roughness of 0.7 Å was even reported by Lee et al [30]. Apart 

from the uniformity, ALD offers non-planar substrates with highly conformal films as 

well. There has been a dramatically increasing amount of work reported on various 

conformal nanostructures by ALD in the past decade. Some representative ALD-induced 

nanostructures are shown in figure 2.2, such as the layered Al2O3-ZnO nanolaminates on 

Si substrates (figure 2.2(a)) [31], SiO2-coated TiO2 composite nanoparticles (figure 2.2(b)) 

[32], hollow TiO2 nanoribbons (figure 2.2(c)) [33], coaxial HfO2 nanotubes (figure 2.2(d)) 

[34], three-layered discontinued TiO2 3D nanofilms (figure 2.2(e)) [35], and complex 3D 

Al2O3 nanostructures (figure 2.2(f)) [36]. Moreover, ALD to date synthesized a large 

variety of materials, ranging from inorganic to organic classes. In Puurunen’s review [8], 

the author made a comprehensive and thorough summary on ALD successes previous to 

2005, though update progresses are revealing more classes of materials synthesized by 

ALD. Historically, a large amount of reviews was conducted on ALD by researchers, 

herein we would like to recommend the ones made recently by Knez et al [37], Kim et al 

[38], and George [39] to readers for the progresses in developing various novel 

nanostructures and emerging applications in the past decade. Now ALD has widely 

broadened its applications compared to the initial uses for semiconductors. Among the 

new trends for ALD, there is an increasing interest in employing ALD for energy 

conversion and storage such as fuel cells (FCs), solar cells (SCs), and lithium-ion 
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batteries (LIBs), due to its impressive superiorities to other techniques.  

 

 
 
 
Figure 2.2 The examples for ALD-fabricated nanostructures. (a) the layered Al2O3-ZnO nanolaminates on 

Si substrates; (b) SiO2-coated TiO2 composite nanoparticles; (c) hollow TiO2 nanoribbons; (d) coaxial HfO2 

nanotubes; (e) three-layered discontinued TiO2 3D nanofilms; and (f) complex 3D Al2O3 nanostructures.    
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Table I. Comparison of deposition properties for PVD, CVD, and ALD [2].  

 

 
 

 
Table II. Overview of the materials grown by ALD [8].  

 

 
 

In summary, ALD provides a series of advantages for film deposition, as discussed above. 

In Table I, the differences between ALD, and CVD and PVD are compared. It is apparent 

that ALD is especially good at depositing high quality, pinhole-free, highly conformal 
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thin films. Furthermore, ALD covers a large range of materials for deposition, which 

were summarized by Puurunen [8], as shown in Table II. Due to the advantages offered 

by ALD, its applications are broadening quickly from the initial semiconductors to more 

promising areas. In this review, we are going to exemplify the emerging applications of 

ALD for energy-related devices with the case for lithium-ion batteries (LIBs). This 

review mainly covers two ways. First, ALD is used to design high-performance and new 

battery components including anodes, cathodes, and inorganic solid electrolytes. Second, 

ALD is employed as an effective tool to surface-modifying battery anodes and cathodes 

with thin films for enhanced performance. As will be demonstrated, ALD performs in a 

precise and flexible manner for all these applications, and the resultant performance is 

closely related with ALD’s characteristics. We hope that this work will be insightful for 

follow-up studies and help boost the applications of ALD in other areas.      

 

 

2.2 Emerging applications of atomic layer deposition for lithium-ion batteries 

 

2.2.1 Background 

 

Nowadays people in our civilized society are enjoying more entertainments and 

conveniences than ever before, such as vehicles for transportation, cell phones for 

communication, video camcords for memory, MP3 players for music, laptops for internet, 

and so on. It is apparent that all the comforts need stable and reliable energy supplies. In 

contrast to the constant increasing needs on energy, however, fossil fuels (coal, petroleum, 

and natural gas) as our main energy sources are depleting while their combustion is 

causing greenhouse effect and pollutions on our environments as well [40]. In other 

words, we are being threatened with the loss of the comforts by the shortage of available 

energies. Thus, seeking renewable clean energy sources as alternatives becomes urgent. 

Of potential energy sources, nuclear, solar, and wind energy are principal candidates [40-

42]. However, all of them are commonly exposed to some drawbacks. Nuclear plants, for 

example, produce radioactive fission products and also pose potential risks on security 

[40]. The recent nuclear leakage caused by earthquakes in Japan forces us to rethink the 
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use of nuclear energy. On the other side, solar and wind energy require large areas. They 

are also limited geographically and operate intermittently. Thus, energy storage is 

required for all the aforementioned alternative energies [41] and the energy security lies 

in the heart of our mobility, our prosperity and our daily comfort [43].  

 

To meet the energy needs, batteries as chemical devices are ideal for storing electrical 

energy as chemical energy [44]. Over a long history for batteries, LIBs are now taking 

dominance for various applications, due to their high energy and power density over 

former generation batteries [42,44]. A LIB cell conventionally consists of a carbon anode 

(negative electrode), a lithium metal oxide cathode (positive electrode, e.g., LiCoO2), and 

an ionically conductive “electrolyte” between the two electrodes. Electrolytes can be a 

liquid, a solid polymer, or an inorganic solid [44]. In most cases, LIBs use liquid 

electrolytes containing a lithium salt such as LiPF6, LiBF4, LiClO4, LiBC4O8 (LiBOB), 

and Li[PF3(C2F5)3] (LIFAP), which dissolves in a mixture of organic alkyl carbonate 

solvents like ethylene, dimethyl, diethyl, and ethyl methyl carbonate (i.e., EC, DMC, 

DEC, EMC, respectively) [45]. An external connection between the two electrodes 

induces a spontaneous flow of electrons from an anode to a cathode, due to their different 

chemical potentials dictated by the materials chemistry which occurs at each [46]. As 

called the rocking chair batteries, LIBs rely on the shuttle of lithium-ions back and forth 

between the two electrodes during charge-discharge cycles. Both cell voltage and 

capacity are governed by the materials chemistry [46,47]. LIBs were first commercialized 

in 1991 by Sony Corporation [46,48]. Currently, they can provide a voltage of the order 

of 4 V and a specific energy ranging from 100 to 150 Wh/kg [10]. There are three main 

domains of application for LIBs [42,44,45]: portable electronics, transport, and stationary 

storage. The first is so far the most developed and largest in terms of the number of 

produced units while the other two are expected to be boosted in the coming years [44]. 

At present, the construction of large stationary batteries as centralized facilities is 

prohibitively expensive [42]. A most notable scaled-up application is for hybrid electrical 

vehicles (HEVs), plug-in hybrid electrical vehicles (PHEVs), and pure electrical vehicles 

(EVs) [45]. Unfortunately, conventional LIBs (e.g., C/LiCoO2 batteries) suffer from a 

series of problems in cost, safety, cell energy density (voltage×capacity), rate of charge-
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discharge, and service life [49,50] for transport use, whose roots lie in anodes, cathodes, 

electrolytes, or the interrelations between them [51,52]. More specifically, LIBs must be 

able to operate at realistic temperatures (a range from -46 to +66 oC) with 5000 charge-

discharge cycles and a 15-year calendar life [53]. However, these are still challenging for 

current LIBs technologies. Therefore, intensive research is being conducted worldwide on 

new materials for next generation LIBs. Since nanostructured materials were disclosed by 

Poizot et al [54] to be more advantageous than bulk materials as electrodes, a large 

variety of nanomaterials and their composites were investigated, as reviewed by many 

researchers [42,45,47,55-65]. The benefits offered by nanomaterials include [54,56,60,64]: 

(1) improved cycle life due to better accommodation of the strain of lithium 

insertion/disinsertion; (2) new reactions not possible with bulk materials; (3) higher 

discharge-charge rates due to higher electrode/electrolyte contact area; (4) short path 

lengths for both electron and lithium ion transport. Associated with these benefits, 

however, nanoelectrodes are supposed to be with some disadvantages such as undesirable 

reactions due to high surface area, inferior packing leading to lower volumetric energy 

densities, and more complex synthesis. Thus, researchers have also been seeking 

solutions from electrolytes/separators [66-71] and other strategies to modify electrodes 

and electrolytes [72-77]. Of them, surface coating of electrodes [59,60,73-77] was proved 

to be an effective venue for improving the performance of LIBs and it covers different 

types of materials depending on the nature of electrodes. For example, carbon coating 

was widely adopted for both anode and cathode materials in order to enhance electrical 

conductivity, buffer volume change, or stabilize solid electrolyte interface (SEI) films 

[59,60,73,75]. In addition, the coatings of metals (e.g., Ag), metal oxides (e.g., Al2O3, 

SnO2, ZrO2, MgO, and ZnO), and other classes were also demonstrated to be beneficial 

for a better performance of LIBs [59,60,73-77].    

 

In addressing the various challenges facing LIBs, ALD appears to be a promising tool for 

LIBs in the past few years and is attracting an increasing interest, for it is capable of 

enhancing the performance of LIBs via multiple routes in a more precise and flexible 

manner. As will be demonstrated this work, ALD is used not only for accurately 

exploiting various high-performance LIB components including anodes, cathodes and 
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electrolytes, but for effective modification of electrode materials with ultrathin coatings 

down to subnanometers as well. For the former, ALD was revealed to a viable route to 

synthesize novel nanostructures with dramatically increased capacity of electrodes and to 

fine-tune the composition of electrolytes. For the latter, ALD displayed to be the only 

precise venue to directly coat prefabricated electrodes with high-quality thin films, 

besides coating electrode materials as usually did previously by other techniques. This 

article represents the first effort to thoroughly review the recent work on employing ALD 

as a tunable and precise tool for high-performance LIBs, aimed at timely informing 

colleague researchers of this state of art technique and its versatile capabilities for 

enhancing the performance of LIBs. This review covers four parts in total. Following this 

Introduction, we concentrate on the precise synthesis of novel LIB components, i.e., 

anodes, cathodes, and electrolytes by ALD in the second section. Furthermore, a recent 

boost on using ALD as a route to modify both anodes and cathodes is covered in the third 

part and the resultant effects on high-performance of LIBs are presented with potential 

mechanisms. As a concluding remark, the last part summarizes the successes of ALD in 

LIBs and, in particular, gives outlooks and expectations on future studies as well. We 

believe that this work will bring a blow of fresh air for the development of LIBs and 

thereby help researchers make efforts for further breakthroughs of next generation LIBs.  

 

2.2.2 ALD on designing novel battery components  

 

A. Anodes 

 

In conventional LIBs, carbon materials are exclusively used as anodes while lithium 

metal oxides LiMO2 (M = Co, Ni, e.g., LiCoO2) are used for cathodes. In most cases, the 

employed liquid electrolyte is LiPF6 in EC-DMC [49]. This configuration of C/(LiPF6 in 

EC-DMC)/LiMO2 operates on a process [45,49]: 

yC + LiMO2 ↔ LixCy + Li(1-x)MO2, x ≈ 0.5, y = 6, and voltage ≈ 3.7V at 25 oC  (3) 

in which the lithium ions reversibly insert and extract between the two electrodes with a 

concomitant removal and addition of electrons. The carbon anodes have a limited 

theoretical capacity of 372 mAh/g [45,56,62,64]. Additionally, carbon materials suffer 
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from capacity degradation incurred by irreversible side reactions occurred between 

lithium ions and/or the solvent and the anode surface, leading to the formation of SEI 

during charge-discharge cycles [51,78]. As such, better alternative anode materials have 

been sought in the past decade. Lithium alloys such as lithium-silicon (Li-Si) and lithium-

tin (Li-Sn) are promising to provide higher specific capacity in replace of carbon 

materials, accounting for 4000 and 990 mAh/g, respectively [45,49]. Unfortunately, the 

lithium alloys encounter the large volume expansion-contraction (300 - 400%) during 

charge-discharge cycles, leading to mechanical stresses and thereby the resultant 

disintegration of the anodes with subsequent failure [45,49]. Due to the aforementioned 

issues faced by the carbon and metallic anodes, metal oxides (e.g., TiO2, MnO2, Fe2O3, 

Co3O4, and SnO2 etc) and other compounds were exploited as alternatives 

[45,49,54,56,60-62,64]. Of them, titanium oxide (TiO2) and lithium titanium oxide 

(Li4Ti5O12, LTO) are attractive, despite their relatively low specific capacity (335 mAh/g 

for TiO2 and 175 mAh/g for LTO) and higher voltage level (1.2 – 2.0 V vs. Li+/Li) 

[45,49]. Their common benefits include negligible volume change for improved 

cycleablity, no electrolyte decomposition, and therefore no SEI formation and improved 

safety [45,49,62].   

 

A1. ALD-induced nanostructured anode materials  

 

In her excellent review, Puurunen [8] made an extensive and thorough categorization on 

ALD precursors exposed in literature prior to 2005. As disclosed by Puurunen’s review 

[8], ALD had ubiquitous successes on potential anode materials, such as Si, MnOx, Fe2O3, 

CoOx, NiO, ZnO, SnO2, etc. It worth pointing out that at that time the ALD processes 

were mainly based on flat substrates such as silicon wafters, and only a few 

nanostructures were reported. In recent years, more and more nanostructured materials 

were developed with ALD and many of them are promising as candidate anodes of LIBs. 

In Table III, we summarized the progress on nanostructured anode materials synthesized 

by ALD. The ultimate nanostructures are mainly determined by the employed substrates. 

In general, the substrates mainly consist of three types: porous templates, carbon-based 

materials, and biological materials. The first class includes anodic aluminum oxide (AAO) 
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and polycarbonate (PC) templates, the second one has polyacrylonitrile nanofibers (PAN-

NF), carbon nanotubes (CNTs) and graphene nanosheets (GNS), and the last covers 

nanocellulose (NC), tobacco mosaic virus (TMV), and peptide. There are others. For 

example, Al nanorods (Al-NRd) were used as substrates as well [87].  

 

Ascribed to the different substrates used, as a result, ALD induced several principles and 

therefore contributed to different ultimate nanostructures such as nanotube arrays (NT-A), 

nanotube networks (NT-N), nanoribbon networks (NRb-N), nanorod arrays (NRd-A), and 

3D networks (3D-N). In Figure 2.3, we summarize the main strategies and the resultant 

nanostructures. Figure 2.3(a) displays a traditional but typical thought to produce 

nanotube arrays using AAO templates. Actually, this route is also applicable to PC filters. 

One difference between AAO and PC lies in their etching processes. Typically, sodium 

hydroxide (NaOH) or potassium hydroxide (KOH) is used to remove AAO while 

chloroform (CHCl3) is employed to dissolve PC [90]. In addition, AAO is thermally 

stable while PC is only suitable for low temperature (< 140 oC) ALD processes [90]. 

Another idea for ALD-induced nanostructures is based on 1D substrates such as 

nanotubes, nanofibers, nanoribbons, and nanorods etc. In figure 2.3(b), we illustrate this 

route using ALD-coating on CNTs. Depending on the pristine arrangement of substrates, 

the resultant nanostructures can be aligned arrays or networks of the aforementioned 1D 

structures. In many cases, calcination is used for removing the core substrates, improving 

the crystallinity of synthesized nanostructures, or for the two. Besides the aforementioned 

two, a recently boosted strategy with ALD is based on biological substrates including NC, 

peptide, and TMV. This kind of practice was benefited by low temperatures (< 150 oC) of 

ALD. As shown in figure 2.3(c), researchers [86] demonstrated ALD-TiO2 and ZnO on 

NC aerogel, resulting in their nanotube networks after calcination. Similarly, other 

researchers developed hollow nanoribbon networks, as summarized in Table III. The 

most recent nanostructure from ALD is based on GNS. As is well-known, graphene is 

attracting an increasing attention since it was discovered in 2004 [109].The reason lies in 

a series of exceptional properties of graphene, such as high electric conductivity [110] 

and specific surface area [111]. Thus, graphene-based nanocomposites are expected to 

provide better performance than any individual component in many applications. In this 
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way, researchers used solution-based methods and developed several graphene-based 

metal oxides showing higher capacities, rate capabilities, and stability in LIBs [112,113]. 

In figure 2.3(d), we schematically demonstrate our recent work, ALD-TiO2 on GNS [93]. 

That work disclosed that ALD can provide more benefits, for the deposited materials can 

be tuned in their morphologies growing from nanoparticles to nanofilms with ALD-cycles 

and in their textures evolving from amorphous to crystalline phase with temperature. 

Thus, ALD is a more flexible and controllable strategy for preparation of graphene-based 

nanocomposites. 

 
 
Figure 2.3 Main ALD strategies for fabricating nanostructured materials. (a) the strategy for nanotube 

arrays using AAO, exemplified by the fabrication of SnO2 nanotubes; (b) the strategy for nanotubes using 

CNTs; (c) the strategy for 3D networks of nanotubes based on nanocellulose aerogel; and (d) the strategy 

for 3D nanostructures based on GNS, exemplified by ALD-TiO2 on GNS. 
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Table III  Nanostructured anode materials by ALD 

 

Material Precursor A Precursor B Temp. (oC) Substrate Nanostructure Ref. 

TiO2       TiCl4 H2O 100-400 AAO NT-A 79-85 

150 NC NT-N 86 

TiI4 H2O 200 Al-NRd NRd-A 87 

  300 GNS 3D-N 88 

Ti(NMe2)4 H2O 150 TMV NT-A 89 

Ti(OiPr)4 H2O 70-160 AAO NT-A 90,91 

80-140 PC NT-A 90,92 

150-250 GNS 3D-N 93 

35 TMV NT-N 16 

NH3 140 Peptide NRb-N  33,94 

NH3+O2 140 Peptide NRb-N 95 

Fe2O3       Fe(Cp)2 O2 400 AAO NT-A 96 

  350 CNT NT-N 97 

Fe2(OtBu)6 H2O 130-170 AAO NT-A 98 

ZnO       Zn(C2H5)2 

 

H2O 

 

40-200 CNT NT-N 99-101 

200 AAO NT-A 102 

250 AAO NT-A, NRd-A 103 

150 NC NT-N 86 

SnO2       SnCl4 H2O 200-400 AAO NT-A 104 

200-400 CNT NT-N 105 

200-400 GNS 3D-N 106 

C12H24O4Sn 

 

O2 100 PAN-NF NT-N 107 

Sn(OCMe3)4 AcOH 75-250 CNT NT-N 108 

C12H26N2Sn H2O2 50-250 -- NT-A 19 

 

 

It is apparent that, based on the above discussion, ALD provides versatile routes and a 

series of advantages for synthesizing anode materials of LIBs. The novelties in structures 

are being demonstrated to be effective in electrochemical performance in the following 

section as well. 
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A2. High electrochemical performance 

 

As reviewed in literature [54,61,62,64], previous studies used various vapor-phase and 

solution-based methods for synthesizing novel anode materials of high performance. Only 

recently ALD as a tool was reported for developing anode materials, featuring its high 

preciseness and tunability in structures, compositions, and growth of deposited materials. 

Due to its late emergence, the electrochemical testing on ALD-induced anode materials is 

still limited but shows very promising performance, as will be demonstrated below.  

 

The first effort was reported by Kim et al [95] with a 3D network of hollow TiO2 

nanoribons. The researchers first deposited an amorphous TiO2 layer on biotemplates of 

peptide assembly (see figure 2.4(a)) at 140 oC using titanium tetra-isopropoxide (TTIP, 

Ti(OiPr)4) and a mixture of NH3 and O2 as precursors. The as-synthesized materials were 

treated at 400 oC for 1 h and the applied biotemplates were removed. As a result, a 

network of crystalline anatase TiO2 hollow ribbons with 15 nm thick walls (see figure 

2.4(b)) was received for electrochemical testing. It was demonstrated that, applied with an  

 

 
 
 
Figure 2.4 SEM image of (a) the peptide template and (b) the TiO2 network (inset: magnified image of 

cross sectional TiO2 hollow nanoribbon). (c) Rate capacity of the TiO2 network, and the 25 nm and 100 nm 

nanoparticles from C/5 to 5C for 10 cycles.  
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electrolyte of 1 M LiPF6 in a 1:1 mixture of EC-DMC, the ultimate 3D network of 

anatase TiO2 ribbons exhibited higher specific capacity, rate capability, and cycleability 

than two TiO2 nanoparticles (25 and 100 nm in size, respectively) (see figure 2.4(c)). In 

general, a reversible Li insertion/extraction in anatase TiO2 is expressed by the following 

reaction and the resultant volume change is less than 4% [62]:  

TiO2 + xLi+ +xe- ↔ LixTiO2, (0 ≤ x ≤ 1)                                                                (4) 

Kim et al [95] attributed the improved performance of the resultant electrode to its unique 

3D network and the hollow structure of TiO2 nanoribbons, for electronic conduction is 

facile through the network and Li ions can diffuse from both the outside and the hollow 

space of the tubes. A more recent work conducted by Gerasopoulos et al [89] revealed 

another 3D nanostructure of Ni/TiO2 core-shell nanocomposite anodes synthesized using 

TMV substrates for ALD-TiO2. The researchers deposited TiO2 using tetrakis-dimethyl 

amido titanium (TDMAT, Ti(NMe2)4) and water as ALD precursors at 150 oC, and 

received amorphous TiO2 on TMV (see figure 2.5(a) and (b)). They annealed the core-

shell structures at 450 oC in air for 3 h and therefore transferred TiO2 from amorphous to  

 

 
 
Figure 2.5 The electrochemical performance of TiO2-(Ni-TMV) nanocomposites as anode of LIBs. (a) low-

magnification SEM image for the TiO2-coated TMV; (b) high-magnification TEM image for a single 

composite nanorod where TMV (18 nm), Ni (~20 nm), and TiO2 (~ 20 nm). (c) Capacity vs. cycle number 

for electrodes with and without TMV.   
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anatase phase. Using the fabricated 3D nanostrutured anatase TiO2 (20 nm in wall 

thickness, see figure 2.5(b)) as anodes and the same electrolyte as used by Kim et al [95], 

Gerasopoulos et al [89] disclosed that the capacity of the nanostructured anodes stabilizes 

at 180 – 185 mAh/g at a current rate of 147mA/g in 850 cycles while a control sample of 

TiO2 nanofilms (with similar thickness but without TMV on steal substrates) stabilizes at 

around 90 mAh/g (see figure 2.5(c)). The morphology of the 3D TiO2 anodes was 

examined after cycles and clearly displayed a sustained 3D structure of the TMV. Under 

higher current densities, the differences between the 3D anodes and the control film 

anode became larger. Gerasopoulos et al believed that the low impedance of the 

nanostructured anodes benefits their high rate performance.  

 

Another interesting work with ALD-TiO2 anodes was performed by Cheah et al [87]. The 

researchers deposited a uniform layer of 17 nm thick TiO2 (figure 2.6(b)) on aluminum 

nanorods (figure 2.6(a)) using TiI4 and water as precursors at 200 oC. The growth of 

aluminum nanorods have been previously reported by the researchers using a direct 

electrodeposition procedure [114]. It was also observed that, besides a conformal layer of 

ALD-grown anatase TiO2 on aluminum nanorods, there exists a 4 nm thin layer of Al2O3 

(figure 2.6(b)) between the TiO2 layer and the Al nanorodes, due to exposure of Al 

nanorods to air before ALD-TiO2. The synthesized nanostructure was employed as an 

anode in a microbattery for electrochemical testing. Aluminum nanorodes act as current 

collector, TiO2 layers are anodes and lithium metal is used as a counter electrode with a 

glass fiber separator soaked in the electrolyte of 1 M LiClO4-PC. In comparison to a 2D 

17 nm thick TiO2 film assembled into a cell as the control sample, the 3D electrode 

showed an increase in total capacity by a factor of 10 (see figure 2.6(c)), owing to the 

higher amount of TiO2 deposited onto the 3D nanostructured Al current collector. For 

both the 3D and 2D electrodes, their measured capacity values are close to their 

theoretical values and maintained upon cycling. Further examination on the rate 

capability of the nanostructured 3D TiO2 electrode disclosed its excellent stability in 

capacity retention after 50 cycles.     
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Figure 2.6 ALD-TiO2 coated Al nanorods used as anodes of 3D microbatteries. (a) Al nanorod arrays; (b) 

an ALD-TiO2 coated Al nanorod; and (c) normalized capacity (mAh/cm2 of geometrical surface area) for 

the 3D microbattery with TiO2 deposited on an Al nanorod current collector and the 2D electrode with TiO2 

deposited on a flat plate. The galvanostatic cycling current is 0.001 mA. 

 

 

The afore-discussed cases clearly indicate that ALD is a facile and precise route for 

designing novel nanostructured anode materials and the resultant TiO2 anodes exhibit 

high performance in cycleability, rate capability, and capacity. It worth pointing out that, 

partially due to the recent emergence of ALD in LIBs, the above ALD-TiO2 anode 

materials represent to date the only electrochemically tested ALD successes for anodes. 

We believe, however, that there will be more ALD-induced nanostructures (as 

summarized in Table III) to be reported with high performance in the coming days. In 

addition, we are also expecting more anode materials synthesized by ALD, such as silicon, 

cobalt oxides, and others.     
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 B. Cathodes 

 

Starting from Goodenough’s pioneering work [115,116], now a series of cathode 

materials of LIBs was developed, including LiCoO2, LiMnO2, LiMn2O4, LiNiO2, 

LiNi0.5Mn0.5O2, LiNi1/3Mn1/3Co1/3O2, LiFePO4, and V2O5 [42,59,61,63,117]. Most of 

them are ternary or quaternary elemental compounds. The only one synthesized by ALD 

to date is V2O5 as cathodes of microbatteries. As a widely useful metal oxide, in earlier 

studies V2O5 has been prepared by a variety of methods including vapor-phase and 

solution-based strategies, as reviewed by Wang et al [58,59], and Beke [118]. V2O5 has a 

layered structure with a theoretical capacity of 442 mAh/g for LIBs [117], and it was 

Whittingham [119] who first reported the reversible electrochemical lithium intercalation 

into V2O5. Previously, Baba et al [120] developed a prototype of all-solid-state lithium-

ion batteries (ASS-LIBs) using sputtered V2O5 as cathode materials and the cells 

demonstrated excellent electrochemical stability. Using ALD as a designing route, Badot 

et al first successfully deposited amorphous V2O5 with vanadyl triisoproproxide (VTOP, 

VO(OiPr)3) and water as precursors in the range 45 to 150 oC [121,122]. The researchers 

further demonstrated that the annealed (at 400 oC) 700 nm thick V2O5 films offer 

excellent electrochemical stability and cycleability for lithium ion insertion/extraction 

between 3 and 3.8 V in 1 M LiClO4-PC (propylene carbonate) [121]. A reversible Li 

insertion/extraction in anatase V2O5 is expressed by the following reaction [63,121]:  

V2O5 + xLi+ +xe- ↔ LixV2O5, (0 ≤ x ≤ 1)                                                               (4) 

Later on, Baddour-Hadjean et al [123] systematically studied the phase changes of an 800 

nm thick ALD-V2O5 film (annealed at 450 oC) as a cathode of LIBs during 

insertion/extraction of lithium ions using a Raman spectroscopy. More recently, Le Van 

et al [124] used XPS and Raman to further confirm that the ALD-deposited amorphous 

vanadium oxide is mainly composed of V2O5. More importantly, they first disclosed that 

the amorphous V2O5 is superior to crystalline films as cathodes. The amorphous film with 

an optimal 200 nm thickness exhibited higher capacity and better cycleability in 1 M 

LiClO4-PC than its crystalline counterparts, accounting for a constant 455 mAh/g at C/10 

(one charge-discharge cycle for 10 h).     
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C. Solid electrolytes 

 

There are mainly three classes of electrolytes for use of LIBs, i.e., liquid, polymer solid, 

and inorganic solid electrolytes [44]. In comparison, liquid electrolytes are most widely 

used while inorganic solid electrolytes are still in their infancy [44]. Conventional 

batteries contain liquid electrolytes, using highly volatile and flammable organic solvents. 

As a consequence, there have always been safety issues arising from the combustible 

organic electrolytes and the issues become more serious with the increasing size of LIBs 

for use in EVs [125]. The ultimate solution to the safety issues lies in the development of 

solvent-free and nonflammable inorganic solid electrolytes [49,125]. Inorganic solid 

electrolytes are especially crucial for the development of all-solid-state rechargeable 

microbatteries which will play a key role in many autonomous devices [126], such as 

small medical implants, hearing aids, intergrated lighting solutions, and many others. In 

order to improve the safety and to prevent the risk of electrolyte leakage, replacement of 

the liquid with a safer and stable solid-state electrolyte is a stringent requirement. 

Traditionally, physical vapor deposition (PVD) techniques (e.g., sputtering and 

evaporation) take the dominance on manufacturing the components of microbatteries with 

planar configurations [69,117]. However, the 2D planar thin film batteries suffer from 

many challenges, as reviewed by Patil et al [117]. To address the challenges for higher 

volumetric energy density, 3D architectured battery configurations were proposed, as 

exposed in the reviews by Long et al [127] and Roberts et al [128]. Another alternative 

approach has recently proposed by Notten et al [129], and the principle is illustrated in 

figure 2.7. By depositing different functional layers into the trenches, the surface area can 

be enhanced and thereby the energy density can be improved by several orders of 

magnitude higher than planar thin film batteries, as demonstrated in the aforementioned 

case of ALD-TiO2 conducted by Cheah et al [87]. The development of 3D batteries has 

the need to distinguish conformal deposition techniques [128], and it is obvious that ALD 

is particularly advantageous for this goal. Thus, Baggetto et al [126] suggested ALD as a 

promising deposition technique for the development of all-solid-state LIBs (ASS-LIBs). 

In the above sections, we showed that ALD is viable for both anodes (e.g., ALD-TiO2 

[87]) and cathodes (e.g., ALD-V2O5 [121-124]) of microbatteries. The recent progress on 
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solid electrolytes further supports ALD as a key tool for ASS-LIBs, as will be introduced 

below.  

 

 
 
 

Figure 2.7 A 3D all-solid-state lithium-ion battery. 
 

 

Lithium is an important constituent not only in cathode but also in inorganic solid 

electrolytes of LIBs [68,69]. Recent research [130,131] jointly conducted by researchers 

in Norway and Finland disclosed that ALD has the capability to deposit lithium-

containing materials consisting of ternary or quaternary elements, serving as inorganic 

solid electrolytes in ASS-LIBs. Putkonen et al [130] studied the effects of five different 

lithium-containing compounds as ALD precursors on depositing lithium-containing thin 

films, including a lithium β-diketonate Li(thd), a lithium alkoxide Li(OtBu), a lithium 

cyclopentadienyl LiCp, a lithium alkyl n-butyllithium n-BuLi, and lithium 

dicyclohexylamide. Their systematic work revealed that, combined with suitable oxygen 
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sources such as ozone or water, Li(thd) and Li(OtBu) are two useful precursors for 

preparation of different lithium-containing films. In the same work, the researchers also 

demonstrated that the Li(thd)-ozone sub-ALD system can incorporate with the La(thd)3-

ozone sub-ALD system to produce lithium lanthanate films comprising of tunable 

constituents of lithium, carbon, lanthanum, and oxygen. They also pointed out that, in 

comparison to the Li(thd)-ozone system, the Li(OtBu)-water system is more beneficial for 

lithium-containing film deposition, for there is less carbon content produced. In a later 

work, Aaltonen et al [131] investigated the deposition of lanthanum titanate and lithium 

lanthanum titanate (LLT). The latter is considered as a very promising solid-state 

electrolyte, showing very high lithium ionic conductivity at room temperature [68,69]. 

Through varying the pulsing ratio of different precursors, the researchers demonstrated 

that ALD is advantageous over previous methods such as sputtering and sol-gel for 

depositing ternary and quaternary systems. For ALD-LLT, they combined three 

subsystems, i.e., Li(OtBu)-water, La(thd)3-ozone, and TiCl4-water to deposit LLT at 225 
oC and controlled the composition ratio of the three subsystems (i.e., Li2O, La2O3, and 

TiO2) by adjusting their sequence and subcycles. According to their successful case, 

TiO2-La2O3-Li2O was chosen for the ALD-LLT deposition sequence and the LLT 

deposition was tuned with controlled sub-cycles using various characterization tools for 

examination. The as-deposited LLT films are amorphous and deviate from the 

composition of crystalline LLT. Annealed at 800 oC in oxygen for 3 h, a 100 nm thick 

Li0.32La0.30TiOz film matches well with the X-ray diffraction (XRD) patterns of 

Li0.33La0.557TiO3. However, as pointed out by Aaltonen et al [131], there is some variance 

existing with the annealed film with respect to the reported Li0.33La0.557TiO3. In addition, 

there is an excess of titanium in the deposited film and some XRD peaks are not 

identified as well. In any case, the researchers [130,131] first demonstrated that ALD is a 

tunable and viable route for depositing solid electrolytes of LIBs and their work will 

inspire more effort on development of inorganic solid electrolytes. 

 

2.2.3. ALD on surface-modifying battery electrodes  

 

As is well known, LIBs are currently plagued by their capacity degradation, reduced life, 



 45 

and potential risks in safety. The reasons lie in unwanted side reactions occurring during 

charge-discharge cycles, causing electrolyte decomposition, SEI formation, and active 

material dissolution [51,52,78]. To address these issues and thereby to enhance the 

performance of LIBs, earlier studies found that surface modification of electrodes as a 

strategy is a viable venue and has been extensively investigated. For carbon anodes, the 

previously used modification methods are included in the reviews by Fu et al [72] and 

Verma et al [78]. Aimed at modified cathode materials, several reviews were also 

conducted by Aurbach et al [52], Wang et al [59], Fu et al [73], Li et al [74], Yi et al [75], 

Myung et al [76], and Chen et al [77]. Recently, there is an increasing interest in using 

ALD to coat both anode and cathode materials with ultrathin films even down to 

subnanometers for enhancing the performance of LIBs, which has not been realized 

before. In contrast to previous solution-based methods, recent progress in ALD paves a 

way for precise surface coating of electrode materials with more flexibility and 

significantly enhanced performance. As will be discussed below, ALD also demonstrates 

to be a material- and cost-saving strategy for modifying electrode materials. A unique 

characteristic with this vapor-phase route, more importantly, is ALD being able to coat 

prefabricated electrodes directly, and this has never been possible for solution-based 

routes as widely used.    

 

A. ALD-coated anodes 

 

In conventional LIBs, carbon materials are exclusively used as anodes. During the first 

charge, the electrolyte undergoes reduction at the negatively polarized surface of carbon 

materials. This forms a passive layer comprising of inorganic and organic electrolyte 

decomposition products, called solid electrolyte interface, i.e., SEI [51,73,78]. As pointed 

out by Verma et al [78], SEI is essentially formed on the surface of the carbonaceous 

negative active materials, thus their inherent properties (such as specific surface area, 

crystallographic structure, structural perfectness, as well as morphology) of carbon 

materials take effect on the SEI. Previous studies applied various methods to modify 

active carbon materials for enhanced their reversibility and capacity [64,73,78]. Of them, 

surface coating plays an important role. Only recently, Jung et al developed ALD-Al2O3 
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to directly coat the anodes of natural graphite (NG) powders (~5 μm, HPM850, Asbury 

Graphite Mills Inc.) [132]. It was found that ALD precursors (i.e., TMA and water) can 

diffuse through the pores of the composite anode to deposit a conformal Al2O3 film in the 

torturous path of the entire electrode structure. As shown in figure 2.8, the effect of 5-

cycle ALD-Al2O3 on the composite anode was examined using EDS (electron dispersive 

spectrometry). Figure 2.8(a) shows the cross-sectional image of the composite anode, and 

the SEM (scanning electron microscopy) sample was prepared by FIB (focused ion beam). 

The composite anode shows a porous structure. EDS analyses on seven regional areas 

(see figure 2.8(b)) revealed that the ALD-Al2O3 is uniformly performed on the porous 

composite anode. Their following electrochemical tests with 1 M LiPF6 in a 1:1 mixture 

of EC-DMC showed that, as disclosed in figure 2.8(c), this ALD-Al2O3 coated anode can 

sustain a very stable electrochemical performance while a bare anode dramatically 

decreases at a highly elevated temperature of 50 oC, accounting for a 98% and 26% 

capacity retention after 200 charge-discharge cycles, respectively. It was also revealed 

that, however, a composite anode made by ALD-Al2O3 pre-coated NG powders behaves 

worse than the bare anode. Jung et al [132] believed that the coated composite anode is 

benefited by a stable “artificial” SEI thin film of Al2O3 that protects the NG surfaces from 

undesirable decomposition reactions with the electrolyte. In contrast, the anode fabricated 

by ALD-Al2O3 pre-coated NG powders is hindered by the insulating Al2O3 films, for the 

films inhibits electron conduction paths between NG particles and the current collector. 

 

Besides the aforementioned case for the carbon anode, recent research also exposed ALD 

being applied to other alternative anodes for surface modification. In an earlier study, 

Snyder et al [133] employed ALD-TiN thin film on LTO powders in order to improve 

their interparticle electronic conductance. LTO is a promising anode in replacement of 

carbon materials, ascribed to its advantages such as zero strain, no SEI and lithium metal 

plating formed, and stability with high temperature (75 - 80 oC) during charge-discharge 

cycles [133,134]. However, it suffers from its insulating nature, leading to capacity fading 

with charge-discharge cycles. To improve LTO’s electronic conductivity, as a 

consequence, many strategies have been previously used and surface modification 

appears to be an effective one with multi-choices on coating materials (e.g., Ag, carbon,  
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Figure 2.8 SEM/EDS analyses of ALD-Al2O3 electrodes. (a) FE-SEM cross-sectional image of NG 

composite electrode coated with 5 cycles of ALD-Al2O3. Numbers indicate regions in which Al was 

analyzed with EDS. (b) Weight fraction of Al as a function of depth. (c) Electrochemical performance of 

different anodes at 50 oC.  
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SnO2, TiN, as well as organic compounds) [134]. TiN provides a series of beneficial 

factors as a surface coating material such as its hard, refractory, and metallic properties. 

For example, a recent study coated LTO with TiN by a method of heat treatment using 

urea as nitrogen source and the modified the LTO displayed improved rate capability and 

cycleability [135]. In comparison, ALD provides a more facile and controllable route for 

surface modification, due to its cyclic and self-limiting nature. Using TiCl4 and NH3 as 

precursors, Snyder et al [133] coated LTO nanoparticles of 25 nm with ALD-TiN at 500 
oC and the modified LTO powders were characterized by in situ and ex situ methods. A 

200-cycle coating led to an average thickness of approximately 5.8 nm, accounting for an 

approximate growth rate of 0.3 Å/cycle. Their following electrochemical tests in 1 M 

LiPF6-(1:1 EC-DMC) revealed that the modified LTO electrode shows remarkably 

improved performance and its specific capacity nearly maintains the theoretical value of 

167.5 mAh/g over numerous charge-discharge cycles at different charge rates. In contrast, 

the unmodified LTO electrode displays a drastic decrease in specific capacity with 

increased charge rates and reaches its lowest specific capacity of 60 mAh/g after the third 

charge at C/5. Decreasing the charge rate to C/10 in the following charge cycles, the 

specific capacity of the unmodified LTO electrode increases to those obtained during 

previous charges at C/10. Snyder et al [133] attributed this to the deformation of the LTO 

lattice. Also, Snyder et al [133] pointed out that the improved capacity of the modified 

electrode are due to several factors: (1) the change in particle morphology occurred at 

high temperature of ALD; (2) removal of electrically non-conducting carbonate species 

during ALD; (3) the improved electrical contact of LTO particles due to the presence of 

the TiN thin film.           

 

Another functional role played by ALD coatings is to sustain morphologies of anode 

materials. In this case, Riley et al investigated the effects of ALD-Al2O3 on MoO3 

nanoparticles [136]. In contrast to little volume expansion with NG, MoO3 suffers from 

100% volume expansion in charge-discharge cycles. Through coating the pre-fabricated 

MnO3 nanoparticles anode with 4-cycle ALD-Al2O3, Riley et al [136] found that the 

coated anode in 1 M LiPF6-(1:1 EC-DMC) is free from fracturing and this help improve 

its cycleability with stable and high specific capacity. Conversely, an anode fabricated by 
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ALD-Al2O3 pre-coated MnO3 nanoparticles displays a worsened electrochemical 

performance even compared to the bare MnO3 nanoparticles anode. The researchers 

explained the underlying mechanisms with an illustration, as shown in figure 2.9. The 

white circles represent MnO3 nanoparticles, the black smaller circles indicate the 

conductive additive, and the grey surfaces signify ALD coatings. The bare MnO3 suffered 

from fracturing during charge-discharge cycles, due to evident volume expansion. As a 

consequence, the fracturing led to failure of electrical contact of partial active materials 

and thus a fading capacity with electrochemical testing cycles (as illustrated in figure 

2.9(a)). The ALD-Al2O3 pre-coated MoO3 nanoparticles, on the other hand, worsened the 

electronic conductivity between nanoparticles and thereby led to the decrease in capacity 

of the fabricated anode (see figure 2.9(b)). In sharp contrast, a direct ALD-Al2O3 coating 

on the pre-fabricated MnO3 nanoparticles anode is able to “knit” the anode materials 

together and retains electric conductivity/mechanical integrity (see figure 2.9(c)), though 

cracking must occur with the coated MoO3 anode. In addition, the enhanced stability of 

the coated anode may also be partially attributed to the physical insulation of the MnO3 

from direct contact with the liquid electrolyte due to the partial surface coating even after 

cracking. In particular, in a later work [137] they clearly demonstrated that the coated 

anode is improved in mechanical stability with 4-cycle ALD-Al2O3. The adhesion of the 

composite anode on the current collector is more than doubled while the electrode 

hardness increases by close to 50%. In this way, a more recent work reported by Dafinone 

et al [138] also demonstrated that 1 nm (10 ALD-cycles) thick ALD-Al2O3 can 

dramatically improve the mechanical durability of TiO2/SiO2 nanoparticle layer-by-layer 

films on inorganic and organic substrates. As demonstrated by the researchers, the 

benefits still include little change to the structure and functional properties of the 

nanoparticle films, uniform coatings to the nanoparticle films from the substrate to the top 

surface, and low temperature accessible to polymers and plastics. In another work 

conducted by Lee et al [139], ALD-TiO2 is also reported for effectively improving the 

electrochemical performance of anode materials of high volume expansion in 1 M LiPF6-

(1:1 EC-DMC). Lee et al [139] fulfilled ALD-TiO2 on anode materials of ZnO nanorods 

using TiCl4 and water as precursors at 500 oC. ZnO as an alternative anode material of 

LIBs has a high theoretical capacity. However, severe morphology and volume changes 
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were previously observed in charge-discharge cycles and deteriorated the performance of 

ZnO as electrodes [140,141]. Lee et al [139] demonstrated that the 200-cycle ALD-TiO2 

(~11 nm) coated ZnO nanorods anode exhibited an improved reversible capacity, 

accounting for 447 mAh/g compared to 358 mAh/g for the bare ZnO nanorods. The 

researchers noticed that, due to the ALD-TiO2 coating, the coated ZnO nanorods maintain 

their nanostructures perpendicular to the substrate while the bare ZnO nanorods can only 

survive for 30 cycles. Thus, it is believed that ALD-TiO2 reduces the degree of reactions 

between ZnO and the electrolyte and thereby improves the stability of charge-discharge 

cycles.     

 

 
 
 

Figure 2.9 Schematic representation of the effects of volume expansion upon (a) bare particles, (b) an ALD 

coated nano-MoO3 particle, and (c) a particle from an ALD coated porous anode. 
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B. Cathodes 

 

The cathode active materials in LIBs are largely responsible for many factors such as 

toxicity, thermal stability, safety, and energy and power density. The direct contact of 

cathode materials with liquid electrolytes leads to many detrimental side reactions 

occurring at ambient temperature slowly, resulting in slow degradation of electrode 

materials and ultimately reduced battery performance. Researchers tried to substitute 

partial active elements with alkaline metals and Al in order to stabilize electrode 

structures and thereby to enhance cycleability and thermal stability event at highly 

oxidized sates [51]. However, such substitution often lowered capacity and Li+ diffusion, 

for the substituents are commonly electrochemically inactive ingredients. In comparison, 

surface coating is much simpler and more beneficial. In particular, this route has no 

influence on the amount of electrochemically active elements of cathodes and therefore it 

does not incur any loss in capacity of cathodes.  

 

Since surface modification of cathodes was initially patented by Amatucci and Tarascon 

[142], many research groups have demonstrated its viability for significantly improving 

the reversibility and reliability in the high voltage region (above 4.3 V vs. Li) by using 

nanoscale oxide coatings, as reviewed in literature [73-77]. The effects of various surface 

coatings were recently categorized to four classes by Chen et al [77]: (1) higher charge 

conductivity; (2) modification of cathode surface chemistry for improved performance; (3) 

HF scavengers which suppress metal dissolution from cathode materials; (4) physically 

protective barriers which impede side reactions between cathode materials and 

electrolytes.  

 

As a widely used cathode material for commercial LIBs, LiCoO2 (first reported by 

Goodenough [115]) suffers structural degradation during charge-discharge cycles. Earlier 

studies demonstrated that the electrochemical performance of LiCoO2 can be enhanced by 

various surface coatings such as carbon, Li2CO3, LiMn2O4, Li4Ti5O12, MgO, Al2O3, 

AlPO4, SiO2, TiO2, ZrO2, SnO2, La2O3, etc [74,143-148]. The main strategies employed 

are solution-based. Recently, ALD was developed as a surface-coating route for cathode 
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materials, featuring its low temperature and precise vapor-phase deposition. The first 

work on using ALD-coating for modifying cathode materials was reported by Jung et al 

[149]. They used ALD-Al2O3 to coat LiCoO2 micropowders (7-10 μm, L106, LICO 

Technology) and found that the fabricated cathodes by the coated powders show 

dramatically improved capacity retention vs. the charge-discharge cycles regardless of the 

ALD coating thickness. In comparison to a 45% capacity retention for the bare LiCoO2 

powders, the coated LiCoO2 powders exhibited a capacity retention of 89% after 120 

charge-discharge cycles in the 3.3-4.5 V (vs. Li/Li+) range (see figure 2.10) in 1 M LiPF6-

(1:1 EC-DMC). In addition, they also disclosed that LiCoO2 powders coated by 2-cycle 

ALD-Al2O3 show an initial capacity comparable to that of the bare LiCoO2 powders. XPS 

(X-ray photoelectron spectrometry) revealed the coated Al2O3 layers are in the range ~3  

 

 
 
Figure 2.10 Charge-discharge cycle performance of electrodes fabricated by the bare LiCoO2 powders and 

the ALD-Al2O3 coated LiCoO2 powders using 2, 6, and 10 ALD cycles. 

 



 53 

to 4 Å in thickness. In contrast, it was found that the initial capacity decreases with 6- and 

10-cycle ALD-Al2O3 coated powders as the current density increases from 0.1 to 1 C rate, 

attributed to the restricted electron transport and possibly to the slower Li+ diffusion 

kinetics in the ALD-Al2O3 layers. Furthermore, Jung et al [149] also revealed that the 

interface between the electrolyte and the ALD-Al2O3 coated LiCoO2 cathodes is very 

stable. Therefore, they postulated several mechanisms to explain the enhanced 

performance induced by ALD-Al2O3 coatings: (1) ALD-Al2O3 coatings help suppress the 

structural instabilities related to lithium insertion and extraction but would not have the 

mechanical strength to withstand lattice expansions; (2) ALD-Al2O3 coatings may act as a 

solid electrolyte and may prevent the direct contact between the cathode surface and the 

electrolyte; (3) ALD-Al2O3 coatings serve as a scavenger for HF resulting from the 

reaction of the trace amounts of water with LiPF6 in the electrolyte. For the last one, their 

XPS results suggested the possible formation of some AlF3 for the coated powders. 

Besides ALD-Al2O3 coatings, Jung et al [149] also investigated the surface modification 

effects of ALD-ZnO (using Zn(CH2CH3)2 and water as precursors) on the powders in the 

same study. Unfortunately, there was no improvement observed in the cycle performance 

from the electrodes fabricated by ALD-ZnO coated LiCoO2 powders, compared to the 

electrodes prepared by the bare LiCoO2 powders. Jung et al [149] believe that it is due to 

the instability of the ALD-ZnO layers on the LiCoO2 powders and this is supported by 

their XPS results. In addition, Jung et al [149] further examined the performance of 2-

cycle ALD-Al2O3 directly coated pre-fabricated LiCoO2 composite cathodes. It was 

found that this route also improves capacity retention and the directly coated composite 

cathodes are only slightly inferior to the cathodes fabricated by the ALD-Al2O3 coated 

powders in capacity retention. The latter ALD method, in comparison to previous wet 

chemical methods as disclosed in the review by Myung et al [76], offers several 

additional advantages: (1) less coating materials, accounting for 3-4 Å with respect to 

100-1000 Å in film thickness fulfilled by wet chemical methods; (2) without the use of 

solvents; (3) direct coating of composite electrodes, which is not applicable for wet 

chemical methods. Shortly after, a research team from Taiwan [150] also employed the 

latter route to coat prefabricated LiCoO2 (micropowders, LICO Technology) cathodes 

directly with ALD-Al2O3. Similarly, their electrochemical characterization further 
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confirmed that low ALD cycles (less than 50 cycles) help improve capacity, compared to 

the bare LiCoO2 powders using the electrolyte of 1 M LiPF6 in a 3:2:5 mixture of EC-PC-

DEC. However, further increasing ALD cycles reduced storage capacity. It is evident that, 

therefore, ALD provides a facile but efficient route for surface modification of electrodes. 

More recently, Scott et al [151] reported a more interesting work on nanosized LiCoO2 

(400 nm) composite cathode coated by 2-cycle ALD-Al2O3, using the electrolyte of 1 M 

LiPF6-(1:1 EC-DMC). As shown in figure 2.11(a), Scott et al confirmed the existence of 

Al2O3 after 2 ALD-cycles using EDS. High resolution TEM (HR-TEM) images exhibited 

the change before (figure 2.11(b)) and after (figure 2.11(c)) 2-cycle ALD-Al2O3. In 

particular, electrochemical testing disclosed that, as shown by figure 2.11(d), the directly 

coated cathodes exhibit a remarkably improved capacity retention after 200 charge-

discharge cycles in the 3.3-4.5 V (vs. Li/Li+) range, accounting for a discharge capacity of  

 

 
 
 
Figure 2.11 ALD-Al2O3 modified nano-LiCoO2 particles. (a) 2-cycle ALD-Al2O3 coated nanoparticles (left), 

showing the presence of Al by EDS spectrum (right); (b) HR-TME image for a bare nanoparticle; (c) HR-

TEM image for a 2-cycle ALD-Al2O3 coated nanoparticle; and (d) cycleability of different cathodes 

fabricated by bare bulk-LiCoO2, bare nano-LiCoO2, and 2-cycle ALD-Al2O3 coated nano-LiCoO2.   
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133 mAh/g at 1400 mA/g (7.8 C) and a 250% improvement in reversible capacity 

compared to the cathode prepared by bare nanoparticles. The researchers also 

demonstrated that the bare LiCoO2 micropowders (5 μm) as the control sample show poor 

performance and lose their capacity after 50 charge-discharge cycles. In addition, a 6-

cycle thicker ALD-Al2O3 coating produced detrimental effects due to an incurred larger 

overpotential. As for the underlying mechanisms, Scott et al [151] believe that, besides 

the reduced size of LiCoO2 nanoparticles, the enhanced capacity of nano-LiCoO2 

composite cathodes is due to the suppression of cobalt dissolution from the LiCoO2. They 

contended that ALD-Al2O3 produces an ultrathin Al2O3 film barrier residing between the 

LiCoO2 cathode and the liquid electrolyte. In addition, the nanoparticles could reduce the 

diffusion paths of Li+.  

 

Apart from the aforementioned work on LiCoO2, recently researchers also reported 

surface modification of other cathode materials by ALD. LiNi1/3Mn1/3Co1/3O2 being a 

replacement material for LiCoO2 can reduce the cost and toxicity of Co, and it was first 

proposed by Ohzuku and Makimura [152]. Unfortunately, LiNi1/3Mn1/3Co1/3O2 shows 

poorer rate capability and considerable capacity loss at high current density, in spite of its 

higher discharge capacity, lower cost, and higher safety with respect to LiCoO2 [153,154]. 

To improve the electrochemical characteristics of LiNi1/3Mn1/3Co1/3O2, different surface 

coatings (e.g., Y2O3 [153], AlF3 [154], and Al2O3 [155,156]) via solution-based methods 

were previously investigated and displayed enhanced performance to some extent. 

Different from the aforementioned work, Riley et al [157] employed ALD-Al2O3 to 

modify LiNi1/3Mn1/3Co1/3O2 cathode materials. Riley et al [157] synthesized 

LiNi1/3Mn1/3Co1/3O2 nanoparticles (200 - 400 nm) by combustion. Through coating the 

LiNi1/3Mn1/3Co1/3O2 particles with varying thicknesses of ALD-Al2O3, Riley et al found 

that the ALD-Al2O3 coatings of 2 – 6 cycles improve the reversible stability of charge-

discharge cycles in 1 M LiPF6-(1:1 EC-DMC). In comparison to the bare particles, a 2-

cycle ALD-Al2O3 coating exhibited little change in initial capacity. Associated with 

increased ALD-Al2O3 coatings, it was observed that the specific capacity in first cycle 

decreased due to slower ionic mobility. In spite of a lower resultant initial capacity, the 

capacity for the particles coated with 4- and 6-cycle ALD-Al2O3 is still greater than the 
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bare particles after 40 and 70 charge-discharge cycles, attributed to the improved 

electrochemical stability. It was also noticed that, however, a 10-cycle ALD-Al2O3 

coating is detrimental to the overall performance of LiNi1/3Mn1/3Co1/3O2. The reason lies 

in the insulating nature of Al2O3 for electron and ion transportation. Additionally, a thick 

coating tends to physically isolate individual particles from direct contact with conductive 

acetylene black. In a further examination on the effect of ALD-coating thicknesses on 

LiNi1/3Mn1/3Co1/3O2 capacity retention when cycled with an upper cutoff of 4.5 V, Riley 

et al [157] disclosed that 80% initial capacity could be hold after 110 cycles when an 

ALD coating is less than 6 cycles. Once the coating thickness exceeds ~ 12 Å 

(corresponding to 6 ALD cycles), the electrochemical stability is significantly affected by 

reduced kinetics associated with ion and electron transport. In comparison to the coatings 

of several or even several tens of nanometers induced by wet chemical methods, the ALD 

coatings are obviously much thinner and favorable. The researchers postulated that the 

ALD-induced electrochemical improvement of LIBs is due to a more pure Al2O3 coating 

than other methods and thereby ALD coatings require less oxide materials for modifying 

electrode materials.          

 

The third cathode material reported recently by ALD modification is LiMn2O4. The spinel 

LiMn2O4 has been extensively studied for the replacement of LiCoO2 in LIBs due to its 

low cost and high safety. Unfortunately, LiMn2O4 suffers capacity degradation especially 

at elevated temperature (> 55 oC) and the reasons lie in several ways including its 

unstable structure, the decomposition of electrolyte, the dissolution of manganese ions, 

and Jahn-Teller distortion, etc [75]. Surface coatings (e.g., metals such as Co [158] and 

Au [159], metal oxides such as Al2O3 [160], TiO2 [161,162], ZnO [163], and Cr2O3 [164], 

and others as reviewed in literature [75]) as the solutions were mainly investigated via 

solution-based methods and displayed some electrochemical enhancement. Recently, 

Guan et al [165] investigated the effects of ALD-Al2O3 coatings on the electrochemical 

performance of a kind of commercial LiMn2O4 micropowders (1 - 8 μm) in a potential 

range of -0.3 – 0.8 V vs. Ag/Ag+. Figure 2.12(a) and (b) show the morphological change 

before (figure 2.12(a)) and after (figure 2.12(b)) 20-cycle ALD-Al2O3. Figure 2.12(c) 

shows XPS spectrum from LiMn2O4 cathode coated by 4-cycle Al2O3, confirming the  
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Figure 2.12 Modification of ALD-Al2O3 on LiMn2O4 cathodes. (a) The bare LiMn2O4 micropowders; (b) 

20-cycle ALD-Al2O3 coated LiMn2O4 micropowders; (c) XPS spectrum from LiMn2O4 cathode coated by 

4-cycle Al2O3; and (d) Cycling performance of (A) bare LiMn2O4 cathode, cathodes coated with (B) 20-

cycle and (C) 10-cycle of ALD-Al2O3. These samples were cycled at a current density of 240 mA/g over the 

voltage range of -0.3 – 0.8 V. 
 

 

presence of Al element. Using a bare cathode as the control sample, they examined the 

performance of one 10- and 20-cycle ALD-Al2O3 coated cathode in 1 M LiClO4-PC. 

Guan et al [165] found that the discharge capacity of the bare cathode continued to 

decrease from 52.6 to 32.1 mAh/g over 100 cycles (see figure 2.12(d)), owing to 

dissolution of Mn2+ ions, John-Teller distortion effect of Mn3+ ions, and decomposition of 
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electrolyte components on the electrode. In contrast, ALD-Al2O3 coatings led to lower 

initial capacities for the two coated cathodes, possibly due to the presence of insulating 

Al2O3 coatings. More importantly, the two ALD-Al2O3 coated LiMn2O4 cathodes 

exhibited improved capacity retention and their capacities are higher than that of the bare 

cathode after a long-time cycling. In addition, the capacity of the 10-cycle ALD-coated 

cathode increases and gradually becomes larger than that of the bare cathode from the 

18th cycle, leading to a capacity of 42.9 mAh/g at the 100th cycle. The capacity of the 20-

cycle ALD-coated cathode also experiences an increase from 20 mAh/g and exceeds the 

capacity of the bare one from 44th cycle, accounting for a capacity of 38.9 mAh/g at the 

100th cycle. Obviously, the effect of ALD-Al2O3 coatings on the cycleability of LiMn2O4 

cathodes is thickness-dependent. The thinner 10-cycle coating shows higher capacities 

and better cycleability than the thicker 20-cycle coated cathode, due to less surface 

resistance. Thus there exists an optimal cycling number of ALD-Al2O3 for the best 

electrochemical performance. Furthermore, Guan et al [165] confirmed that ALD-Al2O3 

coatings were partially dissolved in electrolyte, for there is no Al element revealed by 

XPS on a 4-cycle ALD-Al2O3 coated cathode after 100 charge-discharge cycles. They 

believed that, for the two coated cathodes, the dissolution of manganese led to formation 

of new phases with the expense of LiMn2O4 and this prevented the capacity from further 

increasing and resulted in the decreasing capacity. Due to the protection of the ALD-

Al2O3 coatings, however, the coated cathodes delivered higher capacities than the bare 

cathode after 100 cycles. Based on a growth of 2.0 Å/cycle for ALD-Al2O3, Guan et al 

[165] concluded that the ALD-Al2O3 coatings (< 4 nm) are much thinner than the ones 

(50 – 100 nm in thickness) previously prepared by wet chemical methods but produced a 

comparable performance. They also believed that the reason may lie in the variances of 

coating quality resulted from different methods.      

 

Based on the above updated progress of surface modification with ALD, it is obvious that 

previous solution-based methods are exposed to several drawbacks: (1) inability to form 

uniform thin film; (2) operation under high temperatures; (3) a long time for growth, and 

(4) use of solvents. In contrast, ALD shows some corresponding advantages for surface 

modification: (1) uniform and conformal deposition of ultrathin film even down to 
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subnanometers; (2) low growth temperature (typically less than 200 oC for modification 

coatings) even down to room temperature; (3) flexible growth of coatings enabling an 

effective modification in a few minutes; (4) direct vapor growth mode free of solvent use; 

and (5) high film quality of deposited oxides.  

 

2.2.4. Conclusions and outlooks 

 

In this review, we present that ALD as a vapor-phase thin film technique is attracting 

great interest in LIBs, owing to its capabilities in proving a series of advantages. For 

examples, the surface-controlled nature of ALD makes it a versatile tool for synthesizing 

various nanostructures and the low growth temperature of ALD render it to be a viable 

technique for depositing materials onto organic or biological substrates. Furthermore, the 

cyclic operation leads ALD to control deposited films at the atomic scale and its vapor-

phase diffusion contributes to in-depth coating on complex structures and porous systems 

with unraveled conformality and uniformity.  

 

The recent progress in LIBs, as reviewed in this work, demonstrated that ALD can serve 

for high-performance LIBs in all-round ways. In essence, ALD can be used to seek 

solutions for cost, safety, energy density, rate capability, and service life of next 

generation LIBs. First, ALD can be employed for developing all three key LIB 

components, i.e., anodes, cathodes, and electrolytes, distinguishing itself from other 

traditional techniques by its preciseness, low temperature, conformality, and uniformity. 

Furthermore, ALD has a wide range of choices on precursors and ultimate materials. 

Thus, ALD provides a highly flexible and facile concept for nanosythesis. On the other 

hand, ALD can be used for modifying LIB electrodes with ultrathin but high-quality films, 

resulting in dramatically improved electrochemical performance in specific capacity, rate 

capability, and cycleability. In this way, ALD exhibits to be a material-saving but 

effective technique compared to its counterparts. Therefore, ALD puts itself a leading 

position for future development of LIBs. Due to its comprehensive abilities for 

developing next generation LIBs, ALD will boost a more extensive and intensive 

investigation on high-performance LIBs. However, mainly due to its latest recognition for 
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LIBs, there is a big space left for future investigation. Here we think there are several 

areas for ALD deserving persistent studies in the coming years.   

  

A. Future investigation on new LIB components  

 

As discussed in this review, ALD is a versatile tool for designing anodes, cathodes, and 

inorganic electrolytes as well. In the case of anode materials, first, the nanostructures 

induced by ALD-TiO2 were the only cases investigated but exhibited very promising 

performance in LIBs. Thus, various nanostructures of other candidate anode materials are 

expected to be studied with electrochemical testing. Furthermore, ALD is also anticipated 

to develop other high capacity materials, such as Si and Sn. In particular, previous 

practice indicated that ALD had successes in Si thin films, as indicated by Puurunen’s 

review [8]. Another important anode material that should be mentioned here is LTO.  

         

In the case of cathodes, ALD to date has only succeeded in V2O5 and there are more 

deserving our expectation, such as LiCoO2, LiMnO2, LiMn2O4, LiNiO2, LiNi0.5Mn0.5O2, 

LiNi1/3Mn1/3Co1/3O2, and LiFePO4. As for this scope, the recent ALD success [131] on 

LLT electrolyte is inspiring. It is possible to combine two ALD subsystems to fabricate 

the ultimate cathodes with controlled compositions. Similar situations are also on the side 

of inorganic solid electrolytes. Besides LLT, there are more for future studies.    

 

B. Future understanding on ALD-induced surface coatings   

 

As clearly revealed in this review, ALD impressed us with its capabilities in modifying 

anodes and cathodes with ultrathin films even down to subnanometers. Furthermore, 

ALD presents two routes for modification, either on electrode materials or on directly on 

prefabricated electrodes. More importantly, the ALD-induced coatings contributed to 

dramatically enhanced electrochemical performance of all the electrodes. These 

distinguished characters of ALD remind us that ALD merit a more extensive investigation. 

First, there are only limited ALD-coatings exposed with their effects so for in previous 

studies, and therefore other materials should be studied. Second, it is also necessary to 
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gain a better understanding on the underlying mechanisms of ALD-induced coatings so 

that we can better design next generation LIBs.    

 

In regard to the latter issues, we think that in situ techniques merit our expectation. To 

meet this challenge, synchrotron-radiation (SR) techniques are undoubtedly ideal, for they 

offer the means and the capability to probe in situ the complex interface of 

electrochemical systems. Of them, in situ X-ray absorption spectroscopy (XAS) and high-

resolution X-ray diffraction (XRD) are two particularly significant tools for 

electrochemical processes. The former one is important, for it can be applied to 

determines both atomic and electronic structure which are necessary to understand the 

relationships among the atomic structure, the electronic structure and the electrochemical 

performance (including stability) [166]. In this way, Deb and Cairns [166] made an 

excellent comprehensive review on the applications of XAS to LIBs. More recently, 

McBreen [167], and Marco and Veder [168] further summarized the applications of SR 

tehniques in LIBs. In particular, XAS is element-specific and allows investigation of the 

chemical environment of a constituent element in a composite material [166-168]. In 

addition, XAS requires only short-range order, so it can provide structural information on 

amorphous solids, liquids, gases, and other complexes [166-168]. SR-XRD, on the other 

hand, allows in situ studies of structural parameters during electrochemical cycling of 

LIBs [168], which are essential to understanding battery performance during charge-

discharge cycling. Besides the aforementioned two, there are also other SR techniques 

usable for the studies of LIBs [167]. All these are expected to disclose more information 

on the roles of ALD-deposited materials.      

 

In summary, recent studies demonstrated that ALD is a facile but attractive technique for 

developing high-performance LIBs, showing all-around capabilities as discussed in this 

review. We believe that ALD will receive a more extensive employment in LIBs in the 

coming years and its roles will be elucidated as well. In particular, this review implies 

another potential technical route for the applications of ALD, i.e., the combination of the 

ALD design and modification together for optimal performance of LIBs, which has not 

been exposed in literature. 
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2.3  Challenges facing atomic layer deposition  

 

As discussed above, ALD exhibits many advantages over its counterparts. However, there 

are several challenges facing ALD and they are expected to be addressed in future studies. 

 

2.3.1 Rapid deposition 

 

As an atomic-scale precise deposition technique, ALD is suffering from its slowness and 

this may limit ALD in some applications. As an unusual case, Gordon’s group realized a 

rapid growth of SiO2 with a growth rate 12 nm/cycle in the range of 200 – 300 oC [24]. It 

is over 100 times higher than most of ALD processes. The reason lies in the precursors 

developed by them. As also indicated in Table I, the slowness of ALD is its only 

weakness in comparison to CVD and PVD. Thus, it is very intriguing to develop rapid 

ALD systems in future studies and it is believed that rapid ALD requires special 

precursors.    

 

 

2.3.2 Deposition of single and multi-elemental materials 

 

Another challenge is to broaden their deposition for a larger range of materials, especially 

for single and multi-elemental materials. As clearly shown by Table II, ALD are most 

successful for binary compounds. In contrast, there is a large space left for single and 

multi-elemental materials, for they are important candidates in many applications. For 

example, Sn and Li4Ti5O12 are important anode materials for LIBs but not reported yet by 

ALD.  

 

2.3.3 Mass production 

 

To date, the preparation of nanostructured materials via ALD is still lab-scale. In some 

cases, mass production will be crucial for application. In the case of LIBs, for instance, 

electrode requires ALD to enable to provide materials in a large amount. The fluidized 
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bed ALD reactor [169] and rotary ALD reactor [170] are two reported technologies so far, 

but their throughput and reliability have not commercially confirmed yet.       

 

 

2.4 Summary  

 

The unique mechanisms and characteristics of ALD render it powerful and versatile 

capabilities for fabrication of nanostructured materials as well as thin films in controlled 

manners. In the meantime, the applications of ALD are being broadened. In this review, 

the emerging applications of ALD are specially elucidated for LIBs, for currently there is 

increasing research strength for renewable clean energy sources. Despite these successes, 

ALD are still facing some challenges. It is expected that future studies will strengthen 

both fundamentals and applications of ALD.   
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3.1 Experimental setup and procedures 

 

3.1.1 Experimental setup 

 

The main experimental setup is an ALD (Savannah 100, Cambridge Nanotechnology Inc., 

USA) system, as schematically illustrated in figure 3.1. This system consists of a ALD 

reactor (A) to contain substrates (B), several steel cylinders (C) for holding different 

precursors, solenoid valves (D) to control the supplies of precursors, a ALD ebox (E) 

connected to a computer (F), and a vacuum pump (G, Pascal 2005 I, Adixon) to sustain 

low pressures of the reactor chamber.  

 
 
Figure 3.1  Experimental setup for atomic layer deposition (ALD): A – ALD reactor, B – substrate, C1-C3 

– precursor cylinders, D1-D3 – solenoid valves, E – ALD ebox, F – computer, G – vacuum pump. 
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During ALD processes, the deposition behaviors are controlled by a LabVIEW program 

installed in the computer. ALD parameters such as temperatures and precursor supplies 

can be set and operated via the program. In addition, the program can also be used to 

monitor the change of the pressures. Figure 3.2 shows a screen snapshot on the LabVIEW 

program. The left part of figure 3.2 displays the inputted parameters (the upper part) as 

well as the changing curve of pressure (the lower part). The right part of figure 3.2 shows 

the ALD system as illustrated in figure 3.1. In figure 3.2, the pressure curve displays the 

changing pressures with time, which was operated with an exposure mode. It is easy to 

observe that the pressures show good repetition with increased cycles.   

 

cylinder

solenoid
valve 

chamber

pressure 
gauge

 
 
Figure 3.2  A screen snapshot on the LabVIEW program of the ALD system. 

 

 

3.1.2 Experimental procedures 

 

In an ALD process, one should first load precursors into different cylinders and then a 

substrate is placed in the ALD reactor chamber. Various ALD parameters are inputted via 
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the LabVIEW program, such as temperature, supplies of different precursors, and cycling 

numbers. To initiate an ALD process, one only needs to push down the running icon on 

the LabVIEW panel. During an ALD process, different precursors are supplied with some 

certain duration in an alternating manner and between their supplies there are purges to 

clean the oversupplied precursors and the produced byproducts. To maintain a stable 

operation of an ALD process, one needs to keep an eye on the pressure curve which 

shows good repetition with time.  

 

 

3.2 Materials and synthesis strategies 

 

3.2.1 Substrates and precursors 

 

A. Substrates 

 

A1. Synthesis 

 

As is well-known, ALD is surface-controlled and self-limiting in nature and it contributes 

to precise nanosynthesis at the atomic level. Thus, various substrates or templates are 

necessary for the development of nanostructured materials. In this work, we use porous 

anodic aluminum oxide (AAO) templates, undoped and nitrogen-doped CNTs, and 

graphene nanosheets (GNS) as substrates to develop various nanomaterials. Besides AAO 

(Whatman, Anodisc, 60 μm in thickness and 13 mm in diameter) commercially available, 

CNTs and GNS were fabricated in our group. 

 

Both undoped and nitrogen-doped CNTs were synthesized by thermal CVD methods. A 

method was to grow the two types of CNTs on a series of carbon papers. The carbon 

papers were covered with 30 nm thick aluminum at the bottom and 5 nm thick iron at the 

top. In the presence of Ar, the undoped CNTs were grown through pyrolyzing ethylene 

(C2H4) at 750 °C [1] while the N-CNTs were produced by pyrolyzing melamine (C3H6N6) 

at 800 °C [2]. They both are structurally multi-walled, but the N-CNTs received an N 
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content of around 10.4 at.% determined by x-ray photoelectron spectroscopy (XPS, 

Kratos Axis Ultra Al(alpha)) [2]. Another method was to grow N-CNTs on carbon papers 

by a floating catalyst chemical vapor deposition (FCCVD) method. Carbon papers were 

first coated with a 30 nm thick aluminum buffer layer by sputtering before the growth of 

N-CNTs. In a process of N-CNT synthesis, 2 g melamine (C3N6H6) and 100 mg ferrocene 

(Fe(C5H5)2) were supplied into a oven-heated quartz tube at 950 oC and the growth of N-

CNTs occurred on carbon papers at the central area of the tube. For more details, readers 

can refer to our previous work published elsewhere [3]. The N contents of the synthesized 

N-CNTs are around 8.4 at.% as determined before. 

 

For preparation of GNS, we first oxidized natural graphite powder (45 µm, 99.99%, 

Sigma-Aldrich) using a modified Hummers method [4]. In detail, graphite powder (1 g) 

was first stirred in concentrated sulphuric acid (23 ml) with a following addition of 

sodium nitrate (0.5 g) at room temperature. The stirring lasted for 16 h, and then the 

mixture was cooled down to 0 oC. Thereafter, potassium permanganate (3 g) was added to 

form a new mixture. Two hours later, the mixture formed a green slurry around 35 oC, 

and it was stirred for another 3 h. Then, water (46 ml) was slowly added into the paste 

with an increased temperature around 98 oC. The suspension was remained at this 

temperature for 30 minutes before it was further diluted with another addition of water 

and hydrogen peroxide (140 ml). In the following, the suspension was filtered and 

washed until the pH value of the filtrate was neutral. The as-received slurry is the so-

called graphite oxide (GO), which was further dried in a vacuum oven at 60 oC. To 

prepare GNS, the as-synthesized GO was first flushed by Ar for 20 min in a quartz tube. 

Then, the quartz tube was promptly moved into a Lindberg tube furnace with a preheated 

temperature around 1050 oC. After 30 s thermal treatment, GO was reduced into 

expanded GNS powders.  

 

A2. Functionalization  

 

Owing to their chemical inertness, undoped CNTs were usually functionalized for various 

deposition processes. There are mainly two methodologies practiced in previous studies: 
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covalent oxidation and non-covalent surface modification. In the former case, it has been 

fulfilled with many chemical solutions, including HNO3, a mixture of 3:1 HNO3/H2SO4, 

KMnO4, and so on [5-13]. In the latter case, it was preformed by many surfactants, such 

as sodium dodecyl sulfate (SDS), and sodium dodecyl benzenesulfonate (SDBS), etc [14-

20]. Amongst them, HNO3 and SDS are the most widely used ones as the covalent and 

non-covalent approach, respectively [7,15]. In this study, both of HNO3 and SDS were 

used to functionalize undoped CNTs for deposition of different metal oxides. The exact 

conditions of functionalization will be described in following chapters.  

 

B. Precursors 

 

To synthesize different metal oxides, different precursors were employed at suitable 

growth temperatures. For binary compounds, the used precursors include ferrocene (98%, 

Sigma Aldrich) and oxygen (99.9%) for iron oxide, tin chloride (99% SnCl4, Sigma-

Aldrich) and water for tin dioxide, as well as titanium isopropoxide (TTIP, 98%, Sigma-

Aldrich) and water for titanium dioxide. For the ternary compound of Li4Ti5O12 (LTO), 

the precursors consist of TTIP, lithium tert-butoxide (LTB, Li(OtBu), 97%, Sigma-

Aldrich), and water. TTIP and water reacted to produce TiO2 while LTB and water 

reacted to produce lithium-containing compounds. Through adjusting the ratio between 

TiO2 and lithium-containing compounds, LTO was prepared with annealing.    

 

3.2.2  Strategies for nanostructures 

 

A. Metal oxide nanotubes 

 

AAO templates are porous with numerous nanosized pores. They are used to synthesize 

nanotubes of metal oxides, for ALD processes can deposit target materials in the pores 

with the formation of tubular nanofilms. After the deposition, sodium hydroxide solution 

can be used to dissolve the AAO template and the nanotubes of metal oxides can be 

produced.  
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B. CNT-metal oxide core-shell nanotubes 

 

Another strategy is based on CNTs, in which metal oxides are deposited on the surface of 

CNTs and form core-shell nanostrutures. In particular, undoped CNTs and nitrogen-

dooped CNTs (N-CNTs) were used in various ALD processes. Undoped CNTs are 

chemically inert while N-CNTs are chemically active. Thus, undoped CNTs require 

functionalization pretreatment while N-CNTs can be used directly for ALD processes.  

 

C. 3D Metal oxide-GNS nanocomposites 

 

The last strategy is about fabrication of 3D graphen-based nanocomposites. The 

employed GNS were home-made in our group. Through applying ALD processes on 

GNS powder, 3D metal oxide-GNS nanocomposites were synthesized with tunable 

deposition.  

  

 

3.3 Characterization techniques 

 

To characterize the as-synthesized nanomaterials, various advanced techniques were used. 

A field-emission scanning electron microscopy (FE-SEM, Hitachi 4800S) equipped with 

energy dispersive X-ray spectroscopy (EDS) and transition electro microscopy (TEM, 

Philips CM10) were employed to observe the morphological changes. A high-resolution 

TEM (HRTEM, JEOL 2010 FEG), X-ray diffractometer (XRD, Brucker D8 or Inel multi-

purpose diffractometer), Raman spectrometry (RXN1-785, Kaiser Optical Systems InCo.), 

Fourier transform infrared spectroscopy (FTIR, Bruker Tensor 27), and X-ray 

photoelectron spectroscopy (XPS, Kratos Axis Ultra Al K(alpha)) were applied to gain 

structural and surface information.  
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This study attempted to synthesize one-dimensional (1D) coaxial nanotubes of Fe2O3 

based on carbon nanotubes (CNT@Fe2O3) via atomic layer deposition (ALD) of using 

ferrocene and oxygen as precursors. Results disclosed that undoped CNTs were suitable 

for the ALD of Fe2O3 (ALD-Fe2O3) only if they were chemically functionalized, due to 

their inert surface nature. It was further demonstrated that the effects of both covalent 

and non-covalent methodologies were limited in functionalizing undoped CNTs, leading 

to random and non-uniform deposition of Fe2O3. In sharp contrast, it was found that, as 

an alternative, nitrogen-doped CNTs (N-CNTs) contributed uniform and tunable ALD-

Fe2O3, due to their surface active nature induced by incorporated N atoms. Consequently, 

various 1D heterostructural coaxial nanotubes were obtained with well-controlled 

growth of Fe2O3 on N-CNTs. For a better understanding, the underlying mechanisms 

were explored based on different N-doping configurations. In addition, high resolution 

transmission electron microscopy and X-ray diffraction jointly demonstrated that as-

deposited Fe2O3 is single-phase crystalline α-Fe2O3 (hematite). The as-synthesized 

heterostructural coaxial nanotubes of CNT@Fe2O3 may find great potential applications 

in photocatalysis, gas-sensing, and magnetic fields. 

 

Keywords: Atomic Layer Deposition, Iron Oxide, Carbon Nanotubes, Nitrogen Doping, 

Coaxial Nanostructures, Nanocomposites 
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4.1 Introduction 

 

Since its emergence in the 1970s [1], atomic layer deposition (ALD) is currently 

undergoing a renaissance due to its recognized advantages and the demanding needs in 

scaling complementary metal-oxide-semiconductor (CMOS) devices [2]. By nature, ALD 

is a surface-controlled process consisting of two sequential self-limiting half-reactions. 

As a consequence, ALD has tremendous capabilities to provide more advantages over its 

counterparts such as chemical vapor deposition (CVD) and physical vapor deposition 

(PVD): thickness control at the atomic level, excellent conformity for complex structures, 

very good uniformity with large scale of thin films, and very low growth temperature 

(even down to room temperature) [3-6]. More recently, especially since the very 

beginning of the 21st century, the applications of ALD have been widened into 

nanotechnology for synthesizing various novel nanostructures and nanodevices of 

different elements and compounds, as reviewed by Knez et al [7] and Kim et al [8].  

 

One of a variety of strategies to apply ALD in nanofabrication is to synthesize one-

dimensional (1D) coaxial nanostructures, with exactly controlled size and versatile 

functions, by selecting 1D templates (e.g., nanotubes, and nanowires, etc.). Potential 

applications of the 1D coaxial nanostructures have been recently addressed as well, e.g., 

ZnO-Al2O3 core-shell nanowires for field effect transistors [9,10], CuO-Al2O3 core-shell 

nanowires and Cu nanoparticle chains encapsulated by Al2O3 nanotubes for plasmon 

waveguides [11]. Among the 1D templates for the aforementioned nanosynthesis via 

ALD, carbon nanotubes (CNTs) appear to be a good candidate and contribute to a large 

number of nanoscale coaxial structures [12-18], which possess enhanced physical and 

chemical properties due to the coaxial combination of CNTs and the target coatings. 

However, because of their chemical inertness to ALD precursors and the surface-

controlled nature of ALD [19,20], single-walled (SWCNTs) or muti-walled (MWCNTs)) 

CNTs need surface functionalization through covalent or non-covalent chemical methods 

[12,13,18].   

 

Iron(III) oxide (Fe2O3) as a transition metal oxide has drawn much attention from ALD 
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due to its potential applications in photocatalysis, gas-sensing, and the magnetic fields. 

Depending on different templates, earlier studies have fulfilled the ALD of Fe2O3 (ALD-

Fe2O3) with various nanostructures, such as Fe2O3 thin films on flat substrates (e.g., Si 

and glass wafers) [21-24], Fe2O3 nanotubes via porous template-directed routes [24-26], 

and Fe2O3 composites based on zirconia nanoparticles [27]. The ALD precursors used in 

the aforementioned studies include Fe(thd)3 and ozone [22,23], FeCl3 and water [21], 

ferrocene (Fe(C5H5)2) and oxygen [24,27],  ferrocene and ozone [26], as well as, 

Fe2(OtBu)6 and water [25]. However, there have been few efforts to date to synthesize 1D 

coaxial nanostructures of Fe2O3 using ALD. In order to explore the possibility of 

developing such 1D nanostructure via ALD, recently we attempted to deposit Fe2O3 on 

CNTs. As a consequence, as will be exposed in this article, heterostructural coaxial 

nanotubes via ALD coating of CNTs with Fe2O3 (i.e., CNT@Fe2O3) were developed with 

the precursors of ferrocene and oxygen. In this study, two types of CNTs, undoped and 

nitrogen-doped (N-doped), were employed as templates. It confirmed that functionalized 

pretreatment of the undoped CNTs is essential for ALD-Fe2O3, due to their inert surface 

nature. In contrast, it was demonstrated for the first time that N-doped CNTs (N-CNTs), 

ascribing to their chemically active surface nature, appeared as a more reliable alternative 

for tunable ALD-Fe2O3. As a consequence, besides the disclosure on the effects of 

different functionalization methodologies, this work opened a facile avenue to produce 

various heterostructural coaxial nanotubes of CNT@Fe2O3 using N-CNTs, which are 

expected to find great applications in producing functional components for various 

nanodevices.     

 

 

4.2 Experimental 

 

4.2.1 Synthesis and functionalization of CNTs  

 

(A) Synthesis 

 

The two types of CNTs were synthesized by thermal CVD methods in a heated horizontal 
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quartz tube. A series of carbon papers as substrates to grow CNTs were covered with 30 

nm thick aluminum at the bottom and 5 nm thick iron at the top. In the presence of Ar, 

the undoped CNTs were grown through pyrolyzing ethylene (C2H4) at 750 °C [28] while 

the N-CNTs were produced by pyrolyzing melamine (C3H6N6) at 800 °C [29]. They both 

are structurally multi-walled, but the N-CNTs received an N content of around 10.4 at.% 

determined by x-ray photoelectron spectroscopy (XPS, Kratos Axis Ultra Al(alpha)) [29]. 

 

(B) Functionalization 

 

Owing to their chemical inertness, undoped CNTs were usually functionalized for various 

deposition processes. There are mainly two methodologies practiced in previous studies: 

covalent oxidation and non-covalent surface modification. In the former case, it has been 

fulfilled with many chemical solutions, including HNO3, a mixture of 3:1 HNO3/H2SO4, 

KMnO4, and so on [30-38]. In the latter case, it was preformed by many surfactants, such 

as sodium dodecyl sulfate (SDS), and sodium dodecyl benzenesulfonate (SDBS), etc [39-

45]. Amongst them, HNO3 and SDS are the most widely used ones as the covalent and 

non-covalent approach, respectively [32,40].  

 

For an aim of comparison, in this study we employed both covalent and non-covalent 

methods to modify the surface of undoped CNTs. In the case of covalent oxidation, 

samples of CNTs were soaked in a concentrated 70% HNO3 solution at room temperature 

for 2 h, and then fully rinsed with deionized water (DI H2O). In the case of non-covalent 

modification, samples were dipped into the aqueous solution of 1 wt% SDS 

(concentration greater than the critical micelle concentration [44,45]) at room temperature 

for 2 h. The 2 h treatment was beneficial in two ways: (1) protecting CNTs from cutting 

and damage due to extended chemical oxidation of HNO3 or providing enough wetting to 

CNTs in the SDS surfactant; (2) facilitating to conduct a comparative study on different 

functionalization methods. Additionally, the combined effects due to the two 

aforementioned functionalization methods was examined by treating CNTs with HNO3 

for 1 h, fully rinsing the oxidized samples, and then immersing the samples with SDS for 

1 h.  
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4.2.2 ALD-Fe2O3 processes 

 

With the samples of CNTs loaded in a commercial ALD reactor (Savannah 100, 

Cambridge Nanotechnology Inc., USA), ALD-Fe2O3 was performed with ferrocene and 

oxygen as precursors. Although the two precursors had their ALD successes reported 

previously on other templates [24,27], there is still a bit of vague in exactly understanding 

the mechanisms. Generally, it was postulated that this ALD-Fe2O3 consists of the two 

potential half-reactions [27]: (1) ferrocene ligands react with chemisorbed oxygen in the 

ferrocene pulse, and (2) oxygen reacts with the remaining chemisorbed ferrocene ligands 

in the oxygen pulse. In this work, ferrocene (98%, Sigma Aldrich) and oxygen (99.9%) 

were introduced into the ALD reactor in an alternating manner. Prior to the ALD-Fe2O3, 

ferrocene powder as the iron source was heated to 90 °C. As a consequence, the partial 

pressures for ferrocene and oxygen were 10 and 400 Torr, respectively. Nitrogen was 

selected as the carrier gas with a flow rate of 20 sccm. The reactor was evacuated in ALD 

processes by a vacuum pump (Pascal 2005 I, Adixon), and reached a base pressure of 

around 0.4 Torr. The growth temperature of the substrates was set at 350 °C and the wall 

temperature of the reactor was 270 °C. In detail, the ALD-Fe2O3 processes were 

composed of several steps: (1) a 3 s supply of ferrocene; (2) a 5 s extended exposure of 

ferrocene to CNTs; (3) a 25 s nitrogen purge to remove oversupplied ferrocene and 

possible by-products; (4) a 2 s supply of oxygen; (5) a 5 s extended exposure of oxygen 

to CNTs; (6) a 25 s nitrogen purge to remove oversupplied oxygen and possible by-

products. A whole set of the aforementioned six steps constituted one ALD cycle, and 

ALD processes could differ in the number of cycles in this study. Compared with the 

previous studies [24,27], this study applied a higher temperature (90 °C) for preheating 

ferrocene. The growth temperature (350 °C) was comparable to the lower ones employed 

in literature [24,27]. Additionally, the dosing of both ferrocene and oxygen in this study 

was longer than those used by Rooth et al [24] but shorter than the ones by Scheffe et al 

[27]. In particular, an exposure mode with a longer purging was employed in this study.  
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4.2.3 Characterization techniques  

 

A field-emission scanning electron microscope (FE-SEM, Hitachi 4800S) was employed 

to collect the SEM images of the ALD-Fe2O3 on CNTs, showing the morphological 

changes of CNTs. Furthermore, the growth of the ALD-Fe2O3 was observed using a 

transmission electron microscope (TEM, Philips CM10). In addition, the crystalline 

structure of the ALD-Fe2O3 was examined by a high-resolution transmission electron 

microscope (HRTEM, JEOL 2010 FEG), and its composition was determined by a micro 

X-ray diffractometer (XRD, Brucker D8).    

 

 

4.3 Results and Discussion  

 

4.3.1 Effects of surface functionalization  

 

The ALD-Fe2O3 was first performed on undoped CNTs. As for the pristine undoped 

CNTs, their morphological characteristics were shown in figure 4.1(a) and (b) jointly by 

low- and high-magnification SEM images. They were grown carbon papers with high 

density and an average diameter in the range of 20 - 60 nm. The conventional and high-

resolution TEM images (figure 4.1(c)) further revealed their multiwalled structure.  

 

To investigate the effects of surface modifications, a 200-cycle ALD-Fe2O3 was first 

practiced on the pristine undoped CNTs, as illustrated jointly by SEM image in figure 

4.2(a) and TEM image in figure 4.2(a). The two images, compared with figure 4.1(b) and 

(c), revealed no observable changes on the morphologies of the CNTs, indicating an 

unsuccessful ALD practice on the pristine undoped CNTs. The only reason lies in the 

structural perfectness of undoped CNTs [34,46], contributing to a chemically inert 

characteristic, for there were no active sites for ALD to bond precursor molecules. 

According to previous studies, in reality only some trace defects (1-3 at.%) were 

disclosed [37,47]. To promote the ALD-Fe2O3 on undoped CNTs, thus, we employed 
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both covalent and non-covalent chemical methods to modify the surface nature of 

undoped CNTs and their effects were investigated.  

 
 
Figure 4.1. The pristine undoped CNTs: (a) low magnification and (b) high magnification SEM image; (c) 

conventional and (insert) high resolution TEM image. 

 

 

The first attempt to promote the ALD-Fe2O3 was conducted by the pretreatment of 

undoped CNTs with HNO3, and the effect is illustrated in figure 4.2(c) and (d) by SEM 

images. Obviously, this covalent oxidization method helped the growth of the ALD-

Fe2O3 in some local regions of CNTs where iron oxide clusters were grown. The clusters 

ranged in sizes and morphologies from nanoparticles of several tens nanometers to patchy 

films of hundreds nanometers. In particular, some uncoated areas are easily observed on 

the CNTs. As an alternative, in comparison, another effort was carried out with a non- 
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Figure 4.2. 200-cycle ALD of iron oxide deposition on the undoped CNTs: without surface pretreatment (a) 

SEM image and (b) TEM image; treated by 2h nitric acid (c) low magnification and (d) high magnification 

SEM image; treated by 2 h SDS (e) low magnification and (f) high magnification SEM image; treated by 1 

h nitric acid and 1 h SDS in sequence (g) low magnification and (h) high magnification SEM image. 
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covalent surfactant, SDS, and its effect is shown in figure 4.2(e) and (f) by SEM images. 

It was found that the treatment of SDS received a similar effect as the one of HNO3: 

scattered clusters but not continuous film. Furthermore, we also examined the combined 

effect due to sequential HNO3 and SDS treatment, as revealed by figure 4.2(g) and (h). In 

this case, the CNTs were almost fully covered with a fairly thick film, resulting in an 

increase in diameters from 20 - 60 nm to 60 - 80 nm after 200 ALD cycles. However, it is 

still remarkable that the coverage is non-uniform. In addition, the coated samples due to 

HNO3 treatment and due to SDS treatment were examined by XRD, illustrated in figure 

4.3. The XRD patterns show two stronger peaks identified as the reference values of 

crystalline graphite in the standard card (JCPDS PDF No. 41-1487). They should be 

caused by the templates and marked as Graphite(002) and Graphite(004), respectively. 

The other two weaker peaks, as marked as (110) and (104), were confirmed in the 

standard card (JCPDS PDF No. 33-0664) and contributed crystalline α-Fe2O3 (hematite) 

to be identified for both cases.  

 
 
Figure 4.3 XRD patterns of the ALD iron oxide on the undoped CNTs treated by nitric acid and SDS, 

respectively. 
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To understand the effects of the covalent and non-covalent functionalization on the ALD-

Fe2O3, it is essential to know the knowledge of the changed surface nature. In the case of 

HNO3 treatment, extensive investigation conducted previously revealed that oxygenated 

functional groups (e.g., carboxylic (-COOH), hydroxyl (-OH), phenolic (-OH bonded to a 

phenyl ring (C6H5-)), etc.) were introduced to CNTs while metal catalysts and amorphous 

carbon were removed [30-38]. Due to the various functional groups generated by acid 

oxidation, consequently, the surface reactivity of CNTs is significantly enhanced [36]. A 

case study using microwave method [48] disclosed that the oxidized CNTs via HNO3 

promoted the growth of Pt nanoparticles, for the created oxygenated defects provided Pt 

atoms with large adsorption energy. In the case of the non-covalent SDS functionalization, 

its widespread use was mainly for dispersing CNTs but not changing their inherent 

properties [39-41,43,45]. Over a critical solution concentration, SDS molecules would 

aggregate in interfaces [44]. A recent simulation [42] indicated that the morphologies and 

coverage of SDS aggregates have strong dependence on the diameter of CNTs, and get 

better with the increased diameter. In particular, the hydrophobic long-chain hydrocarbon 

tails of SDS molecules adsorbed onto graphite surface by van der Waals attractions while 

their hydrophilic sulfate (SO4
2-) head groups were exposed and served as ALD nucleation 

sites [18].   

 

Obviously, both HNO3 and SDS treatment introduced functional groups to the surface of 

undoped CNTs and thereby changed their surface reactivity. As a consequence, the 

created functional groups served as active sites to initiate ALD-Fe2O3. In summary, the 

ALD-Fe2O3 on those modified CNTs can be explained with the mechanisms: (1) HNO3 

and/or SDS treatment created functional groups (oxygenated and/or sulfate groups) on the 

surface of undoped CNTs; (2) ferrocene ligands were partially oxidized by the created 

groups and thereby Fe chemisorbed on the surface of CNTs with some remaining ligands, 

indicating the initiation of ALD processes; (3) a following oxygen pulse oxidized the 

remaining ferrocene ligands with the product of iron(III) oxide as well as new functional 

groups for the next ferrocene pulse; (4) the following cyclic ferrocene/oxygen pulses 

sustained the growth of crystalline Fe2O3.  
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As for the partial and non-uniform coverage on the CNTs treated by HNO3 (figure 4.2(c) 

and (d)) or SDS (figure 4.2(e) and (f)), the reasons were mainly lied in the variances of 

CNTs in properties (such as perfectness, curvature, etc.), probably existing between 

individuals in a population of CNTs and/or regionally on a given CNT. Obviously, the 

functionalization effect due to HNO3 or SDS was limited in each case. With reference to 

the improved coverage (figure 4.2(g) and (h)) due to the combined treatment of HNO3 

and SDS, there are two possibilities: (1) the initial oxidation-created defects improved the 

following SDS functionalization; (2) the sequential treatment by nitric acid and SDS 

produced a compensating effect on the creation of functional groups of CNTs. In any case 

of the two possibilities, there would be more active sites (in the forms of oxygenated or 

sulfate groups) to initiate the ALD-Fe2O3 by oxidizing ferrocene ligands in the first 

ferrocene pulse, leading to an improved coverage of Fe2O3 on the surface of CNTs.  

    

4.3.2 Effects of N-doping 

 

The above results disclosed an unsuccessful ALD-Fe2O3 on pristine undoped CNTs due 

to their structural perfectness, and an arbitrary ALD-Fe2O3 on undoped CNTs modified 

by HNO3 and/or SDS. In order to synthesize 1D coaxial nanotubes of CNT@Fe2O3, we 

have to better manipulate ALD-Fe2O3. Fortunately, N-CNTs were found in our work to 

serve for this goal, and ALD-Fe2O3 was performed on N-CNTs under the same 

conditions as the ones for undoped CNTs. As shown in figure 4.4(a), the N-CNTs were 

also grown on carbon papers with high density. They are morphologically bamboo-like 

and typically in the range of 40 – 80 nm in diameter (figure 4.4(b)). HRTEM image 

(figure 4.4(c)) also revealed that they are multiwalled in structure.  

 

In sharp contrast to the ALD-Fe2O3 on the pristine undoped CNTs (illustrated by figure 

4.2(a) and (b)), the practice of ALD-Fe2O3 on the pristine N-CNTs exhibited some 

distinct characteristics. After 50 ALD cycles, as jointly shown by the SEM and TEM 

images in figure 4.5(a) and (b) respectively, numerous nanoparticles of less than 5 nm 

were uniformly deposited on the N-CNTs. Furthermore, the TEM image (figure 4.5(b)) 

also revealed that a continuous but bumpy thin film has been formed by those tiny  
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Figure 4.4 The N-doped CNTs: (a) low magnification and (b) high magnification SEM image; (c) HRTEM 

image. 

 

 

nanoparticles. In this case, a nanostructure of CNT@Fe2O3 nanoparticles was received. 

With the ALD increased to 70 (figure 4.5(c) and (d)) and 100 cycles (figure 4.5(e) and 

(f)), it was found that smooth and uniform films were formed on the N-CNTs, resulting in 

heterostructural coaxial nanotubes of CNT@Fe2O3. Remarkably, the growth of ALD-

Fe2O3 on N-CNTs experienced two distinct stages: island-like (in the first 50 cycles) and 

2D growth mode (after 70 cycles). In addition, the film thickness was around 7.7 nm for 

70 cycles and 11 nm for 100 cycles, accounting for a nearly linear growth rate of 1.1 

Å/cycle on the N-CNTs. In addition, the examinations of XRD and HRTEM were 

conducted on the samples with a 70-cycle ALD-Fe2O3. In figure 4.6(a), the XRD patterns  
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Figure 4.5 The ALD iron oxide on N-doped CNTs illustrated by: SEM images (a) 50 cycles, (c) 70 cycles, 

and (e) 100 cycles; TEM images (b) 50 cycles; (d) 70 cycles, and (f) 100 cycles. 
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disclosed that, besides the strong peaks of Graphite(002) and Graphite(004) (PCPDS PDF 

No. 41-1487) due to the crystalline graphite of the templates, the peaks of (110) and (104) 

were induced by α-Fe2O3 (hematite) (JCPDS PDF No. 33-0664) deposited via ALD. The 

HRTEM images in figure 4.6(b) and (c) demonstrated a single crystalline structure of as-

deposited Fe2O3 as well as a 7.7 nm thick film. The measured lattice fringe spacing is 

0.27 nm, indicating that the as-deposited Fe2O3 grew along a direction parallel to [110]. 

In comparison with the results exposed in previous studies, the growth rate of 1.1 Å/cycle 

in this study is a bit lower than the one (1.4 Å/cycle [24]) on Si substrates but higher than 

the one (0.6 Å/cycle [24]) in AAO pores and the one (0.15 Å/cycle [27]) on zirconia 

nanoparticles. In particular, different from the crystalline structures received in the work 

conducted by Rooth et al [24] and by us in this study, amorphous iron oxide was 

deposited on zirconia nanoparticles by Scheffe et al [27]. All these aforementioned 

variances on film growth imply that experimental conditions, especially the nature of the 

employed templates, played important roles in determining the characteristics of film 

growth, such as growth rates and structural phases.  

 
 
Figure 4.6 Phase and composition characteristics of the ALD iron oxide (70 ALD cycles) on the N-doped 

CNTs: (a)XRD patterns, (b) TEM image, and (c) HRTEM image. 
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Obviously, the above-discussed results demonstrated that the N-CNTs behaved favorable 

for ALD-Fe2O3, implying that N-doping played an important role. The underlying 

mechanisms should be ascribed to the chemically active surface of N-CNTs induced by 

the intrinsically incorporated N atoms. According to earlier studies [49-52], the doped-N 

atoms contributed to a variety of N-related defects. Of them, two primary N-bonding 

configurations were extensively identified, i.e., graphite-like N (GN, in which an N atom 

replaces a graphitic C atom) and pyridine-like N (PN, in which an N atom is bonded with 

two C atoms). It was previously revealed that both the GN and PN atoms are responsible 

for the enhancement of the reactivity of N-CNTs, in spite of different underlying 

mechanisms associated with them [49,53,54]. The former one results in N-neighboring C 

atoms activated, while the latter one contributes nonbonding electrons [51,55]. In practice, 

both experiments and simulations commonly demonstrated that N-CNTs promoted the 

deposition of transition metals and the PN tends to provide a higher binding energy in 

comparison to the one by GN [51,55,56].  

 

Based on the above discussion, it is reasonable to believe that in this study the doped-N 

atoms (no matter which bonding configuration was taken) have facilitated or promoted 

the adsorption of the molecules of the employed precursors onto the N-CNTs to initiate 

ALD-Fe2O3. As revealed in our previous work [29], the N-CNTs employed in this study 

were with an N content of 10.4 at. %, and the area composition was 30.2% for GN and 

54.6% for PN. On the other hand, the surface-controlled ALD determined that only the 

chemisorption between precursor molecules and functional groups are valid for the 

initiation of an ALD process [2]. Thus, one of the precursors (ferrocene and oxygen) 

must have been chemically adsorbed on N-CNTs at the beginning of ALD. The most 

recent study [57] revealed that oxygen can chemically adsorb on N-CNTs but can only 

physically adsorb on undoped CNTs. Thus, the chemisorbed oxygen is one solution for 

the success of ALD-Fe2O3 on N-CNTs. On the other hand, previous successes of 

transition metals (Ni, Pt) on N-CNTs seem to imply another possibility for the initiation 

of ALD-Fe2O3, i.e., ferrocene might be able to chemically bond with the surface active 

sites of the N-CNTs. As for this postulation, there was still a lack in understanding. In 

any case, the doped-N provided the base for the successful ALD-Fe2O3 on N-CNTs. After 
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the initiation, the cyclic ferrocene/oxygen pulses sustained the growth of ALD-Fe2O3, 

having less direct interactions with the surface of N-CNTs.            

 

To understand the growth characteristics of Fe2O3 on N-CNTs with ALD cycles, there are 

two main factors identified previously: the steric hindrance of precursors and the limited 

number of reactive sites [2,8,58,59]. In the case of this study using ferrocence and oxygen 

as precursor, it is believed that the N content played an important role influencing the 

growth of Fe2O3. As shown in figure 4.5(b), (d), and (e), there exists a transition from an 

island-like growth mode to a 2D film growth mode in the range of 50 to 70 cycles, likely 

incurred by the limited number of reactive sites if not by steric hindrance. Recently, 

experimental investigation based on a solution method [60] demonstrated that higher N 

content resulted in smaller platinum particles with higher density deposited on N-CNTs. 

Therefore, we postulate that higher N content may increase the growth rate of the ALD-

Fe2O3 and reduce the number of ALD cycles for the formation of coaxial Fe2O3 films on 

N-CNTs. In this way, a systematic investigation is of great interest in the future. In this 

study, it is worth noting that various coaxial nanotubes of CNT@Fe2O3 were synthesized 

by using N-CNTs, and particularly Fe2O3 can be in the form of nanoparticles or films 

with well-controlled growth through adjusting the ALD cycles. Additionally, N-CNTs 

were free of any surface modification (which influence the properties of undoped CNTs 

more or less [37,61]) prior to ALD-Fe2O3 and thereby could sustain their inherent 

properties. More importantly, N-CNTs could be tailored in properties by tuning the 

doped-N and were demonstrated with improved properties, such as electrical conductivity 

[62]. Thus, N-doping would contribute two important characteristics of the coaxial 

CNT@Fe2O3 nanotubes: (1) tunable deposition of ALD-Fe2O3; (2) tunable properties of 

N-CNTs. The two advantages would jointly lead to tunable functionality of the 

CNT@Fe2O3 nanodevices for gas-sensing, magnetic, and photocatalytic applications.  

 

4.4 Conclusions 

 

In this study, we attempted to synthesize 1D heterostrcutural coaxial nanotubes of 

CNT@Fe2O3 via atomic layer deposition of using ferrocene and oxygen as precursors. It 
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was found that, of the employed undoped and N-doped CNTs, the undoped ones needed 

chemical functionalization prior to ALD-Fe2O3, due to their inert surface nature. Even so, 

the functionalized undoped CNTs by HNO3 or/and SDS were only coated with Fe2O3 in 

an arbitrary means, i.e., the as-deposited Fe2O3 was random and non-uniform. In sharp 

comparison, N-CNTs were more favorable for a uniform and tunable ALD-Fe2O3, 

ascribed to their chemically active surface nature induced by intrinsically incorporated N 

atoms. As a consequence, this study successfully fabricated 1D heterostructural 

nanotubes of CNT@Fe2O3 with tunable Fe2O3 from nanoparticles to nanofilms, based on 

N-CNTs. In addition, it was disclosed that the as-deposited Fe2O3 on the N-CNTs shows 

single-phase crystalline α-Fe2O3 (hematite), jointly determined by XRD and HRTEM. 

Essentially, this study provided an avenue for synthesizing 1D core-shell nanostructures 

using N-CNT as well as various heterostructural coaxial nanotubes of CNT@Fe2O3 being 

important candidates in many promising applications, such as photocatalysis, gas-sensing, 

magnetic fields, and other nanodevice fields. 
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This article presents a vapor-phase strategy to synthesize highly structure-tunable SnO2 

nanotube arrays of high aspect ratio, which features atomic layer deposition of SnO2 on 

anodic aluminum oxide templates using SnCl4 and H2O as precursors. This systematic 

study disclosed that there are three distinctive temperature-dependent growth modes, i.e., 

layer-by-layer, layer-by-particle, and evolutionary particles contributing to the structural 

uniqueness of the resultant SnO2 nanotubes. The layers were identified in amorphous 

phase while the particles in crystalline phase. As a consequence, the synthesized SnO2 

nanotubes are not only phase-controllable but also morphology-transferable with growth 

temperatures. In a following effort to explore the underlying mechanisms, as another 

contribution of this study, three growth models were proposed and clarified. Thus, this 

study offers not just a precise alternative for synthesizing structurally novel nanotubes 

but scientific insights to fundamentals as well.         

 

Keywords: Growth Models, Mechanisms, Tunable structures, Nanotubes, Metal oxides, 

Tin dioxide, Templates, Atomic layer deposition 
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5.1 Introduction 

 

Nanostructured materials are nowadays providing modern societies with more and more 

promising solutions to our facing challenges, e.g., being serving as important components 

in alternative renewable energy sources in place of the depleting fossil fuels [1]. The 

main reason lies in their exceptional properties resulted from their size-dependency 

feature. Therefore, there is an ever-increasing interest in synthesizing various 

nanostructures. In this context, one dimensional (1D) nanostructures (including nanorods, 

nanobelts, nanowires, and nanotubes) represent one important class and have been 

receiving growing attention [2]. In comparison, nanotubes are benefited by their hollow 

structure as well as higher surface-to-volume ratios, and thereby exhibit many advantages 

over their solid counterparts in emerging applications. It is demonstrated that, for 

example, metal oxide nanotubes surpass other forms of nanomaterials including carbon 

nanotubes (CNTs) in sensing ability, photo catalytic activity, water photolysis efficiency, 

and photovoltaic behavior [3]. Thus, the development of novel nanotubular metal oxides 

is apparently critical for future nanodevices.  

 

Among metal oxides, tin (IV) dioxide (SnO2) is distinguished with a wide-band gap (3.6 

eV at 300 K), high optical transparency, low resistance, and high conductivity [4]. As a 

consequence, SnO2 nanostructures are found their usefulness in sensors [4,5], batteries 

[6], solar cells [7], and field emission [8], etc. Under these circumstances, 1D SnO2 

nanotubes have been widely synthesized via various strategies, mainly falling into two 

categories: solution-based [9-16] and vapor-phase [17-21] methods. Despite these efforts, 

the previous practices were exposed to some drawbacks as well. In the cases of solution-

based processes [9-16], they consist of a series of complex procedures and are usually 

tedious, ranging from ten to several tens hours. In the cases of vapor-phase methods [17-

21], they in general need high temperatures (with the lowest one reported at 800 oC [21]). 

Furthermore, the two still commonly suffer some apparent deficiency in precisely 

manipulating the synthesis of nanotubular SnO2, and they exclusively produced 

polycrystalline SnO2 nanotubes.   

 



 115 

To circumvent the disadvantages suffered in the aforementioned studies, we recently 

explored a new route to synthesize SnO2 nanotubes, featuring the use of atomic layer 

deposition (ALD) on anodic aluminum oxide (AAO, i.e., Al2O3) templates. As is well 

known, ALD is surface-controlled process relying on two alternating gas-solid reactions. 

Thus, it can precisely control the film deposition at the atomic level and provide 

unrivaled conformality and excellent uniformity [22]. In this study, we performed the 

synthesis of SnO2 nanotubes by exercising the ALD of SnO2 (ALD-SnO2) on AAO 

templates. This template-directed ALD process used SnCl4 and water as precursors. It is 

apparent that the reaction between the two precursors would produce SnO2, as described 

below: 

SnCl4 + 2H2O → SnO2 + 4HCl                                                                            (1) 

In the ALD-SnO2 processes, the sequential adsorption of the two kinds of precursor 

molecules (i.e., SnCl4 and H2O) on the inner surfaces of AAO pores resulted in the 

formation of tubular SnO2 nanostructures, i.e., SnO2 nanotubes in aligned arrays. Thus, 

this template-directed ALD route is advantageous over the ones [17-21] exposed in 

literature for the fabrication of SnO2 nanotubes. First of all, the use of AAO templates 

helped produce nanotubes with aligned arrays of high aspect ratio (up to 300:1). More 

importantly, this strategy offers high tunability in manipulating the structures of as-

synthesized SnO2 nanotubes. As will be revealed, the ALD-SnO2 on AAO contributed to 

the growth of SnO2 nanotubes with three modes with increased temperatures, i.e., layer-

by-layer, layer-by-particle, and evolutionary particles. The layers were identified in 

amorphous phase while the particles in crystalline phase. Thus, the resultant SnO2 

nanotubes are phase-controllable and morphology-transferable. In particular, the 

intriguing results ignited our great curiosity to explore the underlying mechanisms and 

then three growth models were proposed for their occurrences. Therefore, this study not 

only opened an alternative avenue for synthesizing novel SnO2 nanotubes in a highly 

controllable manner, but also provided scientific insights to ALD growth. It is believed 

that the resultant SnO2 nanotubes would provide multiple choices as promising 

components for many important applications.     
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5.2 Experimental 

 

5.2.1 Template-directed ALD-SnO2 for tubular nanostructures  

 

ALD-SnO2 was performed on AAO templates in a commercial ALD reactor (Savannah 

100, Cambridge Nanotechnology Inc., USA). AAO templates (Whatman, Anodisc, 60 

μm in thickness and 13 mm in diameter) with nominal pore size of 200 nm were first 

placed in the heated reactor chamber before each ALD process. Then, tin (IV) chloride 

(99% SnCl4, Sigma-Aldrich) and deionized water as precursors were supplied into the 

reactor in an alternating manner when the reactor reached a set temperature. The 

temperatures (T) were adjusted in the range 150 - 400 oC. Nitrogen served as the carrier 

gas with a flow rate of 20 sccm and the ALD reactor was sustained at a low level of base 

pressure (typically 0.4 Torr) by a vacuum pump (Pascal 2005 I, Adixon). The ALD 

procedures were set as follows: (1) a 0.5-s supply of SnCl4; (2) a 3.0-s extended exposure 

of SnCl4 to AAO; (3) a 10.0-s purge of oversupplied SnCl4 and any by-products; (4) a 

1.0-s supply of H2O vapor; (5) a 3.0 s extended exposure of H2O to AAO; (6) a 10.0-s 

purge of oversupplied H2O and any by-products. The aforementioned six-step sequence 

constituted one ALD-SnO2 cycle and the ALD processes were changeable in their cycling 

numbers.  

 

In figure 5.1, the fulfillment of the template-directed ALD strategy is schematically 

illustrated for the fabrication of SnO2 nanotube arrays. Figure 5.1(a) shows the ALD-

SnO2 coating on an AAO template, in which the SnCl4 (A) and water (B) pulse proceeded 

alternatively. When the precursor molecules were penetrating AAO pores, they would 

chemisorb on the inner surfaces. With increased ALD-cycles, a SnO2 covering formed on 

the inner walls of the nanosized pores as well as the outer surface of the AAO template 

(see figure 5.1(b)). As will be disclosed in this article, the covering characters changed 

with the ALD cycling numbers as well as growth temperatures. The outer covering of 

AAO was removed mechanically by fine sandpapers ant then an array of SnO2 nanotubes 

(see figure 5.1(c)) was exposed. A following 30-min etching of 0.5 M sodium hydroxide 

(NaOH) dissolved AAO and uncovered an array of separated SnO2 nanotubes (see figure 
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5.1(d)). In the figure 5.1(a)-(c), the cross sections of a few of AAO pores are to better 

illustrate the change induced by the ALD coating. 

 

 
 
Figure 5.1. Schematic fabrication of SnO2 nanotubes via template-directed ALD. (a) the ALD-SnO2 coating 

on an AAO template, (b) the ALD-coated AAO template, (c) the mechanically polished AAO template, and 

(d) the received SnO2 nanotube array. 

 

 

5.2.2 Characterization 

 

The synthesized SnO2 nanotubes were characterized using a field-emission scanning 

electron microscope (FE-SEM, Hitachi 4800S) equipped with energy dispersive X-ray 

spectroscopy (EDS), transmission electron microscope (TEM, Philips CM10), high-

resolution TEM (HRTEM, JEOL 2010 FEG), and micro X-ray diffractometer (XRD, 

Brucker D8, CuKα radiation, λ = 1.5406 Å). 

  

 

5.3 Results and Discussion  

 

5.3.1 Results 

 

Figure 5.2 shows the XRD patterns of 1000-cycle ALD-SnO2 on AAO at different 

temperatures, i.e., 150, 200, 300, and 400 oC as indicated by “a”, “b”, “c”, and “d”, 

respectively. Figure 5.2(a) discloses that there are no characteristic peaks at the growth 
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temperature of 150 oC, implying the amorphous nature of the deposited SnO2. In contrast, 

figure 5.2(b)-(d) show many characteristic peaks when the growth temperatures are 

higher than 200 oC, consistent to the reference values for the crystalline SnO2 of 

tetragonal rutile phase (JCPDS PDF No. 41-1445). In addition, it is also noticeable that 

the peaks in figure 5.2(b) are much broader and less intensive than the ones in both figure 

5.2(c) and (d), indicating that the crystals produced at 200 oC should be much smaller. It 

is apparent that the temperatures played important roles and induced phase-transition in 

ALD-SnO2 processes. To further investigate the temperature-dependent characters of 

ALD-SnO2 as well as the resultant SnO2 nanotubes, we applied various tools such as 

EDS, SEM, and HRTEM, and the results will be demonstrated in the following parts.  

 
 
Figure 5.2. XRD spectra of 1000-cycle ALD-SnO2 at different growth temperatures: (a) 150, (b) 200, (c) 

300, and (d) 400 oC. 
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The growth characteristics of the ALD-SnO2 were first examined at the temperature of 

150 oC, as shown figure 5.3. Figure 5.3(a) shows the EDS spectrum of the ALD-SnO2 

coated AAO, and it demonstrates the presence of Sn. The Al component is attributed to 

AAO whereas O is partially from AAO and partially from the ALD-SnO2. Combined 

with the XRD pattern of figure 5.2(a), it is reasonable to conclude that amorphous SnO2  

 

Figure 5.3. The growth characteristics of ALD-SnO2 at 150 oC. (a) EDS spectrum of the ALD-SnO2 on 

AAO; top views of AAO after (b) 1000 and (c) 1500 cycles of ALD-SnO2; the template-removed SnO2 in 

the forms of (d) clusters and (e) nanotubes corresponding to 1000 and 1500 cycles, respectively. 
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has been deposited on AAO. To obtain the information on the ALD-SnO2 of the AAO 

pores, the top views (the SEM images in figure 5.3(b) and (c)) on the polished AAO 

disclose that a uniform layer has been formed on their inner walls after 1000 and 1500 

cycles, accounting for a deposited film of 6.2 and 9.3 nm, respectively. Thus, it is able to 

know that the ALD-SnO2 at 150 oC experienced a nearly linear growth rate of 0.062 

Å/cycle, accounting for a layer-by-layer growth mode. In addition, figure 5.3(c) clearly 

shows that the inner surface is very smooth and that the AAO pores were equally coated 

(the inset of figure 5.3(c)). To obtain free-standing SnO2 nanotubes, AAO templates were 

etched by a 0.5 M NaOH solution. It was found that, in the case of 1000 cycles (figure 

5.3(d) and inset), the nanotubes are easy to split during the etching process. As a result, 

the resultant pieces leaned against and formed well regulated clusters. A similar 

phenomenon is previously reported in literature [10]. In the case of 1500 cycles (figure 

5.3(e)), SnO2 nanotubes were achieved, probably due to the improved strength with the 

increased wall thickness. However, it is noticed that the walls of the SnO2 nanotubes 

(figure 5.3(e)) become thickened to around 30 nm. The reason probably lies in their 

amorphous nature vulnerable to the NaOH solution, leading to a swelling change during 

the etching process of AAO.      

 

XRD patterns in figure 5.2(b) - (d) indicate that phase-transition occurred in ALD-SnO2 

processes when temperatures were increased to 200 oC or higher. To investigate the 

temperature-dependent effects, the ALD-SnO2 at 200 oC was examined, as illustrated in 

figure 5.4. Figure 5.4(a) shows the side-view images to the cross-sections of AAO pores 

after 500, 1000, and 1500 cycles of ALD-SnO2. The cycling numbers are indicated on the 

left-bottom corners of the three images. Obviously, in each case there is a uniform layer 

deposited in AAO pores and the thickness is identifiable, i.e., 7.0, 8.9, and 9.8 nm as 

marked in the images. In addition, it is worth noting that there are more and more clusters 

formed on the top of the layers, consisting of numerous nanoparticles of around 5 nm. In 

particular, the layers show a decreasing growth per cycle (GPC) while the clusters grow 

bigger, accounting for 0.14, 0.038, and 0.018 Å/cycle in each sequential 500 cycles. In 

figure 5.4(b), it is shown that the deposited SnO2 can produce nanotube arrays when 

AAO was etched away. Furthermore, figure 5.4(c) shows the TEM image of a piece of  
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Figure 5.4. The growth characteristics of ALD-SnO2 at 200 oC. (a) SEM side views of AAO pores after 500, 

1000, and 1500 cycles of ALD-SnO2; (b) the received nanotube arrays of ALD-SnO2 of 1000 and 1500 

cycles after AAO templates were etched away; (c) TEM image for a piece of debris of the deposited SnO2 

after 1500-cycle ALD-SnO2 (inset: SAED patterns); (d) high-magnification TEM image for a local area as 

indicated in (c); (e) HRTEM image for a local area as indicated in (c); and (f) HRTEM image for a local 

area of the beneath layer as indicated in (e). 
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debris for the deposited materials of 1500 cycles, and the selected area electron 

diffraction (SAED, the inset of figure 5.4(c)) patterns disclose the polycrystalline 

character. A higher magnification TEM image (figure 5.4(d)) on a local area (as marked 

by “d” in figure 5.4(c)) confirms that the clusters consist of numerous nanoparticles of 

around 5 nm, consistent to the wide XRD peaks of figure 5.2(b). Figure 5.4(e) reveals the 

HRTEM observation on another local area in figure 5.4(c), consisting of a part of beneath 

layer and a part of a cluster. It reveals that the beneath layer by nature is amorphous while 

the cluster is crystalline in structure. As denoted in figure 5.4(e), the inter-plane spacing 

of 0.335 nm is identifiable for some nanoparticles, which is consistent to the (110) planes 

of rutile SnO2 (JCPDS PDF No. 41-1445). Furthermore, the amorphous area was further 

examined with higher magnification, as shown in figure 5.4(f). It is disclosed that the 

beneath layer is arranged in a disordered manner, but there are uncountable tiny nuclei of 

1 - 2 nm formed. Obviously, the ALD-SnO2 at 200 oC proceeded in a layer-by-cluster (or 

particle) growth mode, in which the growth of the amorphous layer is preferable before 

the clusters takes predominance. In comparison to the case of ALD-SnO2 at 150 oC, the 

layer growth at 200 oC is much faster in the first 500 cycles (figure 5.4(a)) but hindered 

by the increasing advent of nanoparticle clusters in the following ALD processes.  

 

Figure 5.5 illustrates the ALD-SnO2 growth characteristics due to the increased 

temperature of 300 oC. Figure 5.5(a) shows five SEM images of the side views of AAO 

pores, corresponding to the ALD-SnO2 of 200, 400, 600, 800, and 1000 cycles in a 

sequence from top to bottom, respectively. The cycling number is indicated on the left-

bottom corner of each image as well. It is obvious that there were more and more 

nanoparticles deposited in the pores while they were growing larger from 15 to 40 nm 

with increased cycles. In addition, it is also observable from the images that there is also 

a thin layer underneath the particles (see also figure SI-5.1 in Supporting Information). 

Upon 1000 cycles, it is noticeable that the growing particles have squished into each 

other and completely covered the inner walls. In figure 5.5(b), it is shown that the ALD-

SnO2 formed a series of nanotubes. The nanotubes are featured by smooth outer surfaces 

and nanoparticle-decorated inner surfaces. In particular, the nanoparticles are tunable in 

both size and amount by simply adjusting ALD cycles. It is also noticed that the beneath  
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Figure 5.5 The growth characteristics of ALD-SnO2 at 300 oC. (a) SEM side views of AAO pores coated 

with the ALD-SnO2 of 200, 400, 600, 800, and 1000 cycles (as marked on the left-bottom corner of each 

case); (b) SEM images for the received SnO2 nanotubes after 400, 800, and 1000 ALD-cycles (insets: top-

views on ALD-SnO2 of 400 and 800 cycles); (c) the TEM image for the SnO2 nanotubes of 800 ALD-

cycles; (d) the high magnification TEM image for a part of a SnO2 nanotube in (c) (inset: SAED patterns); 

(e) the HRTEM image for a local area in (d). 
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layer is uniform with a thickness of 4.5 nm after 200 ALD-cycles and the thickness 

remains constant in the following ALD processes (see the insets in figure 5.5(b) as well 

as figure SI-5.1 in Supporting Information). In figure 5.5(c), the received SnO2 nanotubes 

of 800 ALD-cycles are shown by a TEM image and one local area is enlarged in figure 

5.5(d). The inset of figure 5.5(d) indicates the polycrystalline nature of the nanotubes by 

SAED patterns. Furthermore, figure 5.5(e) discloses that the particles are crystalline 

while the beneath layer is amorphous. In particular, the characteristic planes of (110) are 

observed with some nanoparticles, showing an inter-plane distance of 0.335 nm. In 

addition, it is also observed that there are numerous tiny nuclei (as circled for some in 

figure 5.5(e)) appearing on the amorphous layer, accounting for the increased amount of 

crystalline particles with increased cycles. Thus, the ALD-SnO2 at 300 oC also 

experienced a layer-by-particle growth mode, in which the amorphous layer grew first 

before the growth of the crystalline nanoparticles took the predominance. Apparently, the 

deposited crystalline SnO2 nanoparticles are responsible for the XRD peaks of figure 

5.2(c).         

 

Obviously, the information from figure 5.4 and 5.5 jointly disclosed a layer-by-particle 

growth mode, where the layers are amorphous and the particles are crystalline. This novel 

growth mode prompted our further investigation on the effects of temperatures. As a 

consequence, it was also found that the layer-by-particle growth still occurred at the 

temperatures of 250 and 350 oC. The results for the two cases are included in figure SI-

5.2 and SI-5.3 in Supporting Information, respectively. It was observed that there is an 

amorphous layer of 6.2 nm for ALD-SnO2 at 250 oC, but at the case of 350 oC the layer is 

too thin to quantify (in spite of its observable existence). In addition, it can also be 

observed that crystalline particles appear much earlier and grow faster with increased 

temperatures, accounting for an average GPC of 0.24 and 0.3 Å/cycle for 300 and 350 oC, 

respectively. Thus, it is reasonable to conclude that temperatures have evident effects on 

the evolution of the layer-by-particle mode. In other words, the higher the temperature is, 

the thinner the amorphous layer can develop but the faster the crystalline particles can 

grow. This was also confirmed by XRD patterns of 200-cycle ALD-SnO2 at different 

temperatures (see figure SI-5.4 in Supporting Information). There are no peaks observed 
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for the cases of 200 and 250 oC, but peaks begin to appear at 300 oC and then become 

stronger and easier for identification in the cases of 350 and 400 oC. Thus, temperatures 

are essential for adjusting the double-layered amorphous-crystalline SnO2 nanotubes. In 

return, various double-layered SnO2 nanotubes were developed, featuring adjustable 

amorphous layers and crystalline particles, as shown in figure 5.4 and 5.5, as well as in 

figure SI-5.1 to 5.3. 

 

As the temperature was increased up to 400 oC, however, the growth of ALD-SnO2 

exhibited some new characteristics, as illustrated in figure 5.6. Figure 5.6(a) shows four 

SEM images of the side views of AAO pores, corresponding to the ALD-SnO2 of 400, 

600, 800, and 1000 cycles, respectively. The cycling number is indicated on the left-

bottom corner of each image. It is clearly shown in figure 5.6(a) that the ALD-SnO2 

deposited only nanoparticles on the inner walls of AAO pores and that there is a sharp 

boundary between the nanoparticles and the inner surfaces. In other words, the beneath 

amorphous layers as observed in the range 200 to 350 oC is unobservable at the case of 

400 oC. In addition, it is noticed from figure 5.6(a) that nanoparticles stopped lateral 

growth but continue their growth upwards along radial orientations after 600 ALD-cycles. 

Correspondingly, figure 5.6(b) shows the received SnO2 nanotubes after different cycles. 

It is found that the as-deposited nanotubes of 400 ALD-cycles are evidently porous and 

the porosity decreases with increased cycles. In the case of 1000 ALD-cycles, the arrays 

of dense SnO2 nanotubes are produced with an average GPC of 0.46 Å/cycle. Obviously, 

the fabrication of the nanotubes at 400 oC seems a sintering process of separate 

nanoparticles, in which the growing nanoparticles squished each other and thereby 

formed nanotubes. A few of 600-cycle nanotubes were further examined with TEM, as 

shown in figure 5.6(c), and one end of a nanotube is enlarged in figure 5.6(d). The inset 

of figure 5.6(d) exposes the polycrystalline nature of the nanotubes by the SEAD patterns. 

In addition, two local areas in figure 5.6(d) were examined with HRTEM and both 

commonly disclose the crystalline characteristics of nanoparticles in figure 5.6(e) and (f). 

Figure 5.6(e) shows the characteristic planes of (110) with the inter-plane distance of 

0.335 nm while figure 5.6(f) reveals the characteristic planes of (101) with the inter-plane 

distance of 0.264 nm. Obviously, the ALD-SnO2 at 400 oC is distinguishable with a 
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growth mode of evolutionary particles.  

 

 
Figure 5.6 The growth characteristics of ALD-SnO2 at 400 oC. (a) SEM side views of AAO pores coated 

with the ALD-SnO2 of 400, 600, 800, and 1000 cycles (as marked on the left-bottom corner of each case); 

(b) SEM images for the received SnO2 nanotubes after 400, 600, 800, and 1000 ALD-cycles; (c) the TEM 

image for the SnO2 nanotubes of 600 ALD-cycles; (d) the high magnification TEM image for one end of a 

SnO2 nanotube in (c) (inset: SAED patterns); (e) and (f) the HRTEM images for two local areas in (d). 
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Based on the above-disclosed results, it is remarkable that the synthesis of SnO2 nanotube 

arrays by the template-directed ALD revealed three temperature-dependent growth modes, 

i.e., layer-by-layer (T < 200 oC), layer-by-particle (200 ≤ T < 400 oC), and evolutionary 

particles (T ≥ 400 oC), in which the layers are exclusively amorphous while the particles 

are commonly crystalline. In addition, it is also very apparent that the resultant nanotubes 

are highly structure-tunable with controllable phases and transferable morphologies. Thus, 

it is of great interest to explore the underlying mechanisms, especially the effects of 

temperatures for the intriguing results in order to gain a better understanding. On these 

interesting results, we will make a detailed discussion in the following sections.   

 

5.3.2 Discussion  

 

5.3.2.1 Effects of temperatures 

 

In general, there are typically three key parameters in ALD processes, i.e., precursors, 

substrates, and temperatures [23]. The three parameters combine to determine the growth 

characteristics of a certain material. Of the exposed precursors to date, metal chlorides 

and water are among the widely used pairs in ALD practice for depositing binary metal 

oxides. In ALD processes, substrates play two main roles: one is to shape the deposited 

materials in a certain form (e.g., 0D, 1D, or 2D structures [24]) and another is to initiate 

the deposition on their surface. A prerequisite for the latter role is that the surface of a 

substrate should be with reactive sites in order to chemisorb the molecules of one 

precursor and thereby to initiate an ALD process for a certain material. In return, the 

peculiarities of a substrate (e.g., their structural characters as well as surface conditions) 

exert some influence on the growth characteristics as well as the properties of the 

resultant materials. However, the knowledge in this way is still very limited. With 

reference to temperatures, ALD requires that they should not be so high that precursors 

decompose, for any decomposition leads to a CVD process other than an ALD process. 

Even for the temperatures in the range suitable for an ALD process, it was observed that 

they may still result in some difference in the growth of a certain material, such as on 

GPC and the properties of that material [23]. Thus, growth temperatures are critical for an 
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ALD process when its precursors and substrate are determined.  

 

In this study, we used SnCl4 and water as the precursors for the ALD-SnO2 on AAO in 

order to produce nanotube arrays. Earlier studies [25-29] mainly employed them on flat 

substrates (e.g., glass, silicon, and α-alumina) to deposit 2D thin films. Although the 

researchers noticed to some extent the occurrence of phase-transition with increased 

temperatures, the underlying mechanisms were hardly touched. It was demonstrated [29] 

that SnCl4 and water are stable under the temperatures up to 600 oC. Thus, the 

temperatures of 150 – 400 oC in this study met the requirements of ALD processes. In 

particular, as revealed above, the characters of the as-synthesized nanotubes show an 

evident dependence on their growth temperatures in this study. Thus, it is of our great 

curiosity to explore the effects of temperatures as well as the underlying mechanisms. 

Based on reviewing earlier studies, we noticed that increased temperatures might have 

taken effect on the other two parameters, i.e., AAO and the precursors, and thereby result 

in different growth behaviors, consequently leading to the highly structure-tunable 

nanotubes. Thus, the effects of increased temperatures deserve a special discussion, as 

detailed below.  

 

(A) On AAO template 

 

As stated above, the surface nature of a substrate is crucial for ALD processes and it 

should be reactive to at least one precursor. In this study, the amorphous AAO template 

was used as the substrate for synthesizing SnO2 nanotubes. Thus, its surface, especially 

the characters and coverage of reactive sites on the inner surfaces of AAO pores, is 

critical for the initiation and the subsequent growth of ALD-SnO2. Previous studies 

revealed that, no matter whatever the fabrication method was, AAO is commonly covered 

by hydroxyl groups as well as water molecules [30-32]. There are many types of 

hydroxyl groups identified, such as isolated and hydrogen-bonded ones [30,33-38]. 

Correspondingly, it was also experimentally [30,33-35] and theoretically [36-38] 

demonstrated that all types of hydroxyl groups as well as oxygen bridges are among the 

candidate groups to react with metal chlorides. In addition, a recent study showed that 
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water coverage of a surface also has important influence on surface reactions in ALD 

processes [38].       

 

With increased temperatures, it was observed that the substrate surface generally 

experiences some change. It was previously demonstrated that, for example, the 

hydrogen-bonded hydroxyl groups and water coverage decrease in amount with increased 

temperatures, resulting in the isolated hydroxyl groups available as principal bonding 

sites [30,32,33,35,38]. A mechanism for the decrease of hydrogen-bonded hydroxyl 

groups is the dehydroxylation of adjacent hydroxyl groups [39]: 

2||-OH → ||=O + H2O (g)                                                                                       (2) 

where the symbol || denotes the substrate surface and (g) refers to gas phase species. As a 

consequence, this dehyroxylation causes the appearance of oxygen bridges on the surface 

while it reduces the number of hydroxyl groups. Thus, increased temperatures tend to 

change the functional groups (either types or amounts, or the both) on the substrate 

surface.   

 

(B) On surface reactions 

 

Besides the influences on the surface conditions of AAO templates, increased 

temperatures are also inclined to affect ALD processes as well. As is well-known, as a 

surface-controlled process, ALD proceeds via two alternating self-saturating surface 

reactions and each precursor induces a half-reaction. Thus, increased temperatures can 

take effect on the precursors by changing their corresponding surface reactions and 

thereby result in different growth characteristics. In the case of the ALD-SnO2, there are 

two surface reactions suggested previously [40]: 

||-OH + SnCl4(g) → ||-O-SnCl3 + HCl(g)                                                           (3-A) 

||-Cl + H2O(g) → ||-OH + HCl(g)                                                                       (3-B)       

The half-reaction (reaction 3-A) due to a pulse of SnCl4  and the half-reaction (reaction 3-

B) due to a pulse of H2O consist of one typical “A-B” cycle to deposit SnO2 in the ALD-

SnO2 process. As a result, the “A-B” cycling builds up SnO2 films in AAO pores. 

Apparently, this surface chemistry is applicable to explain the growth of the amorphous 
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layers in figure 5.3-5.5. However, it is evidently incompetent to address the growth of the 

nanoparticles (clusters) in figure 5.4-5.6, for it betrayed the layer-by-layer nature of ALD 

processes. Thus, increased temperatures might have changed one or both of the 

aforementioned surface reactions in the reaction 3-A and 3-B, and thereby led to other 

mechanisms. To address this issue, other researchers conducted lots of inspiring work, 

though the answer was not fixed to date due to its complication.   

 

The growth of crystalline particles, in addition to the cases discussed in this study, was 

also observed in the ALD processes of TiO2 [41] and ZrO2 [33] when growth 

temperatures are higher than 300 oC. In particular, the aforementioned studies commonly 

used metal chlorides and water as precursors. Many experimental efforts [30,34,35] were 

dedicated to investigate the behind stories and proposed various mechanisms. 

Unfortunately, none of the mechanisms could account for the experimental observations 

of crystalline particle formation. Also unsuccessful was the efforts from simulations [36-

38]. This kind of phenomena is so intriguing that Puurunen [42] made a special review 

attempted to provide a comprehensive explanation. Based on the examinations on earlier 

studies, Puurunen claimed that ligand exchange (as shown in reaction 3-A and 3-B) is the 

most prevalent mechanism for amorphization at low temperature (< 300 oC) whereas a 

prominent two-step chlorination in the pulses of metal chlorides underlies the growth of 

crystallize particles at high temperature (> 300 oC). In particular, the two mechanisms 

compete for dominance with temperatures. Thus, there are two different rules for ALD 

processes of using metal chlorides and water as precursors, and their predominance is 

determined by temperatures. Thanks to Puurunen’s contributions, it becomes possible to 

explicate the growth of crystalline particles and amorphous layers. In the case of ALD-

SnO2 of using SnCl4 and water, the following reactions might be induced in the pulses of 

SnCl4 when temperatures were increased [43,44]:      

||-OH + SnCl4(g) → ||-Cl + Sn(OH)Cl3(g)                                                        (4-A1) 

||-OH + Sn(OH)Cl3(g)→ ||-Cl +Sn(OH)2Cl2(g)                                                (4-A2) 

2||-Cl +Sn(OH)2Cl2(g) → ||-O2-SnCl2 + 2HCl(g)                                             (4-A3) 

||-O2-SnCl2 + Sn(OH)2Cl2(g) → ||-(SnO2)2Cl2 +2HCl(g) → ····· → ||-(SnO2)nCl2 + 

2HCl(g)                                                                                                             (4-A4) 
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In the above reactions, SnCl4 first chlorinates the surface hydroxyl groups and form an 

intermediate hydroxychloride molecule (Sn(OH)2Cl2) by two steps, as shown in the 

reaction 4-A1 and 4-A2. Then the hydroxychloride reacts with the surface chlorine 

groups through its hydroxyl groups, as shown in the reaction 4-A3. In particular, the 

chlorine groups on the right side of the former reaction 4-A3 might further react with 

hydroxychloride and result in a chain of reactions, as shown in the reaction 4-A4. Thus, 

surface reactions in the pulses of SnCl4 could contribute a formation of multilayer under 

high temperatures. As a consequence, nanoparticles could grow more quickly at high 

temperatures than at low temperatures after a same number of ALD cycles, for high 

temperatures should be more favorable for the reaction 4-A4. This is consistent to our 

results, as disclosed in figure 5.4-5.6 as well as in figure SI-5.1 to 5.3 in Supporting 

Information. In addition, the above reactions also provide the answers for the size-varied 

nanoparticles and the continuously newly-appeared nanoparticles on the inner surfaces of 

AAO pores, for some sites might be involved in a chain of reactions (as shown in the 

reaction 4-A4) while others might not. With reference to the reaction happened in the 

pulses of water, it was suggested [42] to be still ligand exchange, as shown in the 

following reaction 4-B:  

||-Cl + H2O(g) → ||-OH + HCl(g)                                                                       (4-B)    

 

To summarize the above discussion, it is clear that there are two different mechanisms for 

the growth of amorphous layers and crystalline particles. In particular, the two compete 

for dominance with increased temperatures. Previous studies [30,33-35,41] observed the 

particle growth when the temperature is higher than 300 oC. However, as clearly 

demonstrated in this study, crystalline particles appeared to grow when the temperatures 

reached 200 oC or higher. This is likely due to lower cycles studied by previous studies, 

for they mainly worked on the first several cycles. As a whole, the three growth modes 

appeared in our work provide evidence for the two mechanisms.     

 

Obviously, the above discussion is exclusively based on hydroxyl groups. As stated 

before, increased temperatures may reduce hydrogen-bonded hydroxyl groups and induce 

more oxygen bridges. Thus, it is necessary to address their effects on ALD-SnO2. In 
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contrast to a general acceptance on the roles of hydroxyl groups, there is a debate on the 

effects of oxygen bridges, as detailed by Puurunen [42]. Some earlier studies [33,41] 

suggested that metal chlorides can attack oxygen bridges via dissociation. However, some 

later studies [34,35] questioned its validity and Puurunen [42] even excluded the 

possibility for oxygen bridges to participate the growth of crystalline particles. Recent 

simulations [36-38] suggested that oxygen bridges are possible to react with metal 

precursors. However, their reaction rates are much lower than the ones for hydroxyl 

groups [37] while their adsorption energy and reaction opportunity highly depend on 

water coverage [38]. Remarkably, the issue on oxygen bridges is far from giving a clearly 

defined answer in this work and it deserves a further investigation in future. Even so, we 

would still suggest the reaction between SnCl4 and oxygen bridges as follows, based on 

previous studies [33,36-39,41]:  

||=O + SnCl4(g) → ||-Cl +||-OSnCl3                                                                       (5) 

Apparently, the above reaction chlorinates oxygen bridges via a cleavage. In a following 

interaction between water and the produced chlorine groups, the resultant reactions are 

still via ligand exchange [36-38], similar to the ones stated in the reaction 3-B or 4-B, and 

they create new hydroxyl groups. Thus, oxygen bridges may contribute to the growth of 

crystalline particles with increasing ALD cycles at elevated temperatures as well, for the 

created hydroxyl groups can also initiate reactions as stated in the reactions 4-A1 to 4-A4.  

 

5.3.2.2 Three growth models 

 

In the above section, it was discussed that temperatures could influence the growth of 

ALD-SnO2 by changing the surface nature of AAO as well as surface reactions of ALD 

processes. In terms of surface chemistry, it is disclosed that there are different mechanism 

for the growth of amorphous layers and crystalline particles, which can well explain our 

results. Based on the afore-discussion and in order to better illustrate the three growth 

modes revealed in our study, we schematically demonstrate them with three models in 

figure 5.7.  
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Figure 5.7 Three growth models for ALD-SnO2 nanotube arrays. At a temperature lower than 200 oC, the 

ALD-SnO2 was built up in AAO pores in a mode of (a) layer-by-layer growth, as schematically shown in 

(a1-4) with uniform films of increasing thickness; in the range 200-400 oC, the ALD-SnO2 experienced a 

mode of (b) layer-by-particle growth: (b1) amorphous layers prevailed at the initial stage but random 

nucleation happened with increased films, (b2) crystals grew laterally and radially while new nuclei 

appeared with increased films, (b3) crystals saturated on the surface and amorphous layers stopped growing, 

(b4) crystals stopped their lateral growth and competed with each other for their radial growth; at a 

temperature no less than 400 oC, the ALD-SnO2 transferred to a mode of (c) evolutionary particle: (c1) 

nuclei formed immediately on the substrate surface at the starting of the ALD process, (c2) crystals grew 

quickly with increased ALD-cycles, (c3) crystals saturated on the substrate surface, (c4) crystals grew 

predominantly in their radial direction. In (a5), (b5), and (c5), the produced nanotubes were schematically 

illustrated. 
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Figure 5.7(a) provides the model for layer-by-layer growth. As is disclosed above, this 

growth is predominant with low temperatures (< 200 oC, see figure 5.3). In this case, the 

surface of AAO pores suffers less change in its reactive sites. Consequently, abundant 

hydroxyl groups as well as possible high water coverage are preferable for SnCl4 to 

interact with multiple adsorption sites [38]. The ALD-SnO2 initiates on the AAO surface 

by ligand exchange, as described in the reactions of 3-A and 3-B. In the following SnCl4 

and water pulses, ligand exchange proceeds and contributes a layer-by-layer growth. As 

illustrated by figure 5.7(a1) to (a4) in side views of AAO pores, increased ALD-cycles 

contribute to the increase in film thickness. In this case, the GPC (as disclosed in figure 

5.3) is pretty low, for surface reactivity is very limited under low temperatures. Figure 

5.7(a5) shows a resultant SnO2 nanotube with a well-controlled amorphous wall.    

 

Figure 5.7(b) illustrates the layer-by-particle growth in the temperature range 200 to 400 
oC. In this temperature range, results (see figure 5.4, 5.5, as well as figure SI-5.1 to SI-5.3 

in Supporting Information) revealed that the dominant growth changes from amorphous 

layers to crystalline particles. It was also disclosed that the ultimate thickness of 

amorphous layers is constant for a certain temperature and decreases with increased 

temperatures. Contrary to the reducing layers, however, the particles grow faster with 

temperatures. The mechanisms lie in the competing effects between ligand exchange and 

chlorination, i.e., lower temperatures are favorable for ligand exchange while higher 

temperatures prompt chlorination [42]. In this kind of growth, the AAO surface nature is 

exposed to a higher possibility for change, depending on the adopted temperature. 

Meanwhile, increased temperatures may also improve surface reactivity and induce some 

reactions which do not occur at lower temperatures [23]. As illustrated by figure 5.7(b1), 

a side view on AAO pores shows that amorphous layers take the priority to deposit, 

probably due to the favorable surface nature of AAO and its amorphous structure. With 

the increasing layers, however, nucleation events (illustrated by orange dots) happen 

randomly on the layers and the layers may be also favorable for the growth of nuclei, for 

they have different nature with respect to AAO. Further increased ALD-cycles, as 

illustrated in figure 5.7(b2), prompt the crystals to grow in both lateral and radial 

directions. At the same time, more nucleation events take place while the amorphous 
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layers grow thicker. To a certain point, as illustrated in figure 5.7(b3), the growing 

crystals and new-born nuclei saturate the growing surface. Since then, as illustrated in 

figure 5.7(b4), the amorphous layers stop to grow and only crystalline particles compete 

for available space in AAO pores. In the competitive growth of crystalline particles, they 

stop the growth in literal direction while continue the one along radial direction. As a 

result, the double-layered amorphous-crystalline SnO2 nanotubes (see figure 5.7(b5)) are 

produced. In particular, this type of nanotubes is highly tunable in structure, for the layers 

and particles are controllable with temperatures.         

 

Figure 5.7(c) illustrates the third grow mode, evolutionary particle, under a temperature 

no less than 400 oC. In this case, the AAO surface may be modified to a large extent, 

resulting in a considerable reduction of hydroxyl groups and water coverage but an 

increase of oxygen bridges. In particular, at the high temperatures chlorination becomes 

the only mechanism for ALD-SnO2. As a result, the modified surface conditions of AAO 

and the unique chlorination may combine to lead to the exclusive growth mode of 

crystalline particles. Figure 5.7(c1) shows in a side view on the AAO pores that nuclei 

appear at the right beginning of the ALD-SnO2. With increased ALD-cycles (see figure 

5.7(c2)), the nuclei grow into crystals and more nuclei appear at the same time. While the 

nuclei crystallize, the crystals grow in both lateral and radial directions. To a certain point, 

the AAO surface is saturated with crystals and nuclei (see figure 5.7(c3)). Since then, the 

crystals begin a competitive process in which they fight each other for available space. 

The survived crystals obtain the opportunities to grow only in radial orientation. Similar 

competitive processes were ever studied in other areas where they are named as 

evolutionary selection [45,46]. The resultant crystalline SnO2 nanotube is shown in figure 

5.7(c5).     

 

In summary, three temperature-dependent growth modes (i.e., layer-by-layer, layer-by-

particle, and evolutionary particles) were revealed for the synthesis of SnO2 nanotubes by 

the template-directed ALD strategy, leading to a series of highly structure-tunable SnO2 

nanotubes. Aiming at exploring the underlying mechanisms, a detailed discussion on the 

effects of temperatures was conducted. It is believed that two different mechanisms of 
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surface chemistry are responsible for the growth of amorphous layers and crystalline 

particles, respectively, and the two compete for dominance with temperatures. To further 

demonstrate the transformations of different growth modes, three growth models were 

proposed and schematically demonstrated. Thus, this work is helpful not only for 

manipulating the fabrication of novel SnO2 nanotubes but also for scientific insights.  

  

 

5.4 Conclusions 

 

This work presented a template-directed ALD strategy to synthesize SnO2 nanotubes. 

Using SnCl4 and water as precursors, the fulfillment of ALD-SnO2 on AAO template 

revealed that this strategy features its capabilities in highly tuning the synthesized SnO2 

nanotubes. It was disclosed that the growth of SnO2 nanotubes take three different modes, 

i.e., layer-by-layer, layer-by-particle, and evolutionary particles, in which the layers are 

amorphous while the particles are crystalline. Thus, this strategy can precisely control 

both phases and morphologies of SnO2 nanotube by simply adjusting temperatures. These 

intriguing results prompted our exploration on the underlying mechanisms and, based on 

reviewing earlier studies, the effects of temperatures were discussed. In particular, two 

different principles were clarified for the occurrence of amorphous layers and crystalline 

particles during the growth of SnO2 nanotubes. Furthermore, three growth models were 

suggested to illustrate the evolutions between different growth modes with temperatures, 

Thus, this work would be important for manipulating the synthesis of SnO2 nanotubes 

and it is also helpful to meet scientific curiosities with insightful views. In addition, it is 

believed that the synthesized SnO2 nanotubes would be promising as components in 

many applications, such as batteries, sensors, solar cells, and field emission, etc. 
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Supporting Information  

 

 
 
 
Figure SI-5.1 ALD-SnO2 at 300 oC. SEM images of side-views of AAO pores after (a) 200, and (c) 600 

ALD-SnO2 cycles; and SEM images of top-views of AAO pores after (b) 400, and (d) 600 ALD-SnO2 

cycles.  
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Figure SI-5.2 The growth characteristics of ALD-SnO2 at 250 oC. (a) SEM side views of AAO pores coated 

with the ALD-SnO2 of 200, 400, 600, 800, and 1000 cycles (as marked on the left-bottom corner of each 

case); (b) SEM images for the received SnO2 nanotubes after 600, 800, and 1000 ALD-cycles; (c) the TEM 

image for the SnO2 nanotubes of 800 ALD-cycles (inset: SAED patterns); (d) the HRTEM image for a 

local area in (c). 
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Figure SI-5.3 The growth characteristics of ALD-SnO2 at 350 oC. (a) SEM side views of AAO pores coated 

with the ALD-SnO2 of 200, 400, 600, 800, and 1000 cycles (as marked on the left-bottom corner of each 

case); (b) SEM images for the received SnO2 nanotubes after 400, 600, 800, and 1000 ALD-cycles; (c) the 

arrays of SnO2 nanotubes of 1000 ALD-cycles. 
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Figure SI-5.4. XRD spectra of 200-cycle ALD-SnO2 at different growth temperatures: (a) 200, (b) 250, (c) 

300, (d) 350, and (e) 400 oC. 
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Atomic layer deposition (ALD) was used to synthesize metal oxide-carbon nanotube 

(MO-CNT) hybrid materials by coating nitrogen-doped CNTs (N-CNTs). SnO2-CNT 

hybrids were produced using SnCl4 and water as precursors and exhibited many unique 

features. It was demonstrated that the use of N-CNTs was beneficial for directly initiating 

the ALD of SnO2 (ALD-SnO2) and that adjustable ALD parameters were favorable for 

controlling the morphology and phase of the deposited SnO2. The cyclic and surface-

controlled nature of ALD contributed to the morphologies of SnO2 tunable from 

nanoparticles to nanofilms, and the temperature-dependent characteristics of the ALD-

SnO2 rendered the phases of SnO2 controllable with amorphous, crystalline, or a mixed 

phase by the former two. Furthermore, this study also explored the underlying 

mechanisms for the controlled synthesis of SnO2-CNT hybrid materials. 

 

Keywords: Atomic layer deposition, Nitrogen-doped carbon nanotubes, Metal oxides, Tin 

dioxide, Nanocomposites 
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6.1 Introduction 

 

There was a long history for the discoveries of carbon nanotubes (CNTs) [1], but only 

after Iijima’s work [2] was an extensive investigation boosted with many findings on 

their exceptional properties and significant applications [3]. A primary approach for 

applications was to incorporate CNTs with other materials, and the resultant hybrid 

materials in general exhibited improved properties. Of them, CNT-based metal oxide 

(MO-CNT) hybrids represent an important class and are very promising as functional 

materials, such as in lithium-ion batteries (LIBs) and supercapacitors [4].  

 

Tin (IV) dioxide (SnO2) is among the most investigated nanoscale MOs, ascribing to its 

distinctive properties very useful in many areas (e.g., field emission [5,6], gas sensors [7], 

and LIBs [8-10]). In comparison, CNT-based SnO2 (SnO2-CNT) hybrids are much 

superior to their pure SnO2 tubular counterparts, e.g., exhibiting higher sensitivity as gas 

sensors [11,12], as well as increased specific mass capacity and extended durability as 

anodes of LIBs [13-20]. Thus, a large amount of effort has previously devoted to develop 

SnO2-CNT hybrids using various methods including arc-discharge [13], chemical vapor 

deposition (CVD) [14], different chemical-solution routes [15-20], etc. However, the 

used CNTs required a pretreatment process to modify their inert surface nature before a 

deposition of SnO2 was performed. This could be realized either by acid oxidation [14-19] 

or by surfactants [20]. Unfavorably, the two functionalization methodologies of CNTs 

commonly needed wet chemical treatment, while the former one further risked CNTs to 

some damages in their inherent properties. As a consequence, the previous methods [13-

20] were confined with a limited flexibility and they exclusively produced polycrystalline 

nanoparticles of SnO2 on functionalized CNTs.  

 

To bypass the drawbacks suffered by earlier studies, we recently developed an alternative 

strategy to synthesize MO-CNT hybrids, in which the technique of atomic layer 

deposition (ALD) was used to coat nitrogen-doped CNTs (N-CNTs) directly. As a 

consequence, it was demonstrated that the ALD route as well as the use of N-CNTs 

brought many unique advantages. First of all, N-CNTs by nature are chemically active 
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[21] and thereby can directly induce the following ALD of SnO2 (ALD-SnO2). 

Furthermore, ALD is a surface-controlled and layer-by-layer process, relying on two 

sequential self-terminating half-reactions [22-24]. Thus, ALD is superior in deposition 

with high flexibility and preciseness. As for ALD-SnO2, some earlier efforts practiced the 

deposition on flat substrates and nanoparticles using different precursors [25-35]. 

However, there were no cases to date reported on the ALD-SnO2 on CNTs. In this study, 

we attempted to achieve this goal using N-CNTs as substrates, as well as SnCl4 and water 

as precursors. In essence, the reaction between SnCl4 and H2O is fairly straightforward 

with the product of SnO2, as described in the following Reaction 1. 

SnCl4 + 2H2O → SnO2 + 4HCl                                                                             (1) 

In ALD-SnO2, the above reaction was previously interpreted by two half-reactions [33]: 

||-OH + SnCl4(g) → ||-OSnCl3 + HCl(g)                                                            (2-A) 

||-Cl + H2O(g) → ||-OH + HCl(g)                                                                       (2-B)         

where “||” indicates the substrate surface, and “(g)” denotes the vapor species. With the 

fulfillment of ALD-SnO2 on N-CNTs, it was found in this study that the deposited SnO2 

is controllable in morphology as well as structural phase. In particular, it was also 

revealed that the ALD-SnO2 is highly temperature-dependent. Thus, besides the 

aforementioned two half-reactions, other underlying mechanisms for ALD-SnO2 were 

developed as well. In summary, there are three features induced by the proposed strategy 

(i.e., ALD-SnO2 on N-CNTs): (i) the N-CNTs are free of external functionalization; (ii) 

the deposited SnO2 materials are tunable in morphology from nanoparticles to nanofilms; 

(iii) the deposited SnO2 materials are controllable in structural phase from amorphous to 

crystalline or a mixed phase by the former two. Thus, this work opened an avenue for 

highly precise synthesis of CNT-based hybrids and provided multiple candidates for 

many important applications, such as gas sensors, and LIBs, etc.       
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6.2 Experimental 

 

6.2.1 Synthesis of N-CNTs 

 

A thermal CVD method was applied to grow N-CNTs on substrates (carbon papers or Si 

wafers). The substrates were initially coated with a buffer layer of 30 nm thick aluminum 

and a catalyst layer of 5 nm thick iron. In the presence of Ar, the pyrolysis of melamine 

(C3H6N6) at 800 °C induced the growth of N-CNTs on the substrates. The synthesized N-

CNTs were structurally multi-walled and bamboo-like, presenting a typical N content of 

over 10 at.%. More details were described in a previous work [36].  

 

6.2.2 ALD-SnO2 

 

ALD-SnO2 was performed on the synthesized N-CNTs through supplying tin (IV) 

chloride (99% SnCl4, Sigma-Aldrich) and deionized water into a commercial ALD 

reactor (Savannah 100, Cambridge Nanotechnology Inc., USA) in an alternating manner. 

The temperature of the ALD reactor was in a range 200 - 400 oC. Nitrogen was used as 

the carrier gas with a flow rate of 20 sccm, and the ALD reactor was sustained at a low 

level of base pressure (typically 0.4 Torr) by a vacuum pump (Pascal 2005 I, Adixon). 

The ALD procedures were set as follows: (1) a 0.5 s supply of SnCl4; (2) a 3 s extended 

exposure of SnCl4 to N-CNTs; (3) a 10 s purge of oversupplied SnCl4 and any by-

products; (4) a 1 s supply of water vapor; (5) a 3 s extended exposure of water to N-CNTs; 

(6) a 10 s purge of oversupplied water and any by-products. The aforementioned six-step 

sequence constituted one ALD-SnO2 cycle and the ALD processes could differ in the 

number of cycles.  

 

6.2.3 Characterization 

 

The synthesized N-CNTs and SnO2-CNT hybrid materials were characterized using a 

field-emission scanning electron microscope (FE-SEM, Hitachi 4800S) equipped with 

energy dispersive X-ray spectroscopy (EDS), transmission electron microscope (TEM, 
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Philips CM10), high-resolution TEM (HRTEM, JEOL 2010 FEG), micro X-ray 

diffractometer (XRD, Brucker D8, CuKα radiation, λ = 1.5406 Å), and X-ray 

photoelectron spectrometer (XPS, Kratos Axis Ultra Al K(alpha)).  

 

 

6.3 Results and Discussion  

 

6.3.1 Results 

 

In figure 6.1(a) and (b), the synthesized N-CNTs are shown by SEM images of low and 

high magnification, respectively. Figure 6.1(a) reveals that the N-NCTs were grown on 

carbon papers with high density, and figure 6.1(b) shows that they are morphologically 

bamboo-like with diameters in the range 40 – 80 nm. Figure 6.1(c) presents the XRD 

spectra of two samples coated by ALD-SnO2 at 200 and 400 oC. The two samples 

commonly exhibit two strong peaks at 26.38o and 54.54o, consistent with those reference 

values of crystalline graphite (JCPDS PDF No. 41-1487). The two peaks are apparently 

induced by pristine N-CNTs and marked as Graphite(002) and Graphite(004), 

respectively. To further identify the information of SnO2, the XRD spectra between 30o 

and 55o are magnified in the insert of figure 6.1(c). It is found that the sample coated at 

400 oC (marked with a solid square) presents several characteristic peaks of crystalline 

SnO2 (JCPDS PDF No. 41-1445) at 33.89o, 42.63o, and 51.78o, corresponding to the 

(101), (210), and (211) plane, respectively. Another sample coated at 200 oC (marked 

with a solid triangle) has no observable peaks in the range 30o - 55o, implying an 

amorphous state of the deposited SnO2. Furthermore, EDS spectra in figure 6.1(d) 

confirm the presence of Sn and O element with the sample coated at 200 oC. As for other 

elements, C is attributed to N-CNTs, both Al and Fe are from the coatings of carbon 

papers, and Cl is due to some remaining Cl ligands. Thus, it is reasonable to conclude that 

growth temperatures are determinant for the phases of the deposited SnO2.  
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Figure 6.1 SEM images of N-CNTs with (a) low magnification, and (b) high magnification; (c) XRD 

spectra of N-CNTs coated with 200-cycle ALD-SnO2 at (▲) 200 oC and (■) 400 oC; (d) EDS spectra of N-

CNTs coated with 200-cycle ALD-SnO2 at 200 oC.    

 

 

To further characterize the synthesized SnO2-CNT hybrid materials, we applied SEM, 

TEM, and HRTEM. Figure 6.2 shows the SnO2-CNT hybrids synthesized at 200 oC. 

SEM images of figure 6.2(a), (c), and (e) correspond to the ALD-SnO2 of 50, 100, and 

200 cycles, respectively. They commonly reveal that, in comparison to pristine N-CNTs 

illustrated in figure 6.1(b), the surface of N-CNTs becomes rougher with a coating of 

some external material. According to Reactions 1-A and 1-B, the material deposited  
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Figure 6.2 ALD-SnO2 on N-CNTs at 200 oC. SEM images after (a) 50, (c) 100, and (e) 200 ALD cycles; 

TEM images after (b) 50, (d) 100, and (f) 200 ALD cycles (insert: SAED patterns); (g and h) HRTEM 

images of 200-cycle ALD-SnO2. 
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externally should be SnO2 and the information from figure 6.1(c) and (d) discloses the 

deposited SnO2 in an amorphous state. Furthermore, the corresponding TEM images in 

figure 6.2(b), (d), and (f) jointly reveal that the morphological evolution of SnO2 

experienced three stages: separated nanoparticles (3 - 5 nm, figure 6.2(b)), coalescence of 

nanoparticles (figure 2(d)), and formation of a coaxial nanofilm (figure 2(f)). In particular, 

the patterns of selected area electron diffraction (SAED, insert of figure 2(f)) show the 

disordered nature of the hybrid material, which confirms the amorphous nature of the 

deposited SnO2. Additionally, the case of 200-cycle ALD-SnO2 was further analyzed by 

HRTEM, as shown in figure 6.2(g) and (h). Figure 6.2(g) shows that, besides the 

graphene layers of N-CNTs, there is no crystalline structure with the deposited SnO2. 

Figure 6.2(h) also reveals the amorphous nature of the deposited SnO2 and exposes a 

uniform film thickness of around 2.6 nm. As a consequence, the amorphous SnO2 

reached an average growth of around 0.13 Å/cycle at the temperature of 200 oC.  

 

Following up the synthesis of SnO2-CNT hybrid materials at 200 oC, a high temperature 

of 400 oC was applied to continue the synthesis and the main results are included in 

figure 6.3. As disclosed by the SEM image of figure 6.3(a), a 50-cycle ALD-SnO2 

seemingly produced only nanoparticles of around 10 nm on N-CNTs. Further increasing 

ALD-SnO2 to 100 (figure 6.3(b)), 200 (figure 6.3(c)), and 400 cycles (figure 6.3(d)) 

prompted the growth of nanoparticles in size (up to 50 nm) and density but there were no 

films formed on N-CNTs. The TEM image (figure 6.3(e)) for the case of 100-cycle ALD-

SnO2 confirms that, besides nanoparticles, there were no others deposited on N-CNTs. 

SAED discloses a polycrystalline nature of the deposited nanoparticles, consistent to the 

XRD result in figure 6.1(c). The HRTEM images in figure 6.3(f) and (g) show clearly the 

crystalline structures of both SnO2 and N-CNTs. It is noteworthy that, besides some big 

nanoparticles (around 20 nm) as disclosed in figure 6.3(e), a large amount of tiny 

nanoparticles of less than 5 nm are exposed in figure 6.3(f) and (g), as red-circled in the 

images. In particular, it is noted that the deposited nanoparticles are predominately 

located in the interlinked areas of N-CNTs. Thus, it is apparent that nanoparticles did not 

grow with a same rate. Furthermore, as indicated in figure 6.3(f) and (g), there are two 

kinds of lattice planes identified with the nanoparticles. The inter-plane spacing of 0.335 
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nm corresponds to the (110) plane, while the one of 0.264 nm corresponds to the (101) 

plane of SnO2. It is worth noting that the (110) plane of SnO2 has not been identified in 

XRD spectrum (figure 6.1(c)), for its characteristic position at 26.61o is very close to that 

of Graphite(002).   

 
Figure 6.3 ALD-SnO2 on N-CNTs at 400 oC. SEM images after (a) 50, (b) 100, (c) 200, (d) 400 ALD 

cycles; (e) TEM image of 100-cycle ALD-SnO2 (insert: SAED patterns); (f and g) HRTEM images of 100-

cycle ALD-SnO2. 
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Based on the above-disclosed results, it is evident that growth temperatures are crucial for 

ALD-SnO2 on N-CNTs. To further investigate the effects of growth temperature, an 

intermediate temperature of 300 oC was used to synthesize SnO2-CNT hybrids, and the 

resultant results are illustrated in figure 6.4. Along with the increasing ALD-SnO2 from 

50 (figure 6.4(a)), 100 (figure 6.4(b)) to 200 cycles (figure 6.4(c)), one can observe 

numerous nanoparticles deposited on N-CNTs with increased sizes, accounting for 3 - 5 

nm, 3 - 7 nm, to 5 - 15 nm, respectively. However, besides nanoparticles presenting white 

and bright spots in the images, the intervals between nanoparticles seem also covered 

with a continuous layer. Figure 6.4(d) shows the TEM image for the case of 200-cycle 

ALD-SnO2, and the corresponding SAED patterns in the inset of figure 6.4(d) disclose 

that the deposited SnO2 presents polycrystalline characteristics. Under the HRTEM 

examination (figure 6.4(e) and (f)), it is worth noting that a 2.6 nm thick amorphous 

nanofilm and many crystalline nanoparticles are observed. The nanoparticles show 

clearly an inter-plane of 0.335 nm, corresponding to the (110) plane of SnO2. Obviously, 

the crystalline nanoparticles are responsible for the polycrystalline nature of the SAED 

patterns (the inset of figure 6.4(d)). Thus, an intermediate growth temperature prompted a 

covering of heterogeneous structural phases, i.e., an amorphous film embellished with 

crystalline nanoparticles.  

 

Upon this point, it was clearly demonstrated that the proposed strategy shows a strong 

capability in synthesizing SnO2-CNT hybrids as well as in controlling the deposited SnO2 

with different phases and morphologies. To summarize, there are three main features 

exhibited by the synthesized SnO2-CNTs hybrids: (i) direct initiation of ALD-SnO2 on N-

CNTs; (ii) controllable phases of the deposited SnO2 with temperature, showing 

amorphous (figure 6.2), crystalline (figure 6.3), or even a mixed amorphous-crystalline 

phase (figure 6.4); (iii) tunable morphologies of the deposited SnO2, exhibiting 

nanoparticles (figure 6.2 and 6.3), nanofilms (figure 6.2), or a mixture of nanofilms and 

nanoparticles (figure 6.4). To understand these interesting results, it is believed that both 

the effects of N-CNTs and the underlying mechanisms of ALD-SnO2 are essential. In 

particular, their distinctive dependence on temperature should be clarified. Thus, we 

investigated them and will discuss in the following sections.  
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Figure 6.4 ALD-SnO2 on N-CNTs at 300 oC. SEM images after (a) 50, (b) 100, and (c) 200 ALD cycles; (d) 

TEM image of 200-cycle ALD-SnO2 (insert: SAED patterns); (e and f) HRTEM images of 200-cycle 

ALD-SnO2. 
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6.3.2 Discussion 

 

6.3.2.1 The effects of N-doping  

 

As stated above, one feature with this study is the use of N-CNTs which initiated ALD-

SnO2 directly. As a surface-controlled process, ALD initiates on a substrate via an 

interaction between the molecules of one precursor and the reactive sites of the substrate. 

This kind of interaction contributes to an irreversible adsorption of one precursor and is 

restricted to chemisorption [37]. In comparison to pure (undoped) CNTs used in previous 

studies [14-20], the difference of N-CNTs lies in their N-doping. Therefore, the N-doping 

is responsible for the reactivity of N-CNTs and thereby for the initiation of ALD-SnO2. In 

this case, an investigation on the effects of N-doping is crucial for a better understanding 

of the ALD-SnO2 on N-CNTs.  

 

Of the two precursors (SnCl4 and H2O) used in this study, H2O could only be possible to 

physically adsorb on the N-CNTs and the adsorption of these molecules can be reversed 

easily [38]. In this case, SnCl4 holds as the only candidate to chemically bond with N-

related defective sites and to initiate the ALD-SnO2 on N-CNTs. Evidence from earlier 

studies [39-41] demonstrated that metal atoms could bond with N-related defective sites 

and thereby induce the growth of metal nanoparticles or nanowires on N-CNTs. In 

addition, they also disclosed that the effects of N-doping are closely related with the 

doped-N configurations, for different doped-N configurations have distinctive 

mechanisms to adsorb metal atoms. Thus, it would be better to investigate the effects of 

N-doping according to their configurations. As for the configurations of the doped-N 

atoms, there are several ones identified to date, including gaseous N2, nitric oxides, 

pyridine-like nitrogen, graphite-like nitrogen, and pyrollic nitrogen [42,43]. Although 

these doped-N configurations might not appear concurrently [44], there are two primary 

ones commonly exposed in N-CNTs, i.e., graphite-like (in which a nitrogen atom 

replaces a graphitic carbon atom) and pyridine-like N configuration (in which a nitrogen 

atom bonds with two carbon atoms). Furthermore, it was also experimentally [39-41] and 

theoretically [40,45,46] demonstrated that the two are the main factors for the surface 
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reactivity of N-CNTs and they induce chemical activeness via different mechanisms. In 

comparison, the pyridine-like N configuration can induce a stronger binding energy to the 

adsorption of metal atoms [40,46]. In addition, it was also demonstrated that CN bonds 

are thermally stable [44,47,48] and the two primary configurations can stand an annealing 

of up to 800 oC [44].  

 

Upon this point, it is clear that the initiation of ALD-SnO2 was likely induced by the 

interaction of SnCl4 with N-related defects and the two main doped-N configurations 

should be exempt from structural changes during ALD-SnO2 as well, where growth 

temperatures of less than 400 oC were applied. In this case, it will be insightful to 

investigate the effects of N-doping by differentiating their configurations and changes. To 

fulfill this goal, we applied XPS to study three samples of N-CNTs grown on Si wafers. 

One control sample consists of pristine (uncoated) N-CNTs, and two comparative 

samples consist of N-CNTs coated with 100-cycle SnO2 at 200 and 400 oC, respectively. 

Figure 6.5 shows the XPS surveys of the three samples. The XPS spectrum of the 

uncoated N-CNTs (figure 6.5(a)) displays two characteristic peaks around 285 and 399 

eV, corresponding to C 1s and N 1s, respectively. In addition, there are relatively weak 

peaks for O ls, Fe 2p, and Si 2s as well, attributing to the Si wafer covered by a layer of 

native SiO2 as well as a layer of iron catalyst. The XPS spectra for the two coated 

samples are shown in figure 6.5(b) and (c). In comparison, the N 1s peaks of the coated 

samples are significantly reduced while their C ls peaks remain at a comparable level. 

Due to ALD-SnO2, the coated samples show the newly appeared peaks of Sn and Cl, as 

well as some increase in the O 1s peaks. The weak Cl peaks are due to unreacted Cl 

ligands in ALD-SnO2. In terms of a full width of at half-maximum (FWHM), it is found 

that the value for C 1s slightly decreases from 2.95 eV (figure 6.5(a)) to 2.87 eV (figure 

6.5(b)) and 2.92 eV (figure 6.5(c)), while the value for N 1s significantly increases from 

3.23 eV (figure 6.5(a)) to 3.86 eV (figure 6.5(b)) and 5.38 eV (figure 6.5(c)). As the 

indicators for the main compositions of N-CNTs, the narrowing C ls and broadening N 1s 

peaks are essential for understanding the effects of N-doping and therefore deserve a 

further investigation with their high resolution spectra.  
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Figure 6.5 Survey scans of XPS spectra for (a) pristine N-CNTs, as well as N-CNTs coated with 100-cycle 

ALD-SnO2 at (b) 200 oC and (c) 400 oC. 

 

 

The high resolution C ls spectra of the three samples are shown in figure 6.6(a) – (c), in 

which the dashed lines represent raw data and the solid lines are the corresponding 

fittings. The asymmetric C ls spectra are commonly deconvoluted into five sub-peaks: 

PC1 (284.6 eV) [49] for the C-C bonds of graphite showing a peculiar dissymmetric 

shape, PC2 – PC4 (285.5-289 eV) [50,51] for overlapping defective carbon structures due  
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Figure 6.6 High-resolution XPS spectra of C ls peak for (a) pristine N-CNTs as well as for N-CNTs coated 

with 100-cycle ALD-SnO2 at (b) 200 oC and (c) 400 oC (insert: comparison of C ls peaks).    
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to C-N and C-O bonds, and π-π* transition (291 eV) [49], respectively. In comparison to 

the uncoated sample (figure 6.6(a)), it is observed that the defective sub-peaks (PC2 - 

PC4) of the two coated samples (figure 6.6(b) and (c)) show some decrease. 

Quantitatively, the areal ratio between the areal addition of PC2 - PC4 and the area of 

PC1 is 0.47, 0.34, and 0.29 for the uncoated sample and the two samples coated at 200 

and 400 oC, respectively. The reducing areal ratio accounts for a decreasing area of the 

defective peaks and suggests that ALD-SnO2 preferentially happened on the defective 

sites, for the deposited SnO2 could lead to a block effect on XPS measurements of the 

defective sites. In a much clearer view, the three C ls peaks are compared in the insert of 

figure 6.6(c). In comparison to the uncoated sample (marked as “a”), the C ls peak for the 

sample coated at 200 oC (marked as “b”) becomes narrower and weaker. This should be 

incurred by the uniform deposition of SnO2 nanoparticles (as shown in figure 6.2(c) and 

(d)). On the other hand, the C ls peak for the sample coated at 400 oC (marked as “c”) 

only shows a slight decrease along the centered line while there is an evident reduction in 

the defective area. These changes are consistent with the selective deposition of SnO2 

nanoparticles at 400 oC (as shown in figure 6.3(b)), in which some defective sites must 

have been preferentially covered. Based on the above discussion, it is reasonable to 

conclude that N-related defective sites are responsible for the deposition of SnO2.   

 

To further clarify the roles of different doped-N configurations, figure 6.7(a) – (c) show 

the N 1s spectra of the three samples with high resolution, in which the dashed lines 

represent raw data and the solid lines are the corresponding fittings. The N 1s spectrum of 

the uncoated sample (figure 6.7(a), a N content of 14.8 at.%) was deconvoluted into four 

peaks: PN1 (398.7 eV) [44,52] ascribed to the pyridine-like N configuration, PN2 (400.8 

eV) [44,52] corresponding to the graphite-like N configuration, as well as PN3 (403.5 eV) 

and PN4 (405.6 eV) [36] both attributing to nitrogen oxides. As for the two coated 

samples, it is observed from figure 6.7(b) and (c) that the PN1 peak reduces more 

evidently than PN2 peak in both cases. The areal ratio between PN1 and PN2 is 4.56, 

2.27, and 2.00 for the uncoated sample and the two samples coated at 200 and 400 oC, 

respectively. The reducing areal ratio strongly suggests that SnO2 were deposited on the 

defective sites of the two types but the deposition was more preferential for the pyridine- 
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Figure 6.7 High-resolution XPS spectra of N ls peak for (a) pristine N-CNTs as well as for N-CNTs coated 

with 100-cycle ALD-SnO2 at (b) 200 oC and (c) 400 oC.    

 

 

like N configuration. The selectiveness becomes stronger with growth temperature. In 

addition, it is also observed from figure 6.7 that the PN1 centered lines of the coated 

samples move towards the low energy region (right-shifting), implying that the deposited 

SnO2 chemically bonded to pyridine-like N configurations. In particular, the energy right-

shifting is much larger with the sample coated with crystalline SnO2 at 400 oC (figure 

6.7(c)). On the other hand, it is also noted that there is a shift with the PN2 centered line 
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of the sample coated at 400 oC(figure 6.7(c)), moving towards the high energy region 

(left-shifting). The energy left-shifting as well as the larger energy right-shifting with the 

sample coated at 400 oC suggests that crystalline SnO2 must have induced stronger 

interactions to both the pyridine-like and graphite-like N configuration than those 

incurred by amorphous SnO2 deposited at 200 oC. The opposite shifting of PN1 and PN2 

is evidence to the previous claim [40,46]: pyridine-like and graphite-like N configuration 

take effect on deposition with different mechanisms. In pyridine-like N configurations, 

the N atoms could directly bond with metal atoms; in graphite-like N configurations, the 

N atoms could not bond with metal atoms directly but mediated their neighboring C 

atoms to bond with metal atoms [40,46]. It is also worth noting that for a given coated 

sample its pyridine-like N atoms shifted more in binding energy than its graphite-like N 

atoms. This is in well agreement with the earlier claim that the pyridine-like N 

configuration induces a stronger binding energy to metal atoms than the graphite-like N 

one. In addition, it needs to mention that nitrogen oxides (PN3 and PN4) are not counted 

as main factors in this discussion, due to their low compositions. If one would compare 

figure 6.7(c) with (a), it is not difficult to observe that nitrogen oxides have little change 

after ALD-SnO2. The reduction of nitrogen oxides in figure 6.7(b) may be due to a full 

coverage of SnO2 on N-CNTs (see figure 6.2(d)), which induced some block to XPS 

measurements.                        

 

Based on the above discussion, it is reasonable to conclude that defective sites induced by 

N-doping are responsible for the initiation of ALD-SnO2. Of the doped-N configurations, 

the pyridine-like and graphite-like ones are the main forces for ALD-SnO2. In 

comparison, the pyridine-like N atoms took the predominant roles, for they provided 

higher binding energies to certain precursor atoms. This predominance became more 

evident with an increased growth temperature, for the adsorption of atoms needs a higher 

binding energy under a higher temperature. As revealed in figure 6.3(f) and (g), there are 

more SnO2 nanoparticles deposited in the regions of the interlinked nodes at 400 oC. 

These regions are dominated by the pyridine-like N configuration [53], and consequently 

higher binding energies provided by the pyridine-like N atoms led more SnO2 
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nanoparticles to deposit in the interlinked nodes. Thus, this also explained why the 

coverage of SnO2 decreased at 400 oC, in comparison to the cases at 200 oC and 300 oC.  

 

6.3.2.2. The characteristics of surface chemistry  

 

In addition to the above investigation on the effects of N-doping on ALD-SnO2, we also 

explored the underlying mechanisms responsible for the growth characteristics of ALD-

SnO2. As revealed in Section 3.1, the ALD-SnO2 showed a strong dependence on growth 

temperatures, resulting in amorphous nanoparticles/films (figure 6.2) at 200 oC, 

crystalline nanoparticles (figure 6.3) at 400 oC, and amorphous films embellished with 

crystalline nanoparticles (figure 6.4) at 300 oC. Obviously, there existed phase-transition 

in ALD-SnO2 processes. To understand the temperature-dependent phase-transition, one 

view from surface chemistry will be helpful, for surface reactions are crucial and possible 

to change with temperature in ALD processes.  

 

Earlier studies [54-56] noticed that the ALD processes of using metal chlorides and water 

as precursors always produced crystalline nanoparticles (e.g., TiO2 or ZrO2) on silica or 

alumina substrates when a threshold temperature (300 oC) was reached. Otherwise, 

amorphous films were formed at lower temperatures. More importantly, Puurunen [57] 

reviewed this sort of ALD processes, and further investigated the underlying mechanisms 

from a view of surface chemistry. It was suggested that the phase-transition of a 

deposited material is due to the changing ALD surface reactions with temperature, 

especially in the pulse of a metal chloride. This researcher postulated that ligand 

exchange (as described in Reaction 2-A) dominates surface reactions at a growth 

temperature lower than 300 oC, while chlorination becomes predominant at a growth 

temperature higher than 300 oC. Ligand exchange competes against chlorination in ALD 

processes, and their dominance highly depends on the growth temperature. Based on 

Puurunen’s work, we proposed both ligand exchange and chlorination for ALD-SnO2 in 

this study. For a low growth temperature, the dominant ligand exchange happens in both 

the pulse of SnCl4 and H2O, as shown in Reaction 2-A and 2-B, respectively. As a 

consequence, ligand exchange contributes to a layer-by-layer growth of SnO2, as 



 166 

demonstrated in figure 2. For a high growth temperature, the dominant chlorination 

happens in the pulse of SnCl4 as follows:  

||-OH + SnCl4(g) → ||-Cl + Sn(OH)Cl3(g)                                                       (3-A1) 

||-OH + Sn(OH)Cl3(g) → ||-Cl +Sn(OH)2Cl2(g)                                               (3-A2) 

First, SnCl4 chlorinates the surface hydroxyl groups and form an intermediate 

hydroxychloride molecule (Sn(OH)2Cl2) in a two-step reaction, as shown by Reaction 3-

A1 and 3-A2. Then, the hydroxychlorides further react with surface chlorine groups via 

their hydroxyl groups, as shown in Reaction 3-A3 as follows: 

2||-Cl +Sn(OH)2Cl2(g) → ||-O2-SnCl2 + 2HCl(g)                                             (3-A3) 

In particular, the chlorine groups on the right side of the above Reaction 3-A3 further 

react with hydroxychlorides in a chain of reactions, as shown in the following Reaction 3-

A4:   

||-O2-SnCl2 + Sn(OH)2Cl2(g) → ||-(O2-Sn)2Cl2 +2HCl(g) → ····· → ||-

(SnO2)nCl2+2HCl(g)                                                                                         (3-A4) 

As a consequence, a multilayer of SnO2 is formed in one pulse of SnCl4, accounting for a 

quicker growth of nanoparticles at a high temperature (e.g., 400 oC) than the one at a low 

temperature (e.g., 200 oC) after a same number of cycles. Additionally, it is worth noting 

that crystalline nanoparticles (shown in figure 6.3 and figure 6.4) varied in sizes, i.e., they 

did not nucleate at the same time and with a same rate. It is ascribed to the exposure 

variances of local sites in the pulse of SnCl4. A sufficient exposure of SnCl4 contributes 

to big nanoparticles grown on some sites while a deficient exposure of SnCl4 leads to 

small nanoparticles grown on other sites. However, in a pulse of H2O the surface reaction 

is the same as described in Reaction 2-B, and rewritten as: 

||-Cl + H2O(g) → ||-OH + HCl(g)                                                                       (3-B) 

It is obvious that chlorination leads to a non-uniform growth of SnO2, as demonstrated in 

figure 6.3. Furthermore, the case of ALD-SnO2 at 300 oC (figure 6.4) provides a strong 

support to the competing behavior between ligand exchange and chlorination, resulting in 

amorphous films embellished with crystalline nanoparticles. Thus, it is reasonable to 

conclude that growth temperatures determined the phase-transition of SnO2, at which 

different surface reactions are dominant. As for the limited coverage of SnO2 at 400 oC, 

besides the reason due to the difference between different doped-N configurations (as 



 167 

discussed in the section of 3.2.1), another reason is the deficient exposure of SnCl4 to 

some local defective sites.        

 

Furthermore, it is noteworthy that the ALD-SnO2 at 200 oC experienced an island-like 

growth in the first 100 cycles before a layer of SnO2 film was formed by the coalescence 

of nanoparticles. However, the island-like growth mode at 200 oC is different from the 

growth of crystalline nanoparticles at 400 oC in mechanism. The former one is 

determined by the reactive nature of the N-CNT surface (mainly due to density of 

functional groups) and presents a substrate-inhibited characteristic, while the latter one is 

mainly due to the chlorination as discussed above.  

 

To further help form a better understanding on this study, we schematically summarized 

the characteristics of the ALD-SnO2 on N-CNTs in figure 6.8. Figure 6.8(a) emphasizes 

the effects of N-doping. Figure 6.8(a1) shows two main doped-N (pyridine-like and 

graphite-like) configurations in pristine N-CNTs. In the first ALD cycle, SnCl4 is 

chemically adsorbed on the surface of N-CNTs via N-related defects (figure 6.8(a2)), and 

then chlorine (Cl) groups are replaced by hydroxyl (OH) groups in the following reaction 

(figure 6.8(a3)). According to our findings in this study, growth temperature took 

important influences on ALD-SnO2. As shown in figure 6.8(b), the influences of 

temperature are clarified. First, the coverage of OH groups on N-CNTs changes with 

temperature (figure 6.8(b1)): there are more OH groups around interlinked nodes 

(indicated by blue rings on N-CNTs) at a high (H: 400 oC) temperature while the 

distribution of OH groups is uniform at a low (L) and an intermediate (I) temperature. In 

a following SnCl4 pulse, the surface reactions are temperature-dependent. In figure 

6.8(b2), ligand exchange (L column) and chlorination (H column) are dominant at a low 

and high temperature, respectively. For an intermediate temperature (I column), the two 

reactions compete and coexist with each other. In a following H2O pulse (figure 6.8(b3)), 

however, ligand exchange is dominant for all the temperatures. Repeating ALD-SnO2 

with m-cycles (≤ 100) ( figure 6.8(b4)), the deposited SnO2 presents amorphous (L 

column), crystalline (H column), and coexisting amorphous-crystalline nanoparticles (I 

column) for different temperatures. In addition, the coverage is mainly dependent on the 
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initial distribution of OH groups (figure 6.8(b1)). With increased k-cycles (> 100) (figure 

6.8(b5)), coaxial films are formed on N-CNTs at a low (L column) and an intermediate 

temperature (I column), but the latter is decorated with some growing crystalline 

nanoparticles. At a high temperature (H column), only crystalline nanoparticles are 

deposited and grow with a tendency to coalesce. 

 
 

Figure 6.8 Schematic diagram of ALD-SnO2 on N-CNTs. (a) The first ALD-SnO2 cycle functionalized the 

surface of N-CNTs: (1) pristine N-CNTs decorated by N-doping defects, (2) SnCl4 chemically adsorbed on 

N-CNTs in the first ALD half reaction induced by N-doping defects, and (3) OH functional groups 
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generated in the second ALD half reaction induced by H2O. (b) The temperature-dependent ALD-SnO2 on 

N-CNTs: (1) N-CNTs (blue rings indicating interlinked nodes) uniformly covered by OH groups at low (L: 

200 oC) and intermediate (I: 300 oC) temperature, but with more OH groups around interlinked nodes at 

high (H: 400 oC) temperature; (2) the half-reaction of SnCl4 dominated by ligand exchange (L), 

chlorination (H), as well as a competition (I) between the two, respectively; (3) the half-reaction of H2O 

dominated by ligand exchange in all the cases (L, I, and H); (4) N-CNTs deposited with tiny amorphous (L), 

crystalline (H), as well as coexisting amorphous-crystalline nanoparticles (I) after m-cycles (m ≤ 100) of 

ALD-SnO2; (5) N-CNTs deposited with coaxial amorphous film (L), coalesced crystalline nanoparticles 

(H), as well as coaxial amorphous film decorated with crystalline nanoparticles (I) after k-cycles (k > 100) 

of ALD-SnO2. 
 

 

In summary, the ALD-SnO2 on N-CNTs is temperature-dependent via two routes: (i) the 

adsorption of the tin source precursor (SnCl4) on the surface of N-CNTs was reduced 

with a increased growth temperature, owing to the variances of different doped-N 

configurations to chemically adsorb precursor molecules; (ii) the inherent surface 

reactions changed with growth temperature and there was a competition between ligand 

exchange and chlorination for dominance. Consequently, the synthesized hybrid 

nanostructures present controllable phases: amorphous (dominated by ligand exchange), 

crystalline (dominated by chlorination), as well as a coexisting amorphous-crystalline 

phase (dominated by the competition between ligand exchange and chlorination). In 

addition, the morphologies of the deposited SnO2 are also controllable, presenting coaxial 

nanoparticles or nanofilms. 

 

 

6.4 Conclusions 

 

In this paper, we demonstrated a strategy to synthesize a series of novel SnO2-CNT 

hybrid materials in a highly controllable means. This strategy was featured by applying 

ALD-SnO2 directly on N-CNTs and exhibited some unique advantages. First of all, the 

N-CNTs could initiate the following ALD-SnO2 directly, exempt from any pretreatment 

as widely used for undoped CNTs. In addition, ALD benefited the deposited SnO2 with 

tunable morphologies from nanoparticles to nanofilms. Furthermore, the temperature-
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dependent nature of surface reactions contributed the deposited SnO2 to controllable 

phases from amorphous to crystalline or a coexisting amorphous-crystalline phase. In 

order to get a better understanding on the role of N-CNTs and the temperature-dependent 

nature of ALD-SnO2, we also explored the underlying mechanisms. Using XPS, we first 

investigated the effects of N-doping on the initiation of ALD-SnO2. It was revealed that 

N-related defects were crucial, especially the graphite-like and pyridine-like N 

configuration. In comparison, pyridine-like N configuration played a more important role 

in ALD-SnO2. As for the controllable phases with growth temperature, it was suggested 

that different growth temperatures induced different surface reactions in ALD-SnO2 and 

thereby determined the phase of the deposited SnO2. It is believed that ligand exchange 

was dominant at low temperatures while chlorination was paramount at high temperatures. 

The former led to amorphous SnO2 deposited at 200 oC while the latter was responsible 

for crystalline SnO2 deposited at 400 oC. The two competed with each other with 

temperature, and led to a coexisting amorphous-crystalline phase of SnO2 deposited at 

300 oC. As a consequence, this work not only fulfilled a new strategy for synthesizing 

SnO2-CNT hybrid materials but provided the underlying mechanisms for a better 

understanding as well. In particular, these novel SnO2-CNT hybrids have great potential 

applications in many important areas, such as lithium-ion batteries, and gas-sensors, etc.  
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Nowadays there is a dramatically increasing interest in developing graphene-supported 

nanocomposites, due to their unprecedented properties. Different from the methods 

exposed in previous studies, this article presents a non-aqueous approach of using 

atomic layer deposition (ALD) to constitute novel metal oxide-graphene hybrid 

nanocomposites based on graphene nanosheet (GNS) powders. It is demonstrated that 

this gas-solid strategy exhibits many unique benefits. It reports for the first time that the 

as-prepared SnO2-GNS nanocomposites are featured with not only tunable morphologies 

but controllable amorphous and crystalline phases of SnO2 component as well, using 

SnCl4 and H2O as the ALD precursors. Furthermore, the determinant factors and 

underlying mechanisms were outlined and discussed in this work. As a consequence, 

besides the demonstration of ALD being an important approach for nanoarchitecturing 

novel metal oxide-GNS composites, the as-synthesized SnO2-GNS hybrid nanocomposites 

provide more choices for many important applications, such as lithium-ion batteries, 

solar cells, and gas sensing.    

 

 

Keywords: Atomic layer deposition, Graphene, Metal oxide, Tin dioxide, 

Nanocomposites 
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7.1 Introduction 

 

Interest on nanocomposites is ever-growing, ascribed to their peculiarities in combining 

desirable properties of hybrid nanosized building blocks for a given application. On this 

way, carbon nanotubes (CNTs) being an excellent one-dimensional (1D) candidate have 

been extensively incorporated in a wide range of nanocomposites for many applications 

[1-4]. Nowadays, following up CNTs, graphene being a 2D nanoscale building block is 

attracting more and more efforts on developing novel nanoarchitectured composites since 

its discovery [5] in 2004. To date, graphene (or graphene stacks, a few layers of graphene) 

has been reported to incorporate with three main types of materials: polymers [6-9], 

metals [10-13], and metal oxides [14-20], covering a series of applications (including 

field emitters, photocatalysis, conductors, supercapacitors, fuel cells, and batteries, etc.) 

with improved mechanical, electrical, optical, or electrochemical properties. For metal 

oxide-graphene nanocomposites (MO-GNCs), however, only limited cases were exposed 

in literature and they were prominently synthesized in aqueous solutions via two routes: 

wet chemical deposition [15-19] and solution-based mechanical mixing [20]. The former 

route was generally carried out with a complicated and tedious process, accounting for 

several tens of hours [15-19]. As an alternative, the latter one was simply performed 

through mechanically mixing available metal oxide nanoparticles with graphene 

dispersions [20], having less manipulation on metal oxide nanopartilces and thereby 

lacking of flexibility and precision as a synthesis strategy. Commonly, the aqueous 

solution-based methods exposed in literature show inability to precisely control the 

morphologies and structures of metal oxides.   

 

With attempts to circumvent the above-mentioned issues, recently we successfully 

fulfilled the synthesis of MO-GNCs via a non-aqueous approach and the first case will be 

reported in this article. This strategy is featured by applying the technique of atomic layer 

deposition (ALD) to deposit metal oxides on graphene nanosheet (GNS) powders. Our 

studies demonstrated that this approach can provide a precise fabrication of MO-GNCs 

with more benefits, opening a potential avenue for mass production. Characteristically, 

ALD is a surface-controlled gas-solid process and uniquely performed by two 
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sequentially cyclic half-reactions [21]. In comparison to wet chemical routes as well as 

traditional chemical and physical vapor deposition, ALD contributes to a controllable, 

uniform, and conformal deposition at the atomic level [21], and is going into a fashion in 

nanotechnology to synthesize novel nanostructures and nanodevices [22,23]. In addition, 

ALD has capability to deposit both inorganic (metals and metal oxides) [24] and organic 

materials (polymers) [21]. In the case of SnO2, it has mainly been performed on flat 

substrates (e.g., quartz glass) via ALD [25-27] using SnCl4 and H2O as well as other 

precursors. The reaction between SnCl4 and H2O is fairly straightforward with the 

product of SnO2, as described in the following Reaction 1. 

SnCl4 + 2H2O → SnO2 + 4HCl                                                                              (1)  

In the ALD of SnO2 (ALD-SnO2), however, Reaction 1 was replaced with two sequential 

half-reactions as suggested as follows [28]: 

||-OH + SnCl4(g) → ||-O-SnCl3 + HCl(g)                                                           (2-A) 

||-Cl + H2O(g) → ||-OH + HCl(g)                                                                       (2-B)       

where the symbol || denotes the substrate surface, and (g) refers to gas phase species. One 

“A” pulse of SnCl4 (Reaction 2-A) and one following “B” pulse of H2O (Reaction 2-B) 

consist of one typical “A-B” cycle in ALD process, and the cycling of “A-B” half-

reactions can build up SnO2 films increasing with accuracy at the atomic level. In this 

article, we deduce this ALD strategy through exemplifying the synthesis of SnO2-GNS 

composites, using SnCl4 and H2O as the ALD precursors.  

 

The successful demonstration of ALD-SnO2 on GNS produced 3-D nanoarchitectured 

networks of SnO2-GNS composites. More importantly, the composites are featured with 

tunable morphologies and controllable phases of the SnO2 component. It was found that 

the SnO2 component can present amorphous and crystalline phase through suitably 

adjusting the growth temperature. In addition, due to the cycling nature of ALD, the 

synthesis of SnO2-GNS nanocomposites also showed a characteristic on precisely 

controlling the morphologies of as-deposited SnO2. Thus, this article is significant with 

three main outcomes: (i) ALD was for the first time suggested and successfully 

demonstrated as an efficient strategy to synthesize MO-GNCs; (2) the as-synthesized 

nanocomposites of SnO2-GNS presented fine-tuned morphologies, and (3) well-



 180 

controlled structural phases from amorphous to crystalline SnO2. To highlight the 

outcomes from this non-aqueous approach, we used a schematic illustration to help 

readers understand, as shown in figure 7.1. The ALD-SnO2, as illustrated by figure 7.1(a), 

is fulfilled by two sequential half reactions induced by SnCl4 and H2O, respectively. At a 

low growth temperature (200 oC), amorphous SnO2 nanoparticles (figure 7.1(b)) were 

uniformly formed on GNS in initial ALD cycles. The nanoparticles grew bigger and 

finally coalesced into a thin film (figure 7.1(c)) with increased ALD cycles. At a high 

temperature (400 oC), on the other hand, crystalline SnO2 nanoparticles were deposited 

on GNS and grew from small sizes (figure 7.1(d)) to large ones (figure 7.1(e)) with 

increased ALD cycles. Furthermore, the underlying mechanisms responsible for 

controllable structural phases of SnO2 were also explored in this work based on surface 

chemistry. 
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Figure 7.1 Schematic illustration of the precise approach to tune the morphology and amorphous-crystalline 

phases via atomic layer deposition technique (ALD). (a) ALD-SnO2 process employed on graphene 

nanosheets (GNS) using SnCl4 and H2O as the two precursors to form amorphous/crystalline SnO2-GNS 

nanocomposites; (b) uniformly distributed amorphous SnO2 nanoparticles on GNS surface and (c) 

amorphous SnO2 thin film formed on GNS surface by growing nanoparticles; (d) small crystalline SnO2 

nanoparticles uniformly distributed on GNS surface and (e) large SnO2 nanoparticles uniformly distributed 

on GNS surface with higher density.  

 

 

 

7.2 Experimental 

 

7.2.1 Preparation of GNS 

 

For preparation of GNS, we first oxidized natural graphite powder (45 µm, 99.99%, 

Sigma-Aldrich as shown in figure SI-7.1(a) and (b), Supporting Information) using a 

modified Hummers method [29]. In detail, graphite powder (1 g) was first stirred in 

concentrated sulphuric acid (23 ml) with a following addition of sodium nitrate (0.5 g) at 

room temperature. The stirring lasted for 16 h, and then the mixture was cooled down to 

0 oC. Thereafter, potassium permanganate (3 g) was added to form a new mixture. Two 

hours later, the mixture formed a green slurry around 35 oC, and it was stirred for another 

3 h. Then, water (46 ml) was slowly added into the paste with an increased temperature 

around 98 oC. The suspension was remained at this temperature for 30 minutes before it 

was further diluted with another addition of water and hydrogen peroxide (140 ml). In the 

following, the suspension was filtered and washed until the pH value of the filtrate was 

neutral. The as-received slurry is the so-called graphite oxide (GO, figure SI-7.1(c) and 

(d), Supporting Information), which was further dried in a vacuum oven at 60 oC. To 

prepare GNS, the as-synthesized GO was first flushed by Ar for 20 min in a quartz tube. 

Then, the quartz tube was promptly moved into a Lindberg tube furnace with a preheated 

temperature around 1050 oC. After 30 s thermal treatment, GO was reduced into 

expanded GNS powders as illustrated in figure 7.2(a).  
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Figure 7.2  Characteristics of GNS: SEM images of (a) low magnification, and (b) high magnification; (c) 

XRD, (d) FTIR, and (e) Raman spectra.   
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7.2.2 ALD-SnO2 

 

The as-synthesized GNS powder was first loaded into a commercial ALD reactor 

(Savannah 100, Cambridge Nanotechnology Inc., USA) preheated to a preset growth 

temperature. In this study, two growth temperatures were applied, i.e., 200 and 400 oC. 

The following ALD-SnO2 was performed through introducing tin (IV) chloride (99% 

SnCl4, Sigma-Aldrich) and deionized water (DI H2O) into the ALD reactor in an 

alternating manner. In the ALD processes, nitrogen was selected in this study as the 

carrier gas with a flow rate of 20 sccm, and the ALD reactor was sustained at a low level 

of pressure (typically 0.4 Torr) with a vacuum pump (Pascal 2005 I, Adixon). The ALD 

procedures were set as follows: (1) a 0.5 s supply of SnCl4; (2) a 3 s extended exposure of 

SnCl4 to GNS; (3) a 10 s purge of oversupplied SnCl4 and any by-products; (4) a 1 s 

supply of water vapor; (5) a 3 s extended exposure of water vapor to GNS; (6) a 10 s 

purge of oversupplied water and any by-products. The aforementioned six-step sequence 

constituted one ALD-SnO2 cycle and the ALD processes were adjusted with different 

cycling numbers.  

 

7.2.3 Characterization 

 

To characterize our samples’ morphologies, structures, and compositions, we used field 

emission scanning electron spectrometry (FE-SEM, Hitachi 4800S) coupled with  energy 

dispersive spectroscopy (EDS), transmission electron microscope (TEM, Philips CM10), 

high-resolution transmission electron microscope (HRTEM, JEOL 2010 FEG), X-ray 

diffractometer (XRD, Inel multi-purpose diffractometer), Raman spectrometry (RXN1-

785, Kaiser Optical Systems InCo.), Fourier transform infrared spectroscopy (FTIR, 

Bruker Tensor 27), and the results are elucidated in the following sections. 
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7.3 Results and Discussion  

 

The GNS powders employed in our study were made from natural graphite powders via a 

series of processes. During the preparation, graphite powders were first oxidized using 

Hummers method [29] with the product of graphite oxide (GO). Thereafter, GO was 

reduced via a rapid thermal expansion [30] which separated the layered GO into partially 

functionalized GNS. The as-synthesized GNS powders were characterized by SEM, XRD, 

FTIR, and Raman, as illustrated in figure 7.2. In contrast to the natural graphite and GO 

(figure SI-7.1, Supporting Information), the GNS powders (figure 7.2(a) and insert) 

present a fluffy worm-like porous structure [31]. The porous “worms” are featured by 

numerous honeycombs (inset of figure 7.2(b)) surrounded by wrinkles of typically less 

than 3 nm in thickness (figure 7.2(b)). XRD spectra patterns (figure 7.2(c)) clearly 

distinguished the as-synthesized GNS from the natural graphite as well as GO. Graphite 

has the strongest (002) peak at 26.8o as well as three weak peaks of (100), (101), and (004) 

at 43o, 45o and 55o, respectively. In comparison, GO shows a very strong (001) 

diffraction peak at 12o, suggesting that the interlayer distance increases and the structure 

is modified due to oxygenated groups [32], as well as a weak (100) diffraction peak 

around 43o.  In contrast, the GNS received a broad diffraction (002) peak shifted back to 

26.8o, implying that GO was reduced via the rapid thermal expansion and the extensive 

conjugated sp2 carbon network (i.e., the ordered crystal structure) was restored [33]. 

FTIR spectra (figure 7.2(d)) further clarified their differences in functional groups. It is 

easy to observe that the natural graphite mainly shows the stretching vibrations of 

hydroxyl (-OH) groups (3420 cm-1) and C=C (1586 cm-1), while GO has been added with 

the stretching vibrations of C=O (1736 cm-1), carboxy C-O (1414 cm-1), epoxy C-O 

(1220 cm-1), and C-O (1100 cm-1) [34-36]. In comparison, GNS mainly shows the 

stretching vibrations of hydroxyl (-OH) groups and C=C [34-36]. The FTIR results imply 

that GNS was significantly reduced, and this is consistent to XRD results. Peaks below 

900 cm-1 are usually not interpreted for they represent too complex a structural signature 

[32]. Furthermore, the samples were examined by Raman spectroscopy, an essential tool 

to characterize graphene [37]. As illustrated in figure 7.2(e), the Raman spectra 

underwent changes along the graphite-GO-GNS process, similar to those observed in the 
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graphite to amorphous carbon transition [38]. The Raman spectra of the graphite show 

the in-phase vibration of the graphite lattice (G band) at 1579 cm-1 and a weak D band at 

1312 cm-1. The Raman spectra for GO present a broadened G band at 1592 cm-1, owing 

to the presence of isolated double bonds that resonate at higher frequencies than the G 

band of graphite [39]. The D band of GO becomes evident and keeps at 1312 cm-1, 

indicating the reduction in size of the in-plane sp2 domains due to the extensive oxidation 

[40]. As for the Raman spectra of GNS, the G and D band are located at and 1596 cm-1 

and 1319 cm-1, respectively. Besides the similarities of Raman spectra between GO and 

GNS, it is noteworthy that the D/G intensity ratio of GNS (0.82) is, in comparison with 

the value (0.78) of graphite, increased, indicating a decrease in the size of the in-plane sp2 

domains and a partially ordered crystalline structure of GNS [38]. 

 

The GNS powders were thereafter used to prepare metal oxide-GNS nanocomposites via 

ALD-SnO2 under different cycles. The samples after 300-cycle ALD-SnO2 at 200 oC and 

400 oC were characterized by XRD, and their XRD spectra were compared with those of 

the pristine GNS, illustrated in figure 7.3(a). The XRD results show that, in comparison 

to the pristine GNS, the sample produced at 200 oC shows no observable change while 

many characteristic peaks were with the sample produced at 400 oC. To confirm the 

formation of ALD-SnO2 at 200 oC, the sample was examined by EDS equipped on FE-

SEM, and EDS results (figure 7.3(b)) revealed the presence of Sn, O, and C elements 

with the sample. The Al peak is resulted from the sample holder for EDS measurement. 

In addition, there is some Cl element resulting from unreacted functional groups. Thus, 

combined with the results disclosed by XRD, it was believed that amorphous SnO2 has 

been deposited on GNS. On the other hand, the XRD peaks with the sample produced at 

400 oC were identified in the standard card and consistent with those reference values of 

crystalline SnO2 (Joint Committee on Powder Diffraction Standards (JCPDS) powder 

diffraction file (PDF) No. 41-1445). Thus, the ALD approach produced two different 

types of nanocomposites through simply adjusting growth temperatures: amorphous and 

crystalline SnO2-GNS composites at 200 oC and 400 oC, respectively.      
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Figure 7.3 (a) XRD spectra of (♦) GNS, (♣) SnO2-GNS nanocomposites synthesized at 200 oC, and (♠) 

SnO2-GNS nanocomposites synthesized at 400 oC; (b) EDS spectra for SnO2-GNS nanocomposites 

synthesized at 200 oC. 
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To further unveil the characteristics of the two types of nanocomposites produced at 

different temperatures, they were commonly examined by SEM and TEM. As shown in 

figure 7.4, ALD-SnO2 on GNS at 200 oC was performed with various ALD cycles. The 

SEM image for 100 cycles of ALD-SnO2 (figure 7.4(a)) shows that GNS was covered 

with tiny nanoparticles (~ 3 nm, figure SI-7.2(b), Supporting Information), which were 

confirmed by TEM (insert of figure 7.4(a)). Upon 200 ALD cycles (figure 7.4(b)), it was 

observed that GNS surface has been totally covered by SnO2 nanoparticles (~ 5 nm, 

figure SI-7.2(d), Supporting Information) of high density, and the as-synthesized SnO2-

GNS composite remains the porous structure. In the case of 300 ALD cycles, as shown in 

figure 7.4(c) by SEM image, we observed a thin film formed on GNS. Obviously, the 

ALD-SnO2 on GNS surface experienced an island-like growth in the first 200 ALD 

cycles at a growth temperature of 200 oC before the growing nanoparticles coalesced into 

a uniform layer. Additionally, it is also noteworthy that the ALD-SnO2 was deposited 

equally on both sides of a single graphene (as disclosed in figure 7.4(b) and (c)). The 

sample after 300-cycle ALD-SnO2 was further examined by TEM, as shown in figure 

7.4(d)-(f). We can observe from figure 7.4(d) that the nanocomposite retains the 

morphologies of GNS with numerous wrinkles. In addition, two local areas, as blue-

circled as “e” and “f”, were further shown in figure 7.4(e) and (f), respectively. With an 

increased magnification TEM image in figure 7.4(e), it is worth noting that GNS was 

uniformly coated, and selected area electron diffraction (SAED, insert of figure 7.4(e)) 

only shows the disordered nature of the composite. The HRTEM image in figure 7.4(f) 

further confirmed no crystalline structure with SnO2, but it is easy to observe the 

graphene stacked with 5-6 layers and the interlayer spacing keeps at 0.34 nm (insert of 

figure 7.4(f)). Based on the above-discussed results, we can clearly conclude that 

amorphous SnO2-GNS nanocomposites were synthesized at a growth temperature of 200 
oC, exhibiting tunable morphologies of SnO2 component and unchangeable morphologies 

of GNS.  
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Figure 7.4 Amorphous SnO2-GNS nanocomposites: (a) 100 ALD cycles of SnO2; (b) 200 ALD cycles of 

SnO2; (c) 300 ALD cycles of SnO2; (d) low magnification TEM image of 300-cycle SnO2; (e) and (f) 

HRTEM images of 300-cycle SnO2. 
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Following the results of amorphous SnO2-GNS nanocomposites prepared at 200 oC, the 

results of crystalline SnO2-GNS nanocomposites prepared at 400 oC are shown in figure 

7.5. After an initial 100-cycle ALD-SnO2, the sample in figure 7.5(a) shows that GNS 

surface was deposited uniformly with numerous nanoparticles varying in the range of 10 - 

20 nm. An averaging on 100 nanoparticles accounts for a value of ~13 nm for the 

nanoparticle size. Figure 7.5(b) shows nanoparticles growing bigger with an average size 

of ~27 nm after 200 ALD cycles, and figure 7.5(c) shows ever-growing nanoparticles 

having an average size of ~33 nm after 300 ALD cycles. Thus, we observed a non-linear 

growth with nanoparticles. In addition, it is noteworthy that, at each stage of different 

ALD cycles, there were always some tiny particles newly appeared and the density of 

nanoparticles showed an increasing tendency, implying that SnO2 nanoparticles might not 

all nucleate at the same time. The underlying reason could be attributed to deficient 

exposure of some local surface areas to precursors during ALD processes, and then these 

sites nucleated later and experienced fewer ALD-SnO2 cycles. In particular, we observed 

that, besides the nanoparticles sitting on top of the graphene surface, there are also 

numerous nanoparticles encapsulated inside GNS, as some are red-circled in figure 

7.5(a)-(c). The aforementioned results have three important implications: (1) the porous 

structure of GNS provided space for precursors to enter and thereby to deposit; (2) GNS 

consisted of only a few layers of graphene were functionalized in both sides; (3) as a gas-

solid reaction system, ALD can provide well-controlled deposition through adjusting the 

number of ALD cycles. Furthermore, the sample after 300-cycle ALD-SnO2 was further 

examined using TEM. Figure 7.5(d) revealed similar information as figure 7.5(c), and a 

blue-circled part marked with “e” was enlarged in figure 7.5(e). Clearly we can observe 

the nanoparticles located on the upside and downside of GNS. The insert of figure 7.5(e) 

disclosed that the SnO2 nanoparticles are crystalline and were further examined by 

HRTEM in figure 7.5(f). It was clearly shown that the SnO2 nanoparticles are with 

characteristic lattice fringe of (101). Combined with XRD spectra (figure 7.2(a)), we can 

conclude that the SnO2-GNS nanocomposites produced at 400 oC are with a crystalline 

SnO2 component, and SnO2 nanoparticles are tunable in size as well.  
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Figure 7.5 Crystalline SnO2-GNS nanocomposites: (a) 100 ALD cycles of SnO2; (b) 200 ALD cycles of 

SnO2; (c) 300 ALD cycles of SnO2; (d) low magnification TEM image of 300-cycle SnO2; (e) and (f) 

HRTEM images of 300-cycle SnO2. 

 

 

 

In the above-discussed results, we deduced that the ALD strategy is a facile approach to 

synthesize SnO2-GNS hybrid composites with controllable amorphous/crystalline phase 

as well as tunable morphologies of SnO2 component. It is worth noting that growth 
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temperature plays an important role in determining the structural phases of SnO2, i.e., a 

low temperature contributes to amorphous phase while a high temperature is responsible 

for crystalline phase. Thus, it is necessary to explore the underlying mechanisms for a 

better understanding and manipulating the synthesis process. On this way, we explained 

the phenomena by applying the knowledge of surface chemistry and it is believed that 

surface reactions are temperature-dependent.  

 

As stated above, ALD is a surface-controlled process. So, the initiation of an ALD 

process is highly dependent on the functional groups carried by pristine samples. As 

disclosed by FTIR spectra (figure 7.2(d)), the as-synthesized GNS samples were 

dominantly attached with hydroxyl (-OH) groups. Thus, the hydroxyl groups guaranteed 

the initiation of ALD-SnO2, as described in Recation 2-A. To explain controllable 

structural phases of SnO2, however, we noticed that the corresponding surface reactions 

are temperature-dependent in nature. On this way, Puurunen [41] made an excellent 

review on ALD processes of using metal chlorides and water as the precursors, and 

noticed that this sort of ALD processes (e.g., TiO2, and ZrO2) experienced a phase-

transition from amorphous films to crystalline nanoparticles when a threshold 

temperature (300 oC) was achieved. Furthermore, Puurunen proposed different 

underlying mechanisms for them: (a) ligand exchange (as shown in Reaction 2-A and 2-B) 

is the most prevalent mechanism responsible for amorphization at low temperature (< 300 
oC); (b) a prominent two-step chlorination in the pulse of a metal chloride is responsible 

for crystallization at high temperature (> 300 oC). To address the two-step chlorination 

potentially happened in ALD-SnO2, we proposed and described it for ALD-SnO2 in the 

following reactions: 

  ||-OH + SnCl4(g) → ||-Cl + Sn(OH)Cl3(g)                                                        (3-A1) 

||-OH + Sn(OH)Cl3(g)→ ||-Cl +Sn(OH)2Cl2(g)                                               (3-A2) 

First, SnCl4 chlorinates the surface hydroxyl groups and form an intermediate 

hydroxychloride molecule (Sn(OH)2Cl2) in two steps, as shown in Reaction 3-A1 and 3-

A2. Then the hydroxychloride reacts with surface chlorine groups through its hydroxyl 

groups, as shown in Reaction 3-A3 as follows: 

2||-Cl +Sn(OH)2Cl2(g) → ||-O2-SnCl2 + 2HCl(g)                                             (3-A3) 
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In particular, the chlorine groups on the right side of the former Reaction 3-A3 would still 

potentially react with hydroxychloride in a chain of reactions, as shown in the following 

Reaction 3-A4:   

||-O2-SnCl2 + Sn(OH)2Cl2(g) → ||-(SnO2)2Cl2 +2HCl(g) → ····· → ||-(SnO2)nCl2 + 

2HCl(g)                                                                                                      (3-A4) 

Thus, surface reactions at high temperature in a pulse of SnCl4 could contribute a 

formation of multilayer. It explained why the nanoparticles grew more quickly at high 

temperature than at low temperature after a same number of ALD cycles. In addition, it 

also provided the answers to the size-varied nanoparticles and the continuously newly-

appeared nanoparticles with a non-linear growth mode, for some sites might be involved 

in reactions in a chain (as shown in Reaction 3-A4) while others were not in a certain 

pulse of SnCl4. On the other hand, the surface reaction happened in a pulse of H2O is still 

simple ligand exchange, which is the same as shown by Reaction 2-B: 

 ||-Cl + H2O → ||-OH + HCl(g)                                                                           (3-B) 

To compare the differences in surface reactions incurred by different temperatures, it is 

believed that the half reactions occurred in the pulse of H2O are independent of 

temperature, as commonly indicated by Reaction 2-B and 3-B. However, the half 

reactions occurred in the pulse of SnCl4 are temperature-dependent, as described in 

Reaction 2-A for low temperature (200 oC) and in Reaction 3-A1 to 3-A4 for high 

temperature (400 oC). To further understand the different mechanisms incurred by growth 

temperature, we schematically illustrated the growth mechanisms in the following figure 

7.6. On the left side of figure 7.6, surface reactions were illustrated for amorphization of 

deposited materials based on ligand exchange, and they are self-limiting in nature. On the 

right side of figure 7.6 for crystallization, however, the surface reactions (as stated in 

above Reaction 3-A1 to 3-A4) are not self-limiting in the pulse of SnCl4 while the ones 

are self-limiting in the pulse of H2O, leading to the formation of mutilayers dependent on 

reactive sites in one ALD cycle. In particular, as noticed by Puurunen [41], the transition 

between ligand exchange and chlorinatnion might happen suddenly when the growth 

temperature is over a certain threshold, which is suggested around 300 oC. Obviously, it 

is growth temperature that influences the structural phases of deposited SnO2 via surface 

chemistry.        
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Figure 7.6 Schematic illustration of surface reactions occurred in ALD-SnO2 due to different growth 

temperatures: (on left side) amorphization for 200 oC, and (on the right side) crystallization for 400 oC. 

 

 

 

In addition, it needs to notice that the ALD-SnO2 at 200 oC experienced an island-like 

growth in the first 200 cycles before a uniform layer was formed by coalescence of 

growing anoparticles. It should be particularly clarified that the island-like growth mode 

at 200 oC is in essence different from the formation of crystalline SnO2 nanoparticles at 

400 oC. The island formation at 200 oC is mainly caused by the poor reactivity of the 

template surface [42] and the growth mode of SnO2 is substrate-inhibited by a lower OH 

group density. Thus, the growth rate is low in the beginning. However, the growth rate 

should be increased to a constant value while the islands coalesce into a film with 

increased ALD cycles. However, the formation of nanoparticles at 400 oC is not restricted 

by the reactivity of the template surface but due to the chlorination process in which the 

multilayer formation occurs. 
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7.4 Conclusions 

 

In conclusion, in this article we applied a non-aqueous ALD approach for synthesis of 

MO-GNCs, which was successfully exemplified with the preparation of SnO2-GNS 

hybrid composites using SnCl4 and H2O as the ALD precursors. This strategy exhibited 

many unique advantages in synthesizing MO-GNCs. First of all, it is a facile vapor route, 

which needs no further post-treatment (such as, filtration, washing, and annealing) widely 

used in solution-based methods [15-19]. Second, the ALD approach can well tune and 

control the deposited metal oxide on both morphologies and structural phases. As 

demonstrated in this work, the as-deposited SnO2 was shown with nanoparticles/films as 

well as in form of amorphous/crystalline phases through adjusting the ALD cycling 

numbers and suitable growth temperatures. It has not been reported that both amorphous 

and crystalline SnO2 have been synthesized with a single method in earlier studies. Third, 

this ALD approach has the potential for mass production. As reported earlier by George’s 

group [43,44], ALD  can be combined with fluidization technology [43] or rotary devices 

[44] for coating nanopartilces of large quantities. Thus, it is reasonable to believe that 

MO-GNCs can be produced in large quantities with this ALD route. Specifically, the as-

synthesized SnO2-GNS hybrid nanocomposites can be important candidates for many 

applications, such as Li-ion batteries [18-20], gas-sensing [45], as well as solar cells [46]. 

The controllable amorphous/crystalline phase of SnO2 would provide more choices for 

seeking a better performance of the aforementioned applications and is also potentially 

appealing for academic curiosity.  
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Supporting Information 

 

 

 
 
Figure SI-7.1 SEM images for natural graphite of (a) lower magnification and (b) higher magnification, as 

well as graphite oxide of (c) lower magnification and (d) higher magnification.    
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Figure SI-7.2 SEM images for amorphous SnO2-GNS nanocomposites: 100 ALD cycles of SnO2 with (a) 

lower magnification and (b) higher magnification of SEM image; 200 ALD cycles of SnO2 with (c) lower 

magnification and (d) higher magnification of SEM image.  
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CONTROLLABLE ATOMIC LAYER DEPOSITION OF 

ONE-DIMENSIONAL NANOSTRUCTURED TiO2 
 

 

 

 

 

 

 

 

 

 

A version of this chapter will be submitted for publishing. This work is related to a 

National Defense project about “Nanostructured photocatalysts for water splitting and 

hydrogen production”. 
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This study aimed at synthesizing one-dimensional (1D) nanostructures of TiO2 using 

atomic layer deposition (ALD) on anodic aluminum oxide (AAO) templates and carbon 

nanotubes (CNTs). The precursors are titanium isopropoxide (TTIP, Ti(OCH(CH3)2)4) 

and deionized water. It was found that the morphologies and structural phases of as-

deposited TiO2 are tunable through adjusting cycling numbers of ALD and growth 

temperatures. The low temperature (150 oC) produced amorphous TiO2 while the high 

temperature (250 oC) led to crystalline anatase TiO2. In addition, it was revealed that the 

deposition of TiO2 on CNTs experienced island growth first before a film formed. The 

wall thickness of TiO2 nanotubes in AAO could be precisely controlled. The synthesized 

1D nanostructures of TiO2 are important candidates in many applications, such as water 

splitting, solar cells, lithium-ion batteries, and gas sensors. 

 

Keywords: Atomic layer deposition, Anodic aluminum oxide templates, Carbon 

nanotubes, Metal oxides, Titanium dioxide, Nanotubes, Core-shell structures, 

Nanocomposites 
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8.1 Introduction 

 

Growing environmental concerns related to the extensive use of non-sustainable fossil 

fuels (oil, natural gas, and coal) and a constantly increasing energy demand are forcing 

mankind to develop clean and sustainable sources of energy [1]. Photocatalysis is 

expected to make a great contribution to both environment treatment (emission cleaning 

and water purification) and renewable energy. Hydrogen (H2) is widely considered to be 

the future clean energy carrier in many applications, such as environmentally friendly 

vehicles, domestic heating, and stationary power generation. Photocatalytic hydrogen 

production from water is one of the most promising ways to realize a hydrogen economy 

for three reasons: (1) this technology is based on photon (or solar) energy, which is a 

clean, perpetual source of energy, and mainly water, which is a renewable resource; (2) it 

is an environmentally safe technology without undesirable by-products and pollutants; 

and (3) the photochemical conversion of solar energy into a storable form of energy, i.e., 

hydrogen, allows one to deal with the intermittent character and seasonal variation of the 

solar influx. However, it has proven difficult to find an ideal photocatalyst, which meets 

all the requirements (chemical stability, corrosion resistance, visible light harvesting, and 

suitable band edges) that would render photocatalytic hydrogen production a viable 

alternative. Fortunately, nanoscience and nanotechnology have boosted the modification 

of existing photocatalysts and the discovery and development of new candidate materials. 

Photocatalysts are typically made of metal oxides, metal sulfides, oxysulfides, oxynitrides, 

and composites thereof. In comparison, TiO2 has received more attention because it is 

stable, corrosion-resistant, non-toxic, abundant, and cheap [1]. It was pointed out that the 

morphology of TiO2 plays a very important role in the efficiency of photocatalysis for 

hydrogen production. One-dimensional (1D) TiO2 (nanowires, nanorods, nanotubes, and 

nanofibers) has attracted more and more attention [1]. Compared to spherical particles, 

1D TiO2 nanostructures could provide a high surface area and a high interfacial charge 

transfer rate [1]. The carriers are free to move throughout the length of these 

nanostructures, which is expected to reduce the e-/h+ recombination probability. To date, 

1D TiO2 nanotubes has been synthesized by many routes, such as anodization [2-18], 

hydrothermal [19-23], and template-directed methods [24-27]. For gaining improved 
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properties, in addition, carbon nanotubes (CNTs) as supports were also used for 

synthesizing 1D TiO2 nanocomposites [28-32].  In particular, the aforementioned studies 

also disclosed that, besides for the application of water splitting, 1D TiO2 nanostructures 

are also important candidates for solar cells, lithium-ion batteries, gas sensors, and self-

cleaning.  

 

The above review clearly demonstrates that 1D TiO2 nanotubes and CNT-based TiO2 

hybrids attracted extensive investigation. Of the applied methods, atomic layer deposition 

(ALD) as a route was also fulfilled based on porous templates [25-27]. As disclosed in 

these studies, ALD is capable of precise tuning the wall thickness, due to its layer-by-

layer character. In this study, therefore, we attempted to fabricate 1D TiO2 nanotubular 

structures using both porous anodic aluminum oxide (AAO) templates and CNTs as 

substrates. The precursors are titanium isopropoxide (TTIP, Ti(OCH(CH3)2)4) and 

deionized water.   

 

 

8.2 Experimental 

 

8.2.1 ALD-TiO2 

 

In ALD-TiO2 processes, commercial AAO (Whatman, Anodisc, 60 μm in thickness and 

13 mm in diameter) and multi-walled CNTs (MWCNTs, Shenzhen Nanotech Port Co., 

Ltd., China) were first loaded into a commercial ALD reactor (Savannah 100, Cambridge 

Nanotechnology Inc., USA) preheated to a certain temperature. Then, TTIP (98%, 

Sigma-Aldrich) and deionized water (DI H2O) were introduced into the ALD reactor in 

an alternating sequence to perform ALD-TiO2. TTIP was heated to 70 oC while water was 

kept at room temperature in order to provide sufficient vapors for ALD-TiO2 processes. 

Additionally, the delivery lines were heated to 150 oC in order to prevent the precursors 

from condensation. Nitrogen was used as the carrier gas with a flow rate of 20 sccm and 

the ALD reactor was sustained at a low level of pressure (typically 0.4 Torr) with a 

vacuum pump (Pascal 2005 I, Adixon). The ALD procedures were set as follows: (1) a 
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1.0-s supply of TTIP; (2) a 3.0-s extended exposure of TTIP to AAO and CNTs; (3) a 

10.0-s purge of oversupplied TTIP and any by-products; (4) a 2.0-s supply of water vapor; 

(5) a 3.0-s extended exposure of water vapor to AAO and CNTs; (6) a 10.0-s purge of 

oversupplied water and any by-products. The aforementioned six-step sequence 

constituted one ALD-TiO2 cycle and the ALD processes could be adjustable with 

different cycling numbers and growth temperatures. In this study, two growth 

temperatures were employed for ALD-TiO2 processes, i.e., 150 and 250 oC.  

 

 

8.2.2 Functionalization of substrates 

  

As is well-known, any ALD process requires functional groups with substrate in order to 

initiate the following deposition of target materials. Of the two substrates (AAO and 

CNTs), AAO as an oxide is generally covered by various functional groups [33] whereas 

CNTs are typically free of reactive sites due to their structural perfectness [34]. Therefore, 

CNTs were first functionalized by oxidization before they were applied for ALD-TiO2. A 

general strategy for oxidization is to reflux CNTs in nitric acid [35]. In this study, the 

oxidization of CNTs was fulfilled using concentrated nitric acid (70% HNO3) and CNTs 

were refluxed in nitric acid for 1 or 2 h at 100 oC. After cooling to room temperature, the 

received dispersions were vacuum-filtered through a 0.2 μm membrane and washed with 

deionized water until a neutral pH value of the filtrate. The oxidized CNTs were dried in 

an oven at 100 oC overnight.  

 

The commercial AAO is with nominal pore size of 200 nm while CNTs (Shenzhen) are 

nominally 60 nm in nominal diameter. However, observation of using scanning electron 

spectrometry disclosed that the CNTs range widely from around 10 to over 100 nm, as 

shown by figure SI-8.1(a) and (b) in Supporting Information. In addition, it was found 

that acid treatment produced no observable change on the morphologies of CNTs (figure 

SI-8.1(c)-(e)).       
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8.2.3 Characterization 

 

To characterize the morphologies, structures, and compositions of various samples, we 

used field emission scanning electron spectrometry (FE-SEM, Hitachi 4800S) coupled 

with energy dispersive spectroscopy (EDS), high-resolution TEM (HR-TEM, JEOL 2010 

FEG), and X-ray diffractometer (XRD, Inel multi-purpose diffractometer). 

 

 

8.3 Results and Discussions  

 

8.3.1 Results 

 

8.3.1.1 1D TiO2 nanotubes 

 

Figure 8.1(a) shows the XRD patterns for two ALD-coated AAO templates after 500 

cycles under 150 (as marked with “A”) and 250 oC (as marked with “B”). Apparently, the 

one at 150 oC displays no XRD peaks while the one at 250 oC exhibits many sharp XRD 

peaks which are consistent to the reference values for the crystalline TiO2 of anatase 

phase (JCPDS PDF No. 21-1272). The XRD patterns imply that temperatures took effect 

on the growth characteristics of TiO2 and the ALD-TiO2 at 150 oC might have produced 

the amorphous phase. To confirm the success of ALD-TiO2 at 150 oC, EDS was 

employed to probe elemental composition of partially etched an ALD-coated AAO 

template, as shown in figure 8.1(b). It was disclosed that there is a plenty of Ti, as well as 

O, Na, and Al. The oxygen element may be partially ascribed to AAO or ALD processes 

at 150 oC. Al is due to the Al sample holder while Na must be induced by the etching of 

NaOH. Obviously, temperatures played critical roles in ALD-TiO2, and the induced 

growth characteristics need to further address.  
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Figure 8.1 (a) XRD patterns induced by ALD-TiO2 at 150 (A) and 250 oC (B). (b) EDS spectrum of ALD-

TiO2 at 150 oC. 

 

 

 

Figure 8.2(a) and (b) shows the cross section of 500- and 600-cycle coated AAO using 

SEM image, respectively. Corresponding, each of them reveals a smooth and uniform 

layer of around 16.7 and 20.5 nm deposited in AAO nanopores. Through etching AAO 

with the 0.5 M NaOH solution, nanotube arrays were received for each case, i.e. 500- 

(figure 8.2(c)) and 600-cycle (figure 8.2(d)) ALD-TiO2, respectively. It was noticed that 

the received nanotubes exhibit fluffy structures in their inner surfaces, as signified by red 

arrows in figure 8.2(d) and inset of figure 8.2(d). We postulated that it might be due to 

the amorphous nature of the nanotubes vulnerable to the NaOH solution, leading to the 

deposited material to partially peal off in the forms of thin strips. Figure 8.2(e) shows the 

TEM image of received nanotubes and reveals some fluctuation in wall thickness along 

the tubes. It further confirmed that the amorphous phase is easily subject to the influence 

of etching processes. The inset of figure 8.2(e) (the pattern of selected area electron 

diffraction, SAED) displays the disordered nature of the deposited material, consistent to 

the XRD data in figure 8.1. The HR-TEM image in figure 8.2(f) also discloses the 

amorphous nature of a local area (as denoted in figure 8.2(e) with “f”).       
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Figure 8.2 Template-directed ALD-TiO2 at 150 oC. SEM images showing AAO templates deposited with (a) 

500- and (b) 600-cycle ALD-TiO2, and SEM images showing the received nanotubes arrays after (c) 500- 

and (d) 600-cycle ALD-TiO2.  (e) TEM image of the received nanotubes (inset: SAED pattern). (f) HR-

TEM image of a local area as marked with “f” in (e). 
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Figure 8.3 shows the growth characteristics of ALD-TiO2 at 250 oC. Figure 8.3(a) - (c) 

jointly disclose that the wall thickness increases from 8.7 to 17.9 and 35.3 nm with 

increasing ALD-cycles from 200 (figure 8.3(a)), to 300 (figure 8.3(b)) and 500 (figure 

8.3(c)). It was noticed that the inner surfaces of the received nanotubes are smooth and 

free of fluffy structures as observed in figure 8.2. Figure 8.3(d) presents the SEM image 

of some bunches of the received nanotubes. In figure 8.3(e), the received nanotubes are 

displayed by a TEM image and the SAED inset reveals their polycrystalline nature by 

SAED. Figure 8.3(f) unveils the structural characteristics of the nanotube walls (the inset 

indicates the examined place of the nanotube) with a HR-TEM image, clearly showing 

the lattices of anatase TiO2. The inter-plane distances of 0.352 and 0.243 nm correspond 

to the characteristic planes of (101) and (104) of anatase TiO2, respectively.      
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Figure 8.3 Template-directed ALD-TiO2 at 250 oC. SEM images showing AAO templates deposited with (a) 

200- (b) 300-, and (c) 500-cycle ALD-TiO2. The received nanotubes shown by (d) SEM, (e) TEM (inset: 

SAED pattern), and (f) HR-TEM image (inset: the position for the piece examined by HR-TEM). 
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8.3.1.2. 1D CNT-TiO2 core-shell nanostrutures 

 

In the above section, we demonstrate the growth characteristics of AAO template-

directed ALD-TiO2. As another route, CNT-based ALD-TiO2 will be revealed in this 

section. First, figure 8.4 discloses the XRD characteristics of CNTs (as marked with “A”), 

ALD-coated CNTs at 150 (as marked with “B”) and 250 oC (as marked with “C”). 

Compared to the XRD pattern (A) of CNTs, the pattern of ALD-TiO2 coated CNTs at 

150 oC (B) shows no difference, implying the amorphous nature of deposited TiO2. In 

contrast, the ALD-coated CNTs at 250 oC (C) display many XRD peaks consistent to the 

reference values for the crystalline TiO2 of anatase phase (JCPDS PDF No. 21-1272). 

Again, it was confirmed that growth temperatures took part in determining the growth 

characteristics of ALD-TiO2., as revealed in the section 8.3.1.  
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Figure 8.4 XRD patterns of (A) pristine CNTs, and 300-cycle ALD-TiO2 on CNTs at (B) 150 and (C) 250 
oC. 
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The ALD-TiO2 on CNTs at 150 oC is shown in figure 8.5. After 100 cycles, SEM (figure 

8.5(a)) and TEM (figure 8.5(b)) image jointly disclose that some tiny particles of less 

than 10 nm were deposited on CNTs. Increasing the cycling number to 200 cycles, figure 

8.5(c) and (d) combine to reveal that a very thin layer of around 4.5 nm was deposited on 

CNTs. Further increasing the cycling number to 300 cycles, it was found that the 

deposited film became thicker. As shown by the SEM image of figure 8.5(e), the broken 

part (as circled by yellow dashed line) exposed that a uniform film covered CNTs and the 

TEM image of figure 8.5(f) determined that the film thickness is 8.6 nm. Furthermore, a 

CNT sample coated with 100-cycle TiO2 was examined by HR-TEM, as shown in figure 

8.5(g). Figure 8.5(g) clearly shows the graphitic lattices of CNT walls, accounting for an 

inter-plane distance of 0.34 nm.  In addition, as circled by yellow dashed lines, the 

disordered nature of the deposited material is displayed.  

 

Figure 8.6 illustrates the growth characteristics of ALD-TiO2 on CNTs at 250 oC. The 

morphological changes due to 100-, 200-, and 300-cycle ALD-TiO2 are shown by SEM 

images in figure 8.6(a), (c), and (e), respectively. They jointly disclose that the surface of 

CNTs got rougher with increased deposition of TiO2. Figure 8.6(b) exposes that there are 

numerous nanoparticles of around 10 nm deposited on CNTs and the growing 

nanoparticles were going to coalesce. The inset of figure 8.6(b) further reveals that the 

nanparticles are crystalline with identified lattices, as marked for the planes of (200). 

Upon the finishing of 200 cycles, figure 8.6(d) shows that nanoparticles coalesced into an 

average 7.7 nm thick film. As shown by figure 8.6(f), the films grew thickened to 12.1 

nm after 300 cycles.     
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Figure 8.5 ALD-TiO2 on CNTs at 150 oC. SEM images of (a) 100, (c) 200, and (e) 300 cycles of ALD-TiO2. 

TEM images of (b) 100, (d) 200, and (f) 300 cycles of ALD-TiO2. (g) HR-TEM image of 100-cycle ALD-

TiO2. 
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Figure 8.6 ALD-TiO2 on CNTs at 250 oC. SEM images of (a) 100, (c) 200, and (e) 300 cycles of ALD-TiO2. 

TEM images of (b) 100 (inset: HR-TEM image of nanoparticles), (d) 200, and (f) 300 cycles of ALD-TiO2. 
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8.3.2 Discussion 

 

Based on the above results, it is reasonable to conclude that the temperatures, i.e., 150 

and 250 oC, exerted influence on ALD-TiO2. The effects can be summarized into two 

points, i.e., the influence on shaping the structural phases of deposited TiO2, and the 

influence on the growth rate per cycle.  As for the former one, it is apparent that the 

ALD-TiO2 is amorphous at the low temperature of 150 oC while crystalline at the high 

temperature of 250 oC, no matter which one of the two substrates was employed in this 

study. A possible explanation for this fact is that a higher temperature (250 oC) should be 

kinetically favorable for the ordering of the structure with minimum energy [36], for the 

intermediates might be able to migrate easily and enable the Ti and/or O ions to occupy 

the positions corresponding to the lowest free energy of the crystal. 

 

On the other hand, it is obvious that the growth rate per cycle (GPC) at a certain 

temperature is different when the substrates are different. At 150 oC, the average GPC is 

0.34 and 0.29 Å/cycle on AAO and CNTs, respectively. At 250 oC, the average GPC is 

0.71 and 0.40 Å/cycle on AAO and CNTs, respectively. Obviously, the growth on AAO 

is higher than the one on CNTs, and the substrates played influence on GPC. The reason 

is probably due to the higher density of reactive sites with AAO in comparison to CNTs. 

In addition, it is also noticed that the GPC increased with temperature. The potential 

mechanism may lie in the improved reactivity due to the increased temperature. Aarik et 

al [37] revealed that water has a low reactivity towards TTIP in the ALD-TiO2, but an 

increase on growth temperature could improve the reactivity of water, activate some 

reactions, and thereby improve the growth rate of ALD-TiO2. 

 

In summary, in this work we demonstrated two routes to synthesize 1D nanostructures of 

TiO2 using ALD. In particular, the synthesized nanostructures exhibit tunable 

morphologies and phases, ascribed to cyclic operation of ALD and adopted temperatures, 

respectively.  

 

 



 217 

8.4 Conclusions 

 

In this article, we attempt to fabricate 1D nanotubes and CNT-based core-shell structures 

of TiO2. It was demonstrated that ALD is a highly tunable technique in controlling the 

deposited TiO2 in different morphologies and phases. As a result, the pure nanotubes and 

CNT-based core-shell structures of TiO2 commonly show amorphous or crystalline phase, 

depending on the adopted temperatures. Furthermore, the wall thickness of the TiO2 

nanotube via the AAO route is also precisely controllable and the deposited TiO2 on 

CNTs can be tuned from nanoparticles to tubular films, depending on the ALD cycles for 

the two cases. Thus, ALD is versatile in synthesizing 1D nanostructures, and the 

synthesized nanostuctures are useful for many applications.   
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(c)  (d)  

(e)  (f)  

 

Figure SI-8.1 SEM images of (a,b) as-received, (c,d) 1h oxidized, and (e,f) 2h oxidized CNTs 
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Atomic layer deposition (ALD) was used to synthesize graphene-based metal oxide 

nanocomposites. This strategy was fulfilled on the preparation of TiO2-graphene 

nanosheet (TiO2-GNS) nanocomposites using titanium isopropoxide and water as 

precursors. The synthesized nanocomposites demonstrated that ALD exhibited many 

benefits in a controllable means. It was found that the as-deposited TiO2 was not only 

tunable in its morphologies but also in its structural phases. As for the former one, TiO2 

was transferrable from nanoparticles to nanofilms with increased cycles. With regard to 

the latter one, TiO2 was changeable from amorphous, to crystalline phase, and even a 

mixture of the two with increased growth temperatures (up to 250 oC). The underlying 

growth mechanisms were discussed and the resultant TiO2-GNS nanocomposites have 

great potentials for many applications, such as photocatalysis, lithium-ion batteries, fuel 

cell, and sensors.  

 

Keywords: Atomic layer deposition, Nanocomposites, Graphene, Metal oxides, Titanium 

Dioxide 
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9.1 Introduction 

 

Since the discovery of graphene in 2004 [1], many exceptional properties have been 

reported to date, such as high values of Young’s modulus (~ 1,100 GPa) [2], fracture 

strength (125 GPa) [2], thermal conductivity (~ 5,000 W/m·K) [3], mobility of charge 

carriers (200,00 cm2/V·s) [4], and specific surface area (2630 m2/g) [5]. As a 

consequence, a vast amount of research has been stimulated to explore its applications in 

recent years. One possible way to utilize these properties in applications would be to 

incorporate graphene in composite materials. In this way, recently there was an 

increasing interest in using graphenes as building blocks in various composites and this 

kind of nanocomposites exhibited many benefits due to the combination of desirable 

properties of different materials. So far, graphene (or graphene stacks, a few layers of 

graphene) has been reported in the incorporation with three main types of materials: 

polymers [6-8], metals [9-11], and metal oxides [12-23], covering a series of applications 

(including field emitters, photocatalysis, conductors, supercapacitors, solar cells, fuel 

cells, and batteries, etc.) with improved mechanical, electrical, optical, or electrochemical 

properties. Of the aforementioned cases, metal oxide-graphene nanocomposites (MO-

GNCs) represent an important class, mainly synthesized via solution-based methods. 

Although the solution-based methods offer potentially low cost and scalability, they are 

also exposed with inflexibility in precisely manipulating the deposition of metal oxides.  

 

To circumvent the inability of the solution-based methods in precise synthesis, we 

fulfilled the preparation of MO-GNCs via a non-aqueous strategy, atomic layer 

deposition (ALD) in our recent work. ALD as a gas-solid synthesis route is featured by 

two sequentially cyclic self-limiting half-reactions, and by nature it is a layer-by-layer 

technique. In particular, the self-limiting characteristic distinguishes itself from aqueous 

solution methods and other vapor deposition techniques (e.g., chemical and physical 

vapor deposition) in such ways: precise control in deposition at the atomic level, 

excellent uniformity and conformality of deposited materials. Since the beginning of the 

21st century, ALD is going into a fashion for nanotechnology and expanding its uses from 

the deposition of simple two-dimensional (2D) planar films to the preparation of complex 
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nanostructures of various materials [24,25]. Additionally, ALD has the capability to 

deposit both inorganic (metals and metal oxides) and organic materials (polymers) [26]. 

Thus, ALD has potentials to provide many beneficial factors in synthesizing MO-GNCs 

by manipulating the deposition of MOs. Amongst the MO-GNCs reported in literature, 

TiO2-graphene nanocomposites is probably the most intensively investigated one, 

exhibiting improved performance in lithium-ion batteries (LIBs) [18], photocatalysis [19, 

20], and solar cells [21-23], etc. In earlier studies, ALD has prepared TiO2 in the forms of 

2D planar films [27-34], 1D nanotubes [35-40], 0D composite nanoparticles [41, 42], and 

other complicated nanostructures [43]. A variety of precursors were previously applied 

for various ALD-TiO2 processes, but TiCl4 and titanium isopropoxide (TTIP, 

Ti(OCH(CH3)2)4) were two widely used titanium sources, and water was the most 

common oxygen source. In comparison, TTIP and water as the ALD precursors had one 

main advantage over the use of TiCl4 and water: no release of the corrosive by-product 

HCl and no chlorine residues in the film [27,30].    

 

To date, however, there was little effort in developing TiO2-GNCs via ALD yet. Thus, in 

our recent attempts TiO2 was chosen as the candidate and deposited on graphene 

nanosheet (GNS) powders (synthesized in our group) using TTIP and water as the ALD 

precursors. The success on the synthesis of TiO2-GNS nanocomposites demonstrated that 

the ALD approach exhibited many advantages by controlling the deposition of TiO2. First 

of all, different from the solution-based methods employed in reported work [18-23], the 

ALD method could synthesize the nanocomposites with the TiO2 component precisely 

controlled in its morphologies as well as contents by changing ALD cycles. In addition, it 

was for the first time found that the as-deposited TiO2 could be tuned in structures from 

amorphous to crystalline anatase phase by simply adjusting growth temperatures. In 

particular, the growth temperature for the deposited anatase TiO2 is only around 250 oC, 

which has not been reported in earlier studies. Consequently, this work provided not only 

an alternative approach to synthesize MO-GNCs but multi-choices of MO-GNCs as well. 

The resultant nanocomposites have great potentials for many important applications.  
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9.2 Experimental 

 

9.2.1 Preparation of GNS 

 

For preparation of GNS, we first oxidized natural graphite (NG) powder (45 µm, 99.99%, 

Sigma-Aldrich, as shown in figure SI-9.1(a), Supporting Information) using a modified 

Hummers method [44]. In detail, graphite powder (1 g) was first stirred in concentrated 

sulphuric acid (23 ml) with a following addition of sodium nitrate (0.5 g) at room 

temperature. The stirring lasted for 16 h, and then the mixture was cooled down to 0 oC. 

Thereafter, potassium permanganate (3 g) was added to form a new mixture. Two hours 

later, the mixture became a green paste at around 35 oC and was stirred for another 3 h. 

Then, water (46 ml) was slowly added into the paste and the temperature was increased to 

98 oC. The suspension was remained at this temperature for 30 minutes before it was 

further diluted with another addition of water and hydrogen peroxide (140 ml). In the 

following, the suspension was filtered and washed until the pH value of the filtrate was 

neutral. The as-received slurry is the so-called graphite oxide (GO, figure SI-9.1(b), 

Supporting Information), which was further dried in a vacuum oven at 60 oC. Further, the 

as-synthesized GO was first flushed by Ar for 20 min in a quartz tube. Then, the quartz 

tube was promptly moved into a Lindberg tube furnace with a preheated temperature 

around 1050 oC. After 30-s thermal treatment, GO was reduced into expanded GNS 

powders (figure SI-9.1(c), Supporting Information).  

 

9.2.2 ALD-TiO2 

 

In ALD-TiO2 processes, the as-prepared GNS powders were first loaded into a 

commercial ALD reactor (Savannah 100, Cambridge Nanotechnology Inc., USA) 

preheated to a certain temperature. Then, TTIP (98%, Sigma-Aldrich) and deionized 

water (DI H2O) were introduced into the ALD reactor in an alternating sequence to 

perform ALD-TiO2. TTIP was heated to 70 oC while water was kept at room temperature 

in order to provide sufficient vapors for ALD-TiO2 processes. Additionally, the delivery 

lines were heated to 150 oC in order to prevent the precursors from condensation. 
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Nitrogen was used as the carrier gas with a flow rate of 20 sccm and the ALD reactor was 

sustained at a low level of pressure (typically 0.4 Torr) with a vacuum pump (Pascal 2005 

I, Adixon). The ALD procedures were set as follows: (1) a 1.0-s supply of TTIP; (2) a 

3.0-s extended exposure of TTIP to GNS; (3) a 10.0-s purge of oversupplied TTIP and 

any by-products; (4) a 2.0-s supply of water vapor; (5) a 3.0-s extended exposure of water 

vapor to GNS; (6) a 10.0-s purge of oversupplied water and any by-products. The 

aforementioned six-step sequence constituted one ALD-TiO2 cycle and the ALD 

processes could be adjustable with different cycling numbers and growth temperatures. In 

this study, three growth temperatures were employed for ALD-TiO2 processes: 150, 200, 

and 250 oC.  

 

9.2.3 Characterization 

 

To characterize the morphologies, structures, and compositions of various samples, we 

used field emission scanning electron spectrometry (FE-SEM, Hitachi 4800S) coupled 

with energy dispersive spectroscopy (EDS), transmission electron microscopy (TEM, 

Philips CM10), high-resolution TEM (HRTEM, JEOL 2010 FEG), X-ray diffractometer 

(XRD, Inel multi-purpose diffractometer), and Fourier transform infrared spectroscopy 

(FTIR, Bruker Tensor 27). 

 

 

9.3 Results and Discussion  

 

9.3.1 Results 

 

As stated above, GNS was made from GO (the products of oxidized NG) and used as the 

building block in synthesizing MO-GNCs. The characteristics of GNS were characterized 

by employing SEM, TEM, XRD, and FTIR, as illustrated in figure 9.1. In contrast to its 

starting materials: NG (figure SI-9.1(a)) and GO (figure SI-9.1(b)), GNS (the SEM image 

in figure 9.1(a)) presents a fluffy and porous structure [45] featured by numerous 

honeycombs. The honeycombs are surrounded by graphene wrinkles. TEM image in  
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Figure 9.1 (a) SEM images of GNS; (b) TEM image, and (c) HRTEM image of GNS; (d) XRD and (e) 

FTIR spectra of NG, GO, and GNS. 

 

 

 

figure 9.1(b) confirms the interlinked nature of the wrinkles. HRTEM image in figure 

9.1(c) further reveals that the wrinkles are consisted of several graphene layers (typically 

less than 10 layers), i.e., graphene stacks. The interlayer distance is 0.34 nm. XRD 

spectra (figure 9.1(d)) clearly distinguish the as-synthesized GNS from its starting 

materials: NG and GO. NG has the strongest (002) peak at 26.8o, but GO shows the 

strongest (001) diffraction peak at 12o, suggesting that the interlayer distance increased 

and the structure was modified due to oxygenated groups [46]. In contrast, GNS receives 

a broad diffraction (002) peak shifted back to 26.8o, implying that GO was reduced via 
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the rapid thermal expansion and the extensive conjugated sp2 carbon network (i.e., the 

ordered crystal structure) was restored [47]. FTIR spectra (figure 9.1(e)) further 

demonstrate the evolution of functional groups from NG to GO and GNS. NG mainly 

shows the stretching vibrations of hydroxyl (-OH) groups (3420 cm-1) and C=C (1586 

cm-1) [48-50]. Besides the aforementioned groups, GO spectrum is added with the 

stretching vibrations of C=O (1736 cm-1), carboxy C-O (1414 cm-1), epoxy C-O (1220 

cm-1), and C-O (1100 cm-1) [48-50]. In comparison, GNS is mainly with the stretching 

vibrations of hydroxyl groups and C=C [48-50]. The FTIR spectra imply that GNS was 

significantly reduced. Peaks below 900 cm-1 are usually not interpreted for they represent 

too complex a structural signature [46].  

 

ALD-TiO2 was performed on the as-prepared GNS powders with a series of cycles under 

three growth temperatures (150, 200, and 250 oC). The as-synthesized nanocomposites 

received from 300-cycle ALD-TiO2 were characterized and compared, as shown in figure 

9.2. It was found that growth temperature evidently influenced the natures of the as-

synthesized nanocomposites. Figure 9.2(a) shows a high-magnification SEM image for a 

local area of GNS and its location is indicated in the inset of figure 9.2(a) as well as in 

figure 9.1(a). Obviously, the wrinkles are very thin (less than 3.4 nm in most cases, as 

disclosed in figure 9.1(c)). In contrast, a 300-cycle ALD-TiO2 process changed the 

morphologies of GNS significantly, as shown in figure 9.2(b)-(d) and their insets with the 

same magnification. Remarkably, the wrinkles became thicker to around 15 nm (figure 

9.2(b)), 29 nm (figure 9.2(c)), and 18 nm (figure 9.2(d)), corresponding to the growth 

temperature of 150, 200, and 250 oC, respectively. Obviously, ALD-TiO2 deposited a 

layer of film on GNS in all the cases, which differed in thickness with temperature. 

Furthermore, if we suppose the pristine graphene wrinkles are around 3.4 nm with a 

conservative estimate, the average growth rates (or the growth per cycle, GPC) would be 

roughly evaluated as 0.19, 0.43, and 0.24 Å/cycle, respectively. The calculation of GPC 

is based on the homogeneous nature of ALD deposition on both sides of wrinkles and can 

be expressed by an equation: GPC = (the thickness of the coated wrinkles – the thickness 

of the pristine wrinkles) / (2 × cycling numbers). Nevertheless, it was worth noting that 

the as-deposited TiO2 is morphologically different under the three growth temperatures.  
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Figure 9.2 High-magnification SEM images of (a) pristine GNS, and 300-cycle ALD-TiO2 on GNS at (b) 

150 oC, (c) 200 oC as well as (d) 250 oC. Insets are low-magnification SEM images. (e) XRD spectra of 

300-cycle ALD-TiO2 on GNS at 150 oC, 200 oC, and 300 oC. (f) EDS spectra of 300-cycle ALD-TiO2 on 

GNS at 150 oC. 
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In the case of 150 oC (figure 9.2(b)), the as-deposited layer is uniform and smooth; in the 

case of 200 oC (figure 9.2(c)), the deposited layer is mainly smooth except for some 

nanoparticles of around 15 nm which protrude from the film; in the case of 250 oC (figure 

9.2(d)), however, the deposited layer becomes totally rough and bumpy. Thus, we 

postulated that growth temperature had influenced not only the deposition rates but the 

structures of the as-deposited TiO2 as well. As for the latter one, XRD results illustrated 

in figure 9.2(e) provide the evidences. No peaks are identified with the sample deposited 

at 150 oC, suggesting that the as-deposited TiO2 is amorphous. However, the sample 

grown at 200 oC exhibits a significant peak at 25.28o as well as two weak but uncertain 

peaks at 38.58o and 48.05o, corresponding to the (101), (112), and (200) plane of anatase 

TiO2 (JCPDS PDF No. 21-1272), respectively. Furthermore, the XRD spectra of the 

sample grown at 250 oC present more peaks with increased intensities, corresponding to 

different characteristic planes of anatase TiO2 (JCPDS PDF No. 21-1272) as denoted in 

figure 9.2(e). Obviously there existed phase transitions in the growth of ALD-TiO2 with 

temperature. In addition, the compositions of the sample grown at 150 oC were further 

investigated using EDS, as shown in figure 9.2(f). Besides the confirmation on the 

presence of C, Ti, and O, figure 9.2(f) also shows some Al element contributed by the Al 

sample holder. Based on the information disclosed by figure 9.2, it is clearly shown that 

the growth temperatures influenced the structural phases, morphologies, and the 

deposition rates of the as-grown TiO2. For more detailed growth characteristics, we 

examined the evolution of the ALD-TiO2 with the increasing number of ALD cycles in 

each case.  

 

Figure 9.3 reveals the growth of ALD-TiO2 at 150 oC. A 50-cycle ALD-TiO2 process 

(figure 9.3(a)) covered GNS with tiny nanoparticles of 2-3 nm uniformly and the 

nanoparticles grew to around 5 nm (the inset of figure 9.3(b)) with an additional 25 

cycles (figure 9.3(b)). After a 100-cycle ALD-TiO2 (figure 9.3(c)), a film was fully 

formed on GNS with a bit roughness and the wrinkles expose a thickness of around 7 nm. 

With another addition of 100 cycles (figure 9.3(d)), the film became smoother and much 

thicker. The wrinkles unveil a thickness of around 11 nm. Combined with the information 

of 300-cycle ALD-TiO2 revealed in figure 9.2(b), we conclude that the ALD-TiO2 at 150      
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Figure 9.3 High-magnification SEM images of ALD-TiO2 on GNS at 150 oC after (a) 50 cycles, (b) 75 

cycles (inset for a higher magnification SEM image), (c) 100 cycles, and (d) 200 cycles. (e) TEM and (f) 

HRTEM image of 75-cycle ALD-TiO2 on GNS at 150 oC. 

 

 

 
oC experienced a slower growth in the first 100 cycles, accounting for about 0.18 Å /cycle; 

and the growth rate was increased to a consistent rate of 0.2 Å/cycle after the first 100 

cycles. More information is included in figure SI-9.2 in Supporting Information. In 
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addition, TEM and HRTEM were applied to examine a sample coated by a 75-cycle 

ALD-TiO2. In figure 9.3(e), TEM observation confirms the information disclosed by 

SEM in figure 9.3(b). Additionally, we noticed that nanoparticles were going to coalesce 

into a full layer. A local area as red-squared with a sign of “f” was further examined by 

HRTEM and shown in figure 9.3(f). The HRTEM image shows the disordered nature of 

the deposited TiO2, providing additional evidence that the as-deposited TiO2 was 

amorphous in structure. This is consistent with the XRD spectra for 150 oC in figure 

9.2(e). 

 

In Figure 9.4, the growth of ALD-TiO2 at 200 oC is illustrated. Similar to the case of 150 
oC, GNS was mainly covered by nanoparticles after the first 50 and 75 cycles, as shown 

in figure 9.4(a) and (b), respectively. Upon the finishing of a 100-cycle ALD-TiO2 (figure 

9.4(c)), a significant change is observed from the thickness of wrinkles, accounting for 11 

nm typically. It is also observed that a smooth film has been formed on GNS. In addition, 

it is noticed that some particles (around 5 nm) stand out of the film, as white-circled in 

figure 9.4(c). While the ALD-TiO2 proceeded to 200 cycles (figure 9.4(d)), we can see 

that the GNS wrinkles increased to around 20 nm and the protruded particles became 

bigger in size to around 10 nm. Combined with the information of the 300-cycle ALD-

TiO2 revealed in figure 9.2(c), it is easy to conclude that the ALD-TiO2 at 200 oC also 

experienced a slower growth in the first 100 cycles, accounting for about 0.38 Å /cycle; 

and the growth rate was increased to a constant rate of 0.45 Å/cycle after the first 100 

cycles. More information is included in figure SI-9.3 in Supporting Information. Based 

on a sample with a 75-cycle ALD-TiO2, TEM image in figure 9.4(e) reveals that the 

nanoparticles are around 10 nm and almost coalesce into a film. HRTEM observation on 

a local area, as red-squared with a sign of “f” in figure 9.4(e), is shown in figure 9.4(f). It 

is found that the as-deposited TiO2 is mostly amorphous but decorated with some tiny 

crystalline nanoparticles of 2 - 3 nm which are partially indicated by the white-circled 

areas in figure 9.4(f). The crystalline particles are identified with an inter-plane spacing 

of 0.23 nm, corresponding to the (112) planes of anatase TiO2. In addition, the gaphene 

lattices are also observable, as marked with a 0.34-nm inter-plane spacing in figure 9.4(f). 

Based on the above discussion, we could further conclude that the particles protruded 
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from the films in figure 9.4(c) and (d) as well as in figure 9.2(c) are crystalline anatase 

while the films are mostly amorphous. Thus, we could know that the XRD spectra for 

200 oC (figure 9.2(e)) resulted from the mixed amorphous and anatase phase of the as-

deposited TiO2. More specifically, the films are dominant by amorphous TiO2 while the 

embellished anatase nanoparticles are responsible for the XRD characteristic peaks in 

figure 9.2(e).       

 
Figure 9.4 High-magnification SEM images of ALD-TiO2 on GNS at 200 oC after (a) 50 cycles, (b) 75 

cycles, (c) 100 cycles, and (d) 200 cycles. (e) TEM and (f) HRTEM image of 75-cycle ALD-TiO2 on GNS 

at 200 oC. 
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Following the afore-discussed cases at 150 and 200 oC, we further demonstrate the 

growth of ALD-TiO2 at 250 oC in figure 9.5. Firstly, the ALD-TiO2 deposited 

nanoparticles in the first several tens of cycles, growing bigger with increased cycles. In 

figure 9.5(a), the nanoparticles are less than 5 nm after a 50-cycle ALD-TiO2. Figure 

9.5(b) shows that the nanoparticles were significantly improved in their density while 

their sizes were increased to around 5 nm after a 75-cycle ALD-TiO2. Upon the finishing 

of a 100-cycle ALD-TiO2, SEM image in figure 9.5(c) presents a layer of a rough film 

due to the coalescence of the nanoparticles. At this stage, the wrinkles with the sample 

show a thickness of around 8 nm. Moreover, SEM image in figure 9.5(d) discloses that 

the wrinkles further grew in thickness to around 13 nm and the film retained some 

roughness. Combined with the information of the 300-cycle ALD-TiO2 revealed in figure 

9.2(d), it is obvious that ALD-TiO2 at 250 oC experienced a slower growth of 0.23 Å 

/cycle in the first 100 cycles while almost remained a constant rate of 0.25 Å /cycle in the 

following cycles. More information is included in figure SI-9.4 in Supporting 

Information. Furthermore, based on a sample coated by a 75-cycle ALD-TiO2, TEM 

image in figure 9.5(e) confirms that the as-deposited nanoparticles are around 5 nm and 

retain individually. HRTEM observation on a local area of figure 9.5(e) (as red-squared 

with a sign of “f”) is shown in figure 9.5(f). It reveals that all the as-deposited TiO2 

nanoparticles are crystalline and they mostly show an inter-plane spacing of 0.23 nm, 

corresponding to the (112) planes of anatase TiO2. This is consistent to the XRD 

characteristic peak at 38.58o disclosed in figure 9.2(e) for 250 oC.  
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Figure 9.5 High-magnification SEM images of ALD-TiO2 on GNS at 250 oC after (a) 50 cycles, (b) 75 

cycles, (c) 100 cycles, and (d) 200 cycles. (e) TEM and (f) HRTEM image of 75-cycle ALD-TiO2 on GNS 

at 250 oC. 
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9.3.2 Discussion 

 

Based on the results disclosed above, one can easily learn that ALD as a strategy is 

flexible and precise in synthesizing MO-GNCs. In terms of the as-deposited TiO2, its 

advantages are mainly exhibited in two ways: (1) tunable morphologies from 

nanoparticles to nanofilms; and (2) controllable structures from amorphous to crystalline 

anatase phase. The former is simply ascribed to its self-limiting and cyclic characters 

while the latter discloses the temperature-dependent nature of the ALD-TiO2. To gain a 

better understanding, therefore, it is essential to clarify the determinant factors and to 

further explore the underlying mechanisms, which will be discussed in this section.  

 

It is easy to understand that any result occurs only under some suitable conditions. In 

ALD processes, generally, there are three key parameters: the precursors, substrates and 

temperatures [51]. As stated in the beginning of this study, TTIP and water were the 

precursors and GNS was used as the substrate for ALD-TiO2. As for the growth 

temperatures, we applied the ones not higher than 250 oC. On the choice of temperatures, 

it is in essence determined by the fundamentals of ALD as well as the properties of 

precursors. As a layer-by-layer deposition technique, ALD requires that the precursors 

will not decompose by themselves under a given growth temperature [27, 52]. Otherwise, 

the deposition will be a process of chemical vapor deposition (CVD), and destroy the 

self-limiting growth mechanism of ALD. Of the two precursors (TTIP and water), it is 

obvious that water being an oxygen source is not an issue for ALD-TiO2 processes and it 

has been used under a temperature up to 600 oC [53]. The limit is mainly from TTIP. 

Some pioneer work conducted by Finish researchers [27-29] has disclosed that TTIP is 

only chemically stable for the temperatures not higher than 250 oC. Thus, any higher 

temperature would incur an increasing part of CVD growth of TiO2 due to the 

decomposition of TTIP. Obviously, our experiments fell into a scope of temperatures 

being safe for the ALD processes of TiO2.  

 

In addition, in order to well fulfill the self-limiting layer-by-layer nature of the ALD 

technique, one needs to guarantee that there are sufficient vapors of the applied 



 239 

precursors supplied during ALD processes. Otherwise, a slower but uncertain growth [51] 

as well as some unexpected structure [54] might be produced. Thus, to avoid these 

uncertainties, we investigated the suitable pulse lengths for the precursors of TTIP and 

water. It was found that a 0.8-s TTIP and 1.0-s water could provide sufficient vapors for 

an unchanged growth mode of the ALD-TiO2. The evidences are included in figure SI-9.5 

and 9.6 in Supporting Information. Therefore, the adopted pulses of 1.0-s TTIP and 2.0-s 

water in this study would always contribute a consistent deposition behavior of the ALD-

TiO2 for a certain temperature.   

 

To further understand the findings disclosed in this study, one needs to know the roles 

played by the aforementioned parameters, which are associated with surface chemistry. It 

is well-known that ALD as a surface-controlled process relies on two alternating half-

reactions to realize a layer-by-layer deposition. Ascribed to Rahtu and Ritala [29], the 

ALD process of using TTIP and water was described by two half-reactions as follows:  

 2||-OH + Ti(OCH(CH3)2)4(g) → ||-O2-Ti(OCH(CH3)2)2 + 2(CH3)2CHOH(g)  (1A) 

 ||-O2-Ti(OCH(CH3)2)2 + 2H2O(g) → ||-O2-Ti(OH)2 + 2(CH3)2CHOH(g)        (1B) 

where the symbol “||” denotes the substrate surface and “(g)” refers to gas phase species. 

In particular, Rahtu and Ritala claimed that this mechanism is suitable for an ALD-TiO2 

with a temperature not higher than 250 oC. Obviously, the self-limiting nature of “A-B” 

determines the precise growth of TiO2. Due to its surface-controlled character, ALD 

requires a substrate functionalized for its initiation. To meet this requirement, the FTIR 

spectra of figure 9.1(e) clearly reveal that the as-prepared GNS was decorated with 

hydroxyl groups, which could initiate an ALD-TiO2 by following the reaction of 1A.  

 

Based on the above discussion, we will first clarify the facts on the tunable morphologies 

of the as-deposited TiO2. As we observed, the as-deposited TiO2 differed in morphologies 

and growth rates between the stage of the first 100 cycles and the stage after the first 100 

cycles. To facilitate the following discussion, we refer them to Stage-I and Stage-II, 

respectively. In the Stage-I, the as-deposited TiO2 showed an island-like growth and 

appeared in the forms of nanoparticles with a lower growth rate; while in the Stage-II, the 

as-deposited TiO2 coalesced into nanofilms with a higher and constant growth rate. These 
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serve for all the cases of different temperatures. As for the growth rates, we illustrated the 

values of GPC in figure 9.6. According to earlier studies, there are two potential reasons 

for the occurrence of the Stage-I: steric hindrance of ligands and low density reactive 

surface sites [51]. Steric hindrance of ligands might cause the chemisorbed intermediates 

to shield part of the surface from being accessible to the precursors, highly depending on 

the sizes of the surface intermediates. In the case of TTIP, the effective diameter of a 

molecule is significantly larger than that of a Ti or O site [28]. On the other hand, the low 

density of reactive sites provides less “seats” than the numbers required for the precursors 

to bond and thereby to cover the surface. Thus, both could induce a low growth rate of 

TiO2. While a film was fully formed on the surface of GNS (i.e., the cases occurred in the 

Stage-II), it is obvious that there would be more reactive sites. The increased reactive 

sites would promote the growth rates, as illustrated in figure 9.6. Quite apparently, the 

ALD-TiO2 on GNS experienced a substrate-inhibited growth of Type 1 [51]. Additionally, 

figure 9.6 also shows that, besides the effect of the cycling numbers, the growth of ALD-

TiO2 is also highly temperature-dependent. In terms of the average GPC over the total 

300 cycles, GPC increases with an increase in temperature from 150 to 200 oC whereas 

decreases with a further increase to 250 oC. To interpret this phenomenon, there are two 

factors for consideration: reactivity of precursors and density of reactive sites [51]. Aarik 

et al [28] revealed that water has a low reactivity towards TTIP in the ALD-TiO2, but an 

increase on growth temperature could improve the reactivity of water, activate some 

reactions, and thereby improve the growth rate of ALD-TiO2. However, the increased 

temperatures might incur an unfavorable effect at the same time: dehydroxylation of 

hydroxyl groups [55], whose occurrence would change the surface reactivity of GNS and 

thereby influence the following deposition of TiO2 towards the chemisorbed TTIP 

molecules. The dehydroxylation is described as follows [54]:  

2||-OH → ||=O + H2O (g)                                                                                       (2) 

Remarkably, this dehyroxylation would reduce the number of hydroxyl groups and 

thereby lead to a lower growth rate. Thus, an increased temperature might exert two 

contrary effects on the ALD-TiO2. As a consequence, the highest GPC would achieve at a 

temperature at which a compromise could be reached between the two factors. It is easy 

to conclude that, as shown in figure 9.6, the improved GPC with an increased temperature 
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from 150 to 200 oC was due to the predominance of the promoted reactivity of water 

while the reduced GPC with a further increase to 250 oC was induced by the dominant 

dehydroxylation. In addition, the evidences are also clearly shown in figure 9.3-9.5. For 

example, comparing figure 9.4(e) with 9.5(e), we can easily observe the reduced 

coverage due to dehydroxylation when the temperature was increased from 200 to 250 oC. 

Thus, the tunable morphologies of the as-deposited TiO2 were commonly determined by 

both the surface nature of the substrate and the applied temperature.       

 

 
 
Figure 9.6 The growth rates (GPC) of ALD-TiO2 with temperatures. 
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Besides tunable morphologies, it is of great interest to explain another main finding 

revealed in this study: the controllable structures of the as-deposited TiO2 with growth 

temperature. In particular, this was rarely reported in literature of using TTIP and water 

as the precursors. In earlier studies, TTIP and water have been used to fulfill the ALD-

TiO2 on a series of substrates (soda lime glasses [27, 29], silica substrates [28], silicon 

substrates [28, 30], nanoporous templates [35-37], and nanoparticles [42]) for various 

nanostructures. All the efforts exclusively contributed the deposition of amorphous TiO2, 

except for a partial crystalline film grown on glasses at the temperature of 250 oC and at 

the higher ones [27]. It is worth noting that we reveal a pure crystalline TiO2 deposited on 

GNS (as demonstrated in figure 9.2 and 9.5) at 250 oC. Thus, it is necessary to explore 

the bases for its occurrence. In this way, previous studies demonstrated that, in 

manipulating the phase-controllable growth of TiO2, both growth temperatures and 

substrates are important for the given precursors. Using TiCl4 and water as ALD 

precursors, for example, amorphous TiO2 films were grown on glasses while crystalline 

films were deposited on crystalline substrates at the same conditions [53]. Similarly, 

Schuisky et al also demonstrated that substrates could influence the structural phases of 

the as-deposited TiO2 using TiI4 and H2O2 as ALD precursors [56]. Nevertheless, Aarik 

et al [57] revealed that growth temperature is another important factor influencing the 

structural phases of TiO2 using TiCl4 and water as ALD precursors and higher 

temperatures are preferable to the growth of crystalline films on silicon substrates. Thus, 

it is reasonably believed that the characters of the as-prepared GNS and a relative high 

temperature (250 oC) jointly contributed the crystalline anatase TiO2 deposited on GNS in 

this work. First, a higher temperature (250 oC) should be kinetically favorable for the 

ordering of the structure with minimum energy [57], for the intermediates might be able 

to migrate easily and enable the Ti and/or O ions to occupy the positions corresponding to 

the lowest free energy of the crystal. Furthermore, GNS is crystalline by nature and this 

might have prompted the deposition of the pure anatase TiO2 as well, as demonstrated on 

crystalline substrates using TiCl4 and water in literature [53]. In addition, a higher 

temperature (250 oC) might change the surface characters of GNS and the following 

deposition behaviors of the ALD-TiO2 by modifying their reactive sites and natures. As a 

result, they might have been changed to be favorable for the preparation of the crystalline 
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TiO2. Unfortunately, there is to date little knowledge to interpret the roles of substrates in 

literature and a further investigation on the growth mechanisms is needed. In comparison, 

two reasons might lead to previous fails in direct ALD-TiO2 of crystalline structures 

using TTIP and water: low growth temperatures [35-37] or unfavorable substrates [27-30, 

42]. As for the amorphous and mixed phases disclosed in figure 9.3 and 9.4 respectively, 

their lower temperatures (≤ 200 oC) should be the most dominant factor.  

 

In summary, we produced a series of MO-GNCs via ALD-TiO2 using TTIP and water as 

precursors in this work and the as-synthesized TiO2-GNS nanocomposites exhibited 

many peculiarities in a controllable means. Besides the tunable morphologies, the as-

deposited TiO2 was also controllable in structures. In addition to the self-limiting and 

cyclic natures of ALD, the precursors, temperatures, and substrate (GNS) are believed to 

be among the main factors and their roles were discussed.  

 

 

9.4 Conclusions 

 

This work fulfilled and exemplified a non-aqueous approach to synthesize MO-GNCs. 

Based on powder-based GNS, TiO2 was deposited on graphene (or graphene stacks) by 

ALD with a series of cycles under different temperatures. The results revealed that the as-

synthesized TiO2-GNS nanocomposites could be tuned in morphologies as well as 

structures. As for the controllable structures of TiO2, it is found that a lower temperature 

(150 oC) contributed to amorphous TiO2 while a higher temperature (250 oC) produced 

crystalline anatase TiO2. In particular, a phase transition was observed with an 

intermediate temperature (200 oC). In all the cases, by adjusting their cycling numbers, 

the as-deposited TiO2 could present nanoparticles or nanofilms on GNS. Furthermore, we 

discussed and explained the underlying mechanisms responsible for both the controllable 

structures and morphologies of the as-synthesized TiO2-GNS nanocomposites. As a 

consequence, this article demonstrated that, in comparison to the solution-based methods 

exposed in literature, ALD contributed a precise and flexible route to prepare MO-GNCs. 

The as-synthesized hybrid TiO2-GNS materials are potentially important candidates for 
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many important applications, such as lithium-ion batteris, solar cells, gas-sensing, and 

photocatalysis.  
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Supporting Information  
 
 

 

 

Figure SI-9.1 SEM images of (a) NG, (b) GO, and (c) GNS powders. 
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Figure SI-9.2 SEM images for ((a) and (b)) 100-cycle, ((c) and (d)) 200-cycle, and ((e) and (f)) 300-cycle 

ALD-TiO2 on GNS at 150 oC under a supply of 1.0-s TTIP and 2.0-s water. 

 



 253 

 

 
Figure SI-9.3 SEM images for ((a) and (b)) 100-cycle, ((c) and (d)) 200-cycle, and ((e) and (f)) 300-cycle 

ALD-TiO2 on GNS at 200 oC under a supply of 1.0-s TTIP and 2.0-s water. 
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Figure SI-9.4 SEM images for ((a) and (b)) 100-cycle, ((c) and (d)) 200-cycle, and ((e) and (f)) 300-cycle 

ALD-TiO2 on GNS at 250 oC under a supply of 1.0-s TTIP and 2.0-s water. 
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Figure SI-9.5 SEM images for ((a) and (b)) 100-cycle, ((c) and (d)) 200-cycle, and ((e) and (f)) 300-cycle 

ALD-TiO2 on GNS at 150 oC under a supply of 0.5-s TTIP and 1.0-s water. 

 

 



 256 

 

 
Figure SI-9.6 SEM images for 200-cycle ALD-TiO2 on GNS at 150 oC under ((a) and (b)) a supply of 0.8-s 

TTIP and 1.0-s water as well as ((c) and (d)) a supply of 1.2-s TTIP and 2.5-s water.    
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This work presents the first effort using atomic layer deposition (ALD) to synthesize 

lithium titanium oxide (LTO) nanocomposite based on carbon nanotubes (CNTs). It was 

disclosed that, through combining a sub-ALD of lithium-containing deposition and a sub-

ALD of titanium oxide, LTO can be synthesized by tuning the two sub-ALD systems. We 

believe that the synthesized CNT-based LTO nanocomposite will find promising 

applications as anodes in lithium-ion batteries. 

 

Keywords: Atomic layer deposition, Lithium-ion batteries, Carbon nanotubes, Lithium 

titanium oxide, Nanocomposites 
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10.1 Introduction 

 

As is well know, the investigation on alternative energy sources is becoming more and 

more intensive while fossil fuels as our main sources are depleting and causing a series of 

environmental issues. Of the potential alternatives, lithium-ion batteries (LIBs) are 

promising, for they can provide high energy and power density [1,2]. Although they are 

expected to supply energy for hybrid or pure electric vehicles (HEVs, or EVs), the 

technologies of LIBs are currently still facing some challenges in safety, cost, and 

service-life [3,4]. For example, carbon materials suffer from capacity degradation 

incurred by irreversible side reactions occurred between lithium ions and/or the solvent 

and the anode surface, leading to the formation of SEI during charge-discharge cycles 

[5,6]. As such, better alternative anode materials have been sought in the past decade. 

Among potential candidates, lithium titanium oxide (Li4Ti5O12, LTO) are attractive, 

despite its relatively low specific capacity (175 mAh/g) and higher voltage level (1.2 – 

2.0 V vs. Li+/Li) [3,7]. The benefits include negligible volume change for improved 

cycleablity, no electrolyte decomposition, and therefore no SEI formation and improved 

safety [3,7,8]. Due to the aforementioned advantages, many methods have been 

developed to synthesize LTO or its composite, such as sol-gel [9-11], solid-state [12,13], 

cellulose-assisted combustion [13-15], microwave [16], hydrothermal [17], solvothermal 

[18], spray pyrolysis [19], and molten salt processes [20]. Unfortunately, they are 

extensively exposed to some drawbacks and especially unable to design nanostructured 

LTO with ease.  

 

In the past decade there was an increasing interest in employing atomic layer deposition 

(ALD) for synthesizing various nanostructures, as reviewed by Knez et al [21], Kim et al 

[22], and George [23]. ALD benefits the synthesis of nanostructured materials with a few 

unrivalled advantages such as atomic-scale control, excellent uniformity and 

conformality, low temperature, fine-tuned compositions. Additionally, ALD has 

extensively successes in depositing organic (e.g., polymer) and inorganic materials (e.g., 

metals and metal oxides) and widely choices on precursor [23,24]. In particular, recent 

studies [25,26] demonstrated that there exists suitable lithium precursors for depositing 
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lithium-containing thin films and even for complicated ternary compounds. Thus, we 

recently made the first attempt to investigate the possibility of ALD for nanostructured 

LTO. In this work, we will present our updated progress, featuring ALD-LTO on 

nitrogen-doped carbon nanotubes (N-CNTs). In return, the CNT-based LTO 

nanocomposites were fabricated for the first time and they are promising anode materials 

for LIBs and potential components for other applications.      

 

 

10.2 Experimental 

 

10.2.1 Synthesis of N-CNTs  

 

N-CNTs were applied as substrates for ALD-LTO in this study. N-CNTs were grown on 

carbon papers by a floating catalyst chemical vapor deposition (FCCVD) method. Carbon 

papers were first coated with a 30 nm thick aluminum buffer layer by sputtering before 

the growth of N-CNTs. In a process of N-CNT synthesis, 2 g melamine (C3N6H6) and 

100 mg ferrocene (Fe(C5H5)2) were supplied into a oven-heated quartz tube at 950 oC and 

the growth of N-CNTs occurred on carbon papers at the central area of the tube. For more 

details, readers can refer to our previous work published elsewhere [27]. The N contents 

of the synthesized N-CNTs are around 8.4 at.% as determined before. 

 

10.2.2 ALD-LTO 

 

ALD-LTO was designed to proceed with two sub-ALD systems, i.e., one for TiO2 and 

another for a binary Li-containing compound. Through tuning and combining the two 

together with an optimal ratio, we expected to synthesize LTO in a well-controlled 

manner. As for ALD-TiO2, we used titanium isopropoxide (TTIP, Ti(OCH(CH3)2)4) and 

deionized water (DI H2O) as precursors. More details can be found in our previous work 

[28]. In regard to the ALD-lithium-containing compound, we performed with Li(OtBu) 

and water as precursors. In this work, we found that the ratio of 4:5 between ALD-TiO2 

and the ALD-lithium-containing compound is ideal for the ultimate ALD-LTO.  
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In ALD-LTO processes, N-CNTs were first loaded into a commercial ALD reactor 

(Savannah 100, Cambridge Nanotechnology Inc., USA) preheated to a certain 

temperature which was set 250 oC in this work. Then, the two sub-ALD systems were 

performed one by one. The first sub-ALD system is ALD-TiO2 operated with 5 cycles. 

Following 5-cycle ALD-TiO2, then another sub-ALD system of lithium-containing 

compound was initiated with 4 cycles. The two sub-ALD systems ran in an alternating 

manner and ALD-TiO2 was conducted first. In more details, TTIP (98%, Sigma-Aldrich) 

and water were introduced into the ALD reactor in an alternating sequence to perform 

ALD-TiO2. TTIP was heated to 70 oC while water was kept at room temperature in order 

to provide sufficient vapors for ALD-TiO2 processes. The ALD procedures for ALD-

TiO2 were set as follows: (1) a 1.0-s supply of TTIP; (2) a 3.0-s extended exposure of 

TTIP to AAO and CNTs; (3) a 10.0-s purge of oversupplied TTIP and any by-products; 

(4) a 2.0-s supply of water vapor; (5) a 3.0-s extended exposure of water vapor to AAO 

and CNTs; (6) a 10.0-s purge of oversupplied water and any by-products. The 

aforementioned six-step sequence constituted one ALD-TiO2 cycle and 5 cycles were 

performed before another sub-ALD. For ALD of lithium-containing compound, it is the 

same to ALD-TiO2 in procedures, except for a preheated temperature of 170 oC for 

Li(OtBu) to supply an efficient vapor and 4 cycles performed in series. Thus, 5-cycle 

ALD-TiO2 and 4-cycle ALD-lithium-containing compound constituted an ALD-LTO 

cycle. Additionally, the delivery lines were heated to 150 oC in order to prevent the 

precursors from condensation. Nitrogen was used as the carrier gas with a flow rate of 20 

sccm and the ALD reactor was sustained at a low level of pressure (typically 0.4 Torr) 

with a vacuum pump (Pascal 2005 I, Adixon).  

      

10.2.3 Characterization 

 

To characterize the morphologies, structures, and compositions of various samples, we 

mainly used field emission scanning electron spectrometry (FE-SEM, Hitachi 4800S) 

coupled with energy dispersive spectroscopy (EDS), and X-ray diffractometer (XRD, Inel 

multi-purpose diffractometer). 
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10.3 Results and Discussion  

 

10.3.1 ALD of lithium-containing compound 

 

Previous to the ALD-LTO on N-CNTs, we studied the ALD process induced by Li(OtBu) 

and water. The two precursors have been applied in earlier studies by Aaltonen et al [26] 

and Cavanagh et al [29]. Aaltonen supposed that the resultant compound is LiOH or Li2O 

but not confirmed. A later study conducted by Cavanagh et al [29] demonstrated that the 

resultant compound is LiOH, using in situ instruments. An important support is from in 

situ Fourier transform infrared spectroscopy (FTIR) which disclosed a characteristic peak 

around 3839 cm-1, belonging to LiOH [30].        

 

Based the above-discussed facts, we made efforts to investigate the ALD process resulted 

from Li(OtBu) and water, using XRD and SEM. As shown in figure 10.1 are the XRD 

patterns for five different samples. Figure 10.1(a) presents the XRD pattern for a sample 

coated by 100 ALD-cycles at 250 oC. We can see that, aside from two strong peaks (as 

marked with Graphite (002) and (004)) induced by N-CNTs, the others are consistent to 

the reference values for Li2CO3 (JCPDS PDF No. 22-1141). Apparently, this result is 

contradictory to the claims made by Aaltonen et al [26] and Cavanagh et al [29]. It might 

be incurred by the exposure of the sample to air, for LiOH or Li2O is easy to react with 

CO2 [29,31,32]. In this case, we prepared a second sample coated with an extra layer of 

100 ALD-TiO2 at 150 oC after the coating as did for the first sample. The resultant TiO2 

is amorphous, as demonstrated in our previous work [28], and it is used to protect the 

lithium-containing film. However, as shown in figure 10.1(b), the XRD pattern of the 

second sample shows no difference compared to the one of the first sample. Figure 10.1(c) 

shows the XRD pattern of a sample deposited as the first sample but with an extended 

heat treatment of 250 oC. Again, there is no difference observed with respect to the first 

two samples. Figure 10.1(d) is the XRD pattern for a sample prepared like the third 

sample but further coated with an extra layer of 100-cycle ALD-TiO2 at 150 oC. Still, we 

did not observe any change. The aforementioned four samples jointly demonstrated that 

only Li2CO3 was received in all the cases. The reason lies in the exposure to air or 
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inefficient protective layer of TiO2. There is another possibility, i.e., the resultant 

compound is in fact Li2CO3. In any case, there is need for further investigation. The last 

sample is the first sample treated at 800 oC for 3 h, as shown by figure 10.1(e). It is 

apparent that there is some change observed, consistent to the reference values of lithium 

formate hydrate (CHLi2O.H2O) (JCPDS PDF #: 11-0826). In other words, high 

temperature induced phase transformation on Li2CO3.           

 
 

Figure 10.1 XRD patterns induced by the ALD of using Li(OtBu) and water: (a) a sample coated by a layer 

of 100-cycle lithium-containing film, (b) a sample coated by a layer of 100-cycle of lithium-containing film 

and an extra ALD-TiO2 of 100 cycles, (c) a sample coated by a layer of 100-cycle lithium-containing film 

with 3 h extended heat treatment at 250 oC, (d) the former sample coated with an extra ALD-TiO2 of 100 

cycles, and (e) a sample coated by a layer of 100-cycle lithium-containing film but annealed at 800 oC for 3 

h. (○) is used to identify the peaks of Li2CO3 and (●) is used to identify the peaks of CHLi2O.H2O.  
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Besides the XRD patterns shown above, we also applied SEM to observe the 

morphologies of the coated N-CNTs. Figure 10.2(a) display the N-CNTs coated by 50 

cycles, showing non-uniform feather-like coatings. A phenomenon noticed during SEM 

observation is that the morphologies of the coated N-CNTs changed slowly from feather-

like structures to smooth surfaces under electron bombardment in one minute, as 

illustrated in the inset of figure 10.2(a). Figure 10.2(b) discloses that the fluffy coatings 

became thicker with the ALD increased to 100 cycles. In particular, we further 

investigated the morphological change of this sample under electron bombardment. As 

compared by figure 10.2(c) and (d), the bombarded area (colored with red in figure 

10.2(c)) was smoothened (colored with red in figure 10.2(d)), while the other areas 

(colored with blue in figure 10.2(c) and (d)) sustained their original looks. Obviously, 

electron bombardment took effect on the coatings. One possible reason is that the 

observed samples changed in composition and phase. Similar phenomenon was 

previously observed with a sample of LiOH changed into Li2O under electron-irradiation 

of transmission electron microscope (TEM) in 2 min [33]. The researchers believed that 

the transformation is mainly induced by heating of electron bombardment. A potential 

result from our work is that Li2CO3 changed into CHLi2O.H2O due to the electron 

bombardment. On this point, future investigation is still needed.          
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Figure 10.2 ALD-lithium-containing films using Li(OtBu) and water. SEM images for (a) 50 (inset: SEM 

image after 1 min electron bombardment) and (b) 100 ALD-cycles, and a comparison (c) before and (d) 

after 1 min electron bombardment on a 100-cycle deposited sample.       
 

 

3.1.2. ALD-LTO 

 

In spite of no definite answer received for the deposited compound from the ALD of 

using Li(OtBu) and water, it is clear that the deposited material is lithium-containing 

which is essential for LTO. As introduced in the section of Experimental, we designed 

the ALD of LTO through alternating two sub-ALD systems, i.e., TiO2 and the above 
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lithium-containing film. We performed the ALD-LTO with different cycles, i.e., 20, 30, 

and 40 cycles. A coated sample after 40 cycles was examined by XRD and its XRD 

pattern was shown by figure 10.3(a). It is easy to know from figure 10.3(a) that, besides 

the characteristic peaks due to N-CNTs, there are several weak ones not belonging to 

LTO. We further annealed two 40-cycle coated samples under 850 (figure 10.3(c)) and 

950 oC (figure 10.3(b)) for 3h in a vacuum system. It was found that they both exhibited 

evident characteristic LTO peaks (JCPDS PDF No. 49-0207) as well as some weak rutile 

TiO2 peaks (JCPDS PDF No. 04-0551). Obviously, ALD is viable for synthesizing LTO 

in a controllable manner. We tried to remove the TiO2 peaks with different methods, such 

as with extra coatings of lithium-containing films, but there was better results received. 

We examined the morphological changes before and after annealing, and the SEM results 

are illustrated in figure 10.4.           

 
Figure 10.3 XRD patterns for ALD-LTO of 40 cycles: (a) directly deposited samples as well as annealed 

samples at (b) 950 and (c) 850 oC for 3 h. (□) is used to identify the peaks of TiO2 and (■) is used to 

identify the peaks of Li4Ti5O12.  
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Figure 10.4 SEM images of ALD-LTO after (a) 20, (b) 30, and (c) 40 cycles at 250 oC,  and SEM images of 

the 40-cycle samples annealed at (d, f) 850, and (e, g) 950 oC.  The insets show the samples with lower 

magnification. 

 

 

As shown in figure 10.4(a), (b), and (c), the SEM images disclose that ALD-LTO 

covered N-CNTs uniformly after 20, 30, and 40 cycles, respectively. The coverings 
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became thicker with increased cycles. Figure 10.4(d) reveals that the uniform coatings 

changed into bean-like chains after 3 h annealing at 850 oC.  The inset shows a picture of 

several bunches of the coated N-CNTs after annealing. For a more clearer observation, a 

local area on the sample is magnified in figure 10.4(f). Figure 10.4(e) discloses the 

morphological change after 3 h annealing at 950 oC, showing a network structure 

consisting of coated N-CNTs. Again, figure 10.4(g) magnifies a local area of the sample 

and gives a clearer picture of the network structure. In comparison, annealing at different 

temperatures took some effect on the ultimate morphologies, probably due to different 

reaction rates resulted between TiO2 and lithium-containing films. In summary, this work 

demonstrated that ALD is viable for developing LTO nanostructures and, in particular, it 

can be used to control the deposition with high precision.  

 

 

10.4 Conclusions 

 

This work represents a pioneered investigation on designing LTO nanostructures with 

ALD. The results demonstrated that ALD is viable and exhibits more advantages over 

previous methods. In addition, it was also disclosed that annealing could take effects on 

the ultimate nanostructures of LTO, probably by influencing the reaction rates between 

different components. For a full understanding of ALD-LTO, however, future studies are 

needed.    
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This thesis focused on investigating the synthesis of various nanostructured metal oxides 

using ALD. The metal oxides include Fe2O3, SnO2, TiO2, and Li4Ti5O12. Through 

employing different substrates, i.e., AAO, CNTs, and GNS, the metal oxides can be 

fabricated into different nanostructures including nanotubes, CNT-based core-shell 

nanotubes, and GNS-based 3D architectures. In addition, the growth characteristics of the 

metal oxides were subject to the influences of three main parameters, i.e., precursors, 

substrates, and temperatures. Further, the surface chemistry of the substrates and their 

interactions with ALD precursors also were considered. As a consequence, the 

combinations of the aforementioned factors contributed to a series of novel 

nanostructured materials which are useful for energy-related devices such as LIBs and 

FCs.   

 

First, it is apparent that the ultimate nanostructures of the metal oxides are dependent on 

the original structures of the employed substrates. This is destined by the unique 

mechanism of ALD and the resultant characteristics. The surface-controlled and self-

limiting nature of ALD leads to the uniformity and conformality of ALD. Thus, the ALD-

induced films can well keep the original structures of the substrates. For example, ALD 

deposits tubular films in the nanopores of AAO and thereby produce aligned nanotube 

arrays. Similarly, the ALD-induced coverings on CNTs and GNS resulted in CNT-based 

core-shell nanostructures and GNS-based 3D architectures, respectively. Thus, it is 

reasonable to believe that ALD can create more complicated nanostructures if suitable 

substrates are applied.  

 

In addition, ALD benefits the deposited materials with tunable morphologies and 

structural phases. A distinguished advantage of ALD is its preciseness on deposition, 

ascribed to its self-limiting and cyclic characters. In return, it is widely observed that the 

deposition of the metal oxides experienced morphological evolution from nanoparticles to 

nanofilms. There are two potential reasons responsible for the initial formation of 

nanoparticles. One is related with the volume of the applied precursors, leading to steric 

hindrance. Another is the density of reactive sites on substrates, for surface reactions only 

occur at reactive sites. The morphological evolution of the deposited materials is 
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particularly beneficial for designing nanomaterials with controlled manners. On the other 

hand, ALD also offers tunability in the structural characteristics of the deposited materials. 

As disclosed by ALD-SnO2 and ALD-TiO2, the deposited SnO2 and TiO2 present both 

amorphous and crystalline phase depending on the growth temperatures. Apparently, 

ALD offers a facile route to design the deposited materials with a preferable phase. This 

advantage has been demonstrated by their applications in LIBs and FCs. For example, 

amorphous SnO2-GNS composites exhibit more stable and higher capacity in LIBs while 

crystalline SnO2-CNTs composites perform better in FCs.      

 

The third one for discussion is the capability of ALD in synthesizing ternary or more 

complicated compounds. The successes of ALD on binary compound have been extensive 

reported. In comparison, the cases in ternary or more complicated compounds are 

relatively rare. In this thesis, the synthesis of LTO via ALD is exposed for the first time. 

It demonstrated that, through suitably adjusting the ratio between two sub-ALD systems, 

LTO can be fabricated in a more controlled manner. The study implies that ALD is a 

versatile tool to synthesize other complicated compounds. This character will greatly 

prompt future development of nanomaterials.  

 

It needs to further emphasize that the above-discussed advantages commonly contributes 

to a common merit, i.e., ALD is a highly controlled technique for nanostructured 

materials. This character is particularly beneficial to produce materials with optimized 

structure, composition, and phase. The resultant materials will therefore be able to 

improve the performance of energy-related devices to the largest extent.     

 

In conclusion, this thesis extensively investigated the synthesis of nanostructured metal 

oxides using ALD by applying various nanoscale templates. Further, ALD growth 

mechanisms have been studied by exploring surface chemistry and interactions with 

various substrates. The adopted synthesis strategies and the resultant materials are not 

only useful for energy-related devices but important for understanding the characteristics 

of ALD as well.  



 275 

 

 

CHAPTER 12 

 

 

 

 

 

 

 

 

 

 

CONCLUSIONS AND SUGGESTIONS 

  

  

 

 

 

 

 

 

 

 

 

 



 276 

12.1 Conclusions 

 

A series of experiments was conducted in this study to synthesize novel nanostructured 

metal oxides using ALD. In addition, the growth characteristics of the metal oxides and 

their underlying mechanisms were also investigated and explored. Thus, this study mainly 

worked on three ways: nanostructures, growth characteristics, and underlying 

mechanisms for metal oxides.  

 

1D CNT-Fe2O3 core-shell nanotubes were synthesized using ferrocene and oxygen as 

ALD precursors. This work compared the effects of undoped CNTs and N-CNTs on the 

ALD-Fe2O3. It was disclosed that N-CNTs are beneficial for ALD-Fe2O3 while undoped 

CNTs require either covalent or non-covalent functionalization pretreatment for ALD-

Fe2O3. This work for the first time demonstrated that the N-doped configurations provide 

reactive sites for ALD processes.    

  

1D SnO2 nanotubes were fabricated via AAO template-directed ALD route using SnCl4 

and water precursors. This work systematically investigated the effects of growth 

temperatures on ALD-SnO2. As a consequence, it was revealed that there are three 

growth modes with the synthesized SnO2 nanotubes, named as layer-by-layer, layer-by-

particle, and evolutionary particles. In particular, the layers are amorphous while the 

particles are crystalline rutile. In addition, it is believed that there are two different 

underlying mechanisms responsible for the growth of the layers and the particles. As a 

consequence, the synthesized nanotubes present highly structure-controllable 

characteristics and can be amorphous, double amorphous-crystalline, and crystalline 

phase.    

  

1D SnO2-CNT core-shell nanotubes were produced using SnCl4 and water precursors. N-

CNTs were used as substrates. In this work, the effects of N-doped configurations were 

explored using XPS. It was demonstrated that different N-related defects, especially 

graphite-like and pyridine-like N configuration, play important roles for initiating ALD-

SnO2 on N-CNTs. In comparison, the pyridine-like configuration is more important. 
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Furthermore, it was also observed that the phases of the deposited SnO2 are controllable 

from amorphous to crystalline. It was suggested that there are different mechanisms for 

the growth of the amorphous and crystalline SnO2, mainly induced by growth 

temperatures.  

 

3D SnO2-GNS architectures were realized by ALD using SnCl4 and water as precursors. 

The 3D architectured GNS-based composites feature the deposited SnO2 with controlled 

morphology and phase. The former contributes to the morphological evolution from 

nanoparticles to nanofilms, favored by the surface-controlled and cyclic nature of ALD. 

The latter results in the phase transformation from amorphous to crystalline phase, 

dominated by different temperature-dependent surface reactions.      

 

1D nanostructures of TiO2 were fulfilled via two ALD strategies, i.e., AAO-based and 

CNTs-based, using TTIP and water as precursors. The former leads to TiO2 nanotubes in 

the form of aligned arrays while the latter renders the coaxial CNT-TiO2 core-shell 

nanotubes. The two routes jointly demonstrated that the deposited TiO2 are tunable from 

amorphous to crystalline anatase phase with increased temperatures while from 

nanoparticles to tubular nanofilms with increased cycles. It was believed that higher 

temperatures are kinetically favorable for the ordering of Ti and O atom with the structure 

of minimum energy, i.e., anatase crystals.  

 

3D TiO2-GNS architectures were prepared by ALD using TTIP and water as precursors. 

The architectures feature the deposited TiO2 in forms of amorphous or crystalline anatase 

phase, depending on growth temperatures. In addition, the deposited TiO2 experiences a 

morphological evolution from nanoparticles to nanofilms with increased cycles. In 

addition, there is a transition phase observed with an intermediate temperature, in which 

amorphous TiO2 nanofilms are decorated with crystalline nanoparticles. As a result, this 

work contributes to tunable 3D TiO2-GNS nanocomposites. 

 

A pioneered work was conducted via ALD to develop 1D LTO-CNT nanocomposites. 

This work was fulfilled by two sub-ALD systems, TiO2 and a lithium-containing 
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compound. The sub-ALD for TiO2 adopted TTIP and water as precursors while the 

lithium-containing compound used lithium tert-butoxide and water. It was demonstrated 

that, through suitably adjusting the ratio between the two sub-ALD systems, LTO were 

successfully prepared on CNTs after high-temperature annealing. This work provides a 

facile but highly controllable route to synthesize ternary or even more complicated 

compound via ALD. 

 

12.2 Suggestions 

 

Despite ALD being a facile route for novel nanostructured materials, as demonstrated in 

this thesis, ALD as a special area deserves more extensive and intensive investigation, 

especially on the exact mechanisms of different materials. Based on the author’s 

experience with ALD, there are also some suggestions for future studies of fellow 

researchers:   

 

• This thesis provides several successes on controlling structural phases of metal 

oxides deposited by ALD. However, their exact mechanisms are still unclear. For 

a better understanding and therefore for a better control on ALD processes, more 

fundamental investigation is required. This topic will remain a challenge. 

 

• This thesis exploited the deposition of a ternary compound LTO via ALD. 

However, the lithium-containing compound deposited by lithium tert-butoxide 

and water is not determined, for it requires an inert atmosphere to avoid potential 

disturbances from air.  

 

• This thesis mainly worked on lab-scale substrates in various ALD processes. For 

energy-related applications, however, they require that a technique can fabricate 

and provide materials in a relatively large amount. On this way, ALD is still 

facing a lot of challenges. It merits future studies to find solutions which enable to 

combine ALD with other technologies for mass production.  
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• This thesis demonstrated that ALD is a feasible route to coat complex structures 

with controllable and uniform films. This is extremely important for developing 

3D microbatteries. Besides the successes for binary electrode materials of LIBs, 

the precise control of ALD on ternary compounds such as LTO also implies 

another opportunity for all-solid-state microbatteries, i.e., ALD being also a 

promising method to exploit solid electrolytes which usually consist of multi-

elements. Thus, it is reasonable to believe that researchers can solely rely on ALD 

to directly develop 3D all-solid-state microbatteries with high performance. This 

will be also very challenging but deserves our expectation in the coming studies. 
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