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Abstract 

Unlike an open environment, crystal growth in an enclosed space improves interactions 

with molecules, enabling highly efficient separation and recovery of molecules. Taking 

advantage of its characteristics, it is applied in various fields such as organic modification, 

MOF, and microfluidics. Crystal growth into confined spaces has mainly been done with 

organic materials. However, organic substances are known to be weak against heat because 

they are generally covalent bonds. Therefore, we focused on metal oxides, which are inorganic 

materials. Metal oxides are known to have excellent heat resistance due to ionic bonding. 

Crystal growth of metal oxides in confined spaces has been done in the past by various methods 

such as hydrothermal synthesis, ALD and sol-gel. However, it has been found that there is no 

report of crystal growth at a certain region when metal oxide crystal growth is performed in a 

closed space by the conventional method. Therefore, in this paper, we try hydrothermal 

synthesis, which is a crystal growth method for metal oxides, and investigate the cause of poor 

crystal growth by coating ALD in a closed space. Metal oxide crystal growth is performed in a 

closed space in a region that could not be reached before. 

ZnO nanowires were prepared by hydrothermal synthesis for the modification of 

nanostructures to microtubes. This method was adopted because the procedure is very simple 

and excellent in safety. Two steps are required to modify the inner wall of microtubes with ZnO 

nanowires by hydrothermal synthesis. First, ZnO seed layer for nanowire growth is formed on 
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the entire inner wall of the tube. Next, hot solution is supplied into the tube to grow ZnO 

nanowires. In conventional hydrothermal synthesis no grow ZnO nanowires at all in the case 

of microtubes with aspect ratios over 600. Conventional seed layer using zinc oxide forms a 

complex compound of Zn instead of ZnO inside the tube. Therefore, we solved this problem 

by supplying air to the inside of the tube when forming the seed layer to eliminate the impurities 

remaining inside the tube. As a result, we succeeded in growing uniform ZnO nanowires all 

over the inner wall of a microtube with an inner diameter of 100 μm, a length of 1 m, and an 

aspect ratio of 10,000. 

ALD was applied to chemically modify the microtube, and a TiOX film was created. ALD 

is a type of deposition method that enables film thickness control at the atomic layer level and 

enables uniform deposition even on structures. Although ALD is generally believed to be 

capable of uniformly depositing structures with poor conductance, it has been found that there 

are still areas that have not been achieved in terms of decoration in spaces with high aspect 

ratios, such as tubes. It is considered that the small diameter and long length of the tube 

deteriorates the conductance inside the tube, and the gas cannot be supplied in the conventional 

ALD. Therefore, we developed a new ALD that can forcibly supply gas even to a small-

diameter long tube and created a recipe. The new ALD generates a forced gas flow by directly 

connecting a gas channel and a tube. Using this ALD, we created a recipe that gives a higher 

differential pressure (7000Pa or more) inside the tube than before and solved the problem. As 
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a result, we succeeded in forming a uniform TiOX film on the entire inner wall of a microtube 

with an inner diameter of 100 μm, a length of 1 m, and an aspect ratio of 10,000.
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1.1 General Introduction 

1.1.1 Chemical approach to confined spaces 

Altering the surface structure within the confined space can alter interactions with 

molecules. Therefore, specific molecules with strong surface properties and interactions can be 

separated and collected. In recent years, utilizing this surface property, research has been 

conducted in various closed spaces such as organic catalysts1,2 , MOFs3,4 , and microchannels5,6 . 

Organic materials are easy to design, but they are generally said to be weak against heat because 

the bonds between molecules are covalent bonds. Therefore, we focused on metal oxides with 

excellent heat resistance. However, a search of past literature reveals that there are limits to 

conventional metal oxide crystal growth in closed spaces7-9 . In this paper, we grow metal oxide 

crystals in microtubes, which are closed spaces. By investigating the chemical factors that 

inhibit crystal growth and solving the problems, we will realize metal oxide crystal growth in 

a closed space region, which was not possible until now. 

Molecular separations using capillary tubes and microfluidic, which are widely used, are 

based on the interaction of molecules with solid surfaces in confined spaces. In order to control 

this interaction, it is effective to modify or change the surface structure and surface 

properties.10-13 By changing the structure and physical properties of the surface, it is possible 

to change the interaction with molecules by changing the ionic structure. Effectively utilizing 
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the interaction with molecules in this way, it may be possible to provide molecular separation 

and new organic synthesis methods that could not be realized so far. However, in order to make 

effective use of interactions with molecules, it is currently believed that a thin and long 

structure with a large surface area-to-volume ratio is effective. Reports of such structural and 

chemical modifications are limited.14-17 
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1.1.2 Metal oxide crystal growth in confined space 

Crystal growth of metal oxides in confined spaces can modify the surface structure, and its 

high thermal robustness may enable highly reproducible collection and separation of molecules. 

However, reports on the growth of metal oxide crystals in confined spaces are currently limited. 

In other words, there are no restrictions on crystal growth of metal oxides in open systems, but 

crystal growth may not occur in closed spaces due to some restrictions. Solving this problem 

opens up new possibilities for growing metal oxide crystals in confined spaces, which could 

make a significant contribution to the field of molecular trapping and separation. 

At present, reports on structural and chemical modifications to the interior of small-

diameter and long structures are predominantly based on liquid-phase deposition.18-20 Monolith 

columns are common for liquid phase-based nanostructures.21,22 Monolithic column can create 

a lot of structure on the inner wall of the tube, but the surface area is too large and a large force 

must be applied to feed the molecules. As a result, less stable molecules may be degraded and 

the desired molecule may not come out. Nanostructures in monolithic columns are difficult to 

control because they are deposited by a sol-gel method. On the other hand, liquid phase 

chemical modification can easily chemically modify thin and long structures, but there are 

problems with film thickness control and reproducibility. Structural and chemical 

modifications to the inside of the elongated structure are thought to be the cause of the difficulty 

in supplying and discharging natural gas due to a decrease in conductance. For this reason, it 
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is difficult to grow a structure that causes a chemical reaction inside the tube or to chemically 

modify the tube using gas. 

1.1.3 ZnO nanowire crystal growth in confined space 

In this paper, as a structural modification approach, we created ZnO nanowires that can be 

grown by immersion in liquid phase under high temperature called hydrothermal synthesis.23-

25Hydrothermal synthesis is a technique that deposits a material called a seed layer on the 

surface of a sample on which nanostructures are to be grown and grows nanostructures from 

sample. However, at the beginning of the experiment, it was not possible to grow the 

nanostructure uniformly inside the long thin structure. The reason for this is considered to be 

that the ZnO seed layer could not be formed because the impurities could not be removed when 

the seed layer was formed because the sample had a long structure with a small diameter. 

Therefore, the ZnO seed layer was deposited by forcibly removing the impurities by forcibly 

blowing air during the formation of the seed layer. As a result, we succeeded in growing 

nanostructures uniformly in a long tube with an inner diameter of 100μm, a length of 1m and 

an aspect ratio of 10,000. 

1.1.4 Metal oxide modification to confined space 

The chemical modification approach was ALD. ALD is a type of CVD that enables film 

thickness control at the atomic layer level, and is a suitable growth method for uniform growth 
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of high-aspect spaces and structures.26-29However, when we actually performed ALD film 

formation, it became clear that there was a limit to the modification. This is because ALD 

instruments usually change the shape of the sample by placing it in a chamber, so the smaller 

inner diameter of the tube and the longer the tube, the lower the conductance, leaving most of 

the gas in the chamber outside the tube for it to flow. Therefore, we developed a device that 

can directly connect the gas flow path and the tube and created a deposition recipe that can be 

used for small diameter and long tubes. The device developed this time can generate a 

differential pressure in the tube that cannot be obtained with normal ALD, so it can generate a 

forced flow in the tube. Using this new ALD method, we succeeded in uniformly chemically 

modifying the inside of a long tube with an inner diameter of 100μ, a length of 1m, and an 

aspect ratio of 10,000. 

1.1.5 The Objective and the Structure of This Thesis 

This book consists of 6 chapters. Chapter 2 provides an overview of previous research on 

structural and chemical modification into confined spaces. Chapter 3 details a previously 

unattainable method for growing inorganic nanostructures on the inner walls of capillary tubes 

with aspect ratios greater than 10,000. Next, in Chapter 4, we describe a method for separating 

AMP, ADP, and ATP, which have been difficult to separate, using inorganic nanostructures 

grown on the inner walls of capillaries. And in Chapter 5, we will explain the equipment outline 
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and growth method for performing ALD in a confined space that has not been realized so far. 

Finally, Chapter 6 concludes with a summary of the overall content of the book. 
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2.1 Introduction 

As described in chapter Ⅰ, the objective of this thesis is to investigate Uniform coating of 

metal oxide, an inorganic material, within narrow spatial regions previously unattainable. In 

Chapter 2, we will introduce research on chemical approaches to closed spaces that have been 

reported so far and deepen our understanding of chemical approaches to closed spaces. 

As mentioned in Chapter 1, the goal of this paper is to chemically coat previously 

unattainable narrow spatial regions and exploit this property for new molecular separations. In 

Chapter 2, we will introduce research on chemical approaches to closed spaces that have been 

reported so far and deepen our understanding of chemical approaches to closed spaces. 

➢ Section 2.2 summarizes organic modifications using confined spaces. 

➢ Section 2.3 summarizes MOF using confined spaces. 

➢ Section 2.4 summarizes microfluidic channels using confined spaces. 

➢ Section 2.5 summarizes past metal oxide crystal growth in closed spaces. 

2.2 Organic modifications using confined spaces 

Organic modification can be easily modified by supplying a solution, and it is modified to 

metal oxide particles and capillary tubes such as confined spaces. Organic modifications are 

used in a wide range of applications in various fields, such as medicine1,2, agriculture3, optics4,5, 

semiconductor devices6-9 and catalysis10,11. This section mainly focuses on organic 

modifications to confined-space metal oxides. 
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2.2.1 Organic modification 

Organic modification is a technology that can easily change the properties of surface 

materials by modifying organic substances into metal oxides.1-6 The method of organic 

modification can be carried out mainly by supplying a solution containing any organic 

molecule to the metal oxide.7-11 In other words, organic modification can easily change the 

surface properties of metal oxides, and these properties can be used to separate and recover 

molecules. 

2.2.2 Organic modification to capillary tubes 

Organic modifications into confined spaces such as capillary tubes have applications in 

molecular separation techniques such as GC-MS and LC-MS. Capillary tubes can separate 

various molecules such as hydrocarbons, alcohols, VOCs, pharmaceuticals, and aromatics by 

organically modifying Dimethylpolysiloxane, Diphenyl, Polyethylene Glycol, etc. This 

technique has been put into practical use and is used as a routine technique in chromatography. 

In recent years, organic modification of monolithic columns has also been investigated, and 

many studies have been conducted.12-14  

 

Nanostructures modified into tubes and microchannels were mainly created to increase the 
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surface area of the channels and enhance their interaction with molecules. A classic example is 

monolithic columns, which are known to separate molecules faster and more efficiently than 

capillary columns. A monolith column was also used in previous publications to separate 

various molecules such as celiprolol, chlorpheniramine, etozoline, nomifensine, sulconazole, 

zopiclone, chlorpheniramine, tropicamide and warfarin.1-8However, due to the large surface 

area of this monolith column, it is necessary to push the molecules out with a stronger force 

than a normal capillary column. Therefore, weakly binding molecules may degrade during 

separation. The nanostructures used in microchannels then use nanowires grown by 

hydrothermal synthesis.9-20Nanowires can control the length and width of the nanostructures 

by the conditions of hydrothermal synthesis.21,22Microfluidic electrophoresis has been shown 

to separate DNA, protein, and RNA molecules faster than the electrical durability of capillaries. 

However, in past literature, nanostructures were prepared in an open state rather than directly 

modifying confined spaces.9-20That is, at present, there is no report of directly growing 

nanowires in a confined space by hydrothermal synthesis. 

 

2.3 Liquid phase coating for confined space 

Chemically modifying the inside of a microtube, we can design new chemical interactions 

within the tube. Creating new chemical interactions, it may be possible to separate target 

molecules that have been considered difficult to separate. Through our review, we discovered 
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the importance of the composition in the tube and the chemical interaction with the target 

molecule. 

2.3.1 Liquid phase coating on microtubes 

Chemical modification in a confined space is mainly a method using a liquid phase. Using 

this method, we succeeded in chemically modifying entire confined spaces such as capillaries. 

Here, we describe the application of chemically modified capillaries fabricated using the sol-

gel method. 

 

2.3.2 Mechanism of nanostructured microtubes 

Various molecules such as dimethylsiloxane and phenylmethylpolysiloxane have been used 

to chemically modify the inner walls of microtubes because they can be easily coated by a sol-

gel method.23-28 Their chemistry is used to separate a wide variety of molecules, including high-

boiling hydrocarbons and halides.29-31Due to this rich variation, there are still a wide variety of 

capillary tubes for GC-MS and LC-MS.32-35However, since most of them are made of organic 

materials, their heat resistance is low, and repeated experiments may not be reproducible. In 

addition, since the sol-gel method is a method in which a solution is supplied and the inner wall 

of the tube is modified by heating or the like, it is difficult to finely control the film thickness, 

making coating difficult. such as monolithic columns. In the future, if it becomes possible to 
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chemically modify a structure such as a monolithic column that can be separated with high 

efficiency so that it can be uniformly coated, we may be able to present further possibilities for 

experiments using chemical interactions. 

 

2.4 Atomic layer deposition for confined space 

Atomic layer deposition (ALD) can provide uniform film thickness control even on very 

rough acicular nanostructured surfaces.39-45However, the applicability of ALD to confined 

spaces such as tubes has been limited.46-47As a result of investigation, we found that gas supply 

is important for ALD in a confined space. 

 

2.4.1 ALD growth method application examples 

Much research has been done on ALD in confined spaces, and experiments have been 

conducted mainly in two ways. The first is called the flow method and is the standard method.39-

47This is a method to create a state in which gas flow is always generated in the chamber by 

constantly supplying gas (N2 gas) into the chamber and exhausting it. By supplying the film-

forming raw material (precursor or H2O) contained in the gas flow, film formation is performed 

in the region reached by the gas. The rest of the supplied raw material gas that is no longer 

needed for film formation is discharged by the gas flow. This is a method of repeating this 
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exhaust and supply. The next method is called the exposure method.48,49 In this method, the gas 

in the chamber does not always flow, and the gas in the chamber is diffused by stopping the 

supply of the gas when the precursor is supplied into the chamber and evacuating the gas. 

Thereby, a film can be formed by supplying a gas to the inside of a sample having pores. 

A feature of ALD is that only one atomic layer can be formed in one cycle. The basic 

principle is that the precursors used are raw materials that react only with hydroxyl groups, so 

the supplied precursors can only adsorb to the hydroxyl groups in the sample. Precursors that 

remain unadsorbed are discharged. The surface of the precursor adsorbed on the sample 

becomes in a state with hydroxyl groups again by the next supply of H2O or ozone. By 

supplying a new precursor to the hydroxyl group, it becomes possible to form a film at the 

atomic layer level. 

In order to perform ALD in a confined space such as a tube, it is necessary to supply gas 

inside the tube.50-58Because the inner diameter of the tube is small and the conductance 

decreases as the length increases, little gas is delivered to a given region within the tube, and 

little gas is delivered to the surrounding chamber. To address this issue, M. Nolan et al. By 

arranging the tube samples in parallel and filling the chamber with the tubes, we created an 

environment in which gas was forcibly supplied to the tubes, and succeeded in forming the 

film.57 T. Gong et al. In addition to arranging the samples in parallel, by applying a pressure 

difference between the upstream and downstream sides of the tube, a convection is generated 
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inside the tube, creating a mechanism for forcibly supplying gas.56By controlling the gas supply 

in this way, ALD can be said to be a device with infinite possibilities. 

 

 

2.5 Conclusions 

Chapter II reviews the literature on structural and chemical modification, including liquid 

phase coating and ALD. The important implications of this study can be summarized as follows. 

➢ Modification of confined spaces with nanostructures includes preparation of monolithic 

columns by sol-gel method and hydrothermal synthesis in microchannels. Monolith 

columns have been successfully used to separate a wide variety of molecules due to their 

surface area but are not suitable for labile molecules as they require high flow forces to 

feed the molecules. On the other hand, microchannels are suitable for separating 

molecules such as DNA because nanostructures can be grown freely, but they are 

currently grown only in an open environment. 

➢ The sol-gel method is the mainstream for chemical coating on general microtubes. The 

sol-gel method has been used to coat a wide variety of molecules, starting with the simple 

method of injecting and drying a liquid phase. However, coating on nanostructures is 

difficult because it is difficult to control and uniform the film thickness. 

➢ We found that ALD, which can control coatings at the atomic layer level, can only form 
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films within the range in which the gas can be supplied. In the literature, various ALD 

devices have been developed to form films on the inner walls of tubes, but we found that 

there is still an area left unfulfilled. 

Solving these problems will create nanostructures of new materials within microtubes, 

contributing to previously unattainable molecular separations. Therefore, in this paper, we 

describe a chemical coating method for fabricating novel nanostructures inside microtubes. 
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3.1 Introduction 

Designing inner surface chemical properties of confined spaces is an important research 

subject to create novel chemical events.1-6 Clearly, the inner surface characteristics dominantly 

determine the chemical interaction to target molecules within spaces. Among various surface 

modification methods on inner surfaces of confined spaces, a seeded crystal growth method of 

inorganic solid nanostructures offers a unique approach. 7-18 This is because inorganic solid 

surface modifications are thermally robust, which differs from conventional organic molecule 

surface modifications.7-18 Furthermore, the seeded crystal growth enables to spatially design 

the position of nanostructures within confined spaces via positioning the seeds, which are 

hardly attainable to other surface modification methods.8,13 However, such seeded crystal 

growth within confined spaces inherently tends to be difficult as the aspect ratio of confined 

spaces increases due to confinement effects.19-20 Since a longer confined space increases the 

probability of interaction between molecules and inner surfaces, e.g. a longer capillary column 

in general is preferred for liquid phase separations, 21 developing a rational methodology to 

enable a seeded crystal growth of nanostructures within confined spaces is required. 

Here we report a space-confined seeded growth of ZnO nanowires within meter-long 

microtubes of 100 m diameter with the aspect ratio up to 10000. ZnO nanowires were grown 

via seeded hydrothermal crystal growth for relatively short microtubes below the length of 40 

mm, while any ZnO nanostructures were not observable at all for longer microtubes. 
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Microstructural and mass-spectrometric analysis revealed that a conventional seed layer 

formation using zinc acetate is impossible within the confined space for long microtubes. To 

overcome this space-confined issue, a flow-assisted seed layer formation is proposed. This 

flow-assisted method enables us to grow spatially uniform ZnO nanowires even for 1m-long 

microtubes with the aspect ratio up to 10000. Finally, we investigated a possibility of using the 

nanowire- microtubes as a separation medium in liquid chromatography (LC). In general, 

particle packed or monolithic columns are employed in liquids phase separations.22-25 Open-

tubular columns can be utilized only in gas chromatography and micro fluidics26-27 because the 

molecular diffusion is not enough in liquid phase separations. The achievement of an effective 

liquid phase separation with an open-tubular column provides ultra-low-pressure analysis such 

in LC. Herein, we anticipate that the strong intermolecular interactions based on the ZnO 

nanowires contribute for the liquid phase separation. 

 

3.2 Seeded crystal growth of hydrothermal ZnO 

nanostructures within microtubes 

Fig.1a illustrates the flow chart of a series of experiments to perform a seeded crystal 

growth of hydrothermal ZnO nanostructures within microtubes (inner diameter: 100 m). This 

experimental procedure consists of two steps, the first step is a formation of ZnO seed layer 

within a microtube using zinc acetate, and the second step is a formation of ZnO nanowires on 
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the fabricated seed layers using zinc nitrate. The other detailed experimental conditions 

employed can be seen in Method section.28-34 Fig.1b shows the effect of microtube length on 

scanning electron microscope (SEM) images of inner surfaces at the center position of 

microtube. The microtube length was varied from 20 to 120 mm. We estimated the nanowire 

density from the SEM images, as shown in Fig.1c. As clearly seen in the images and estimated 

data, ZnO nanowires could be grown via seeded hydrothermal crystal growth for relatively 

short microtubes below the length of 40mm, while any ZnO nanostructures were not observable 

at all for longer microtubes. The geometrical sizes of fabricated ZnO nanowires are typically 

200-300 nm in the diameter and 2-3 m in the height. Although these data are at the center 

position of microtube, the spatial uniformity of the presence of nanowires (L = 20, 40 mm) or 

the absence of nanostructures (L = 60 - 120 mm) was consistently observed for all microtubes. 

Thus, these experimental results highlight the limitation of conventional seeded hydrothermal 

crystal growth of ZnO nanowires within long microtubes. 
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Fig. 1 (a) Schematic of two steps-experimental procedures for a seeded crystal growth of hydrothermal 

ZnO nanowires within a microtube, (b) SEM images of ZnO nanowire-decorated microtube when 

varying the length, (c) Relationship between the microtube length and the ZnO nanowire density at the 

center of microtube.  

 

3.3 Investigation of the cause of poor hydrothermal 

crystal growth by EDS 

Next, we question what causes above observed length limitation of seeded hydrothermal 

crystal growth of ZnO nanowires for microtubes. The most plausible mechanism is based on 

the confinement effect within microtubes, which might alter the chemical reaction pathways 

during seed layer formation and/or nanowire formation. First, we examine such confinement 

effect on ZnO seed layer formations using zinc acetate (step1 in Fig1a). In order to investigate 

such effect, we study whether the fabricated ZnO seed layer is soluble in water or not. This is 
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because such water-soluble substances no longer play a role as seed layers for hydrothermal 

ZnO nanowires in aqueous solution of reactants in the hydrothermal growth. As illustrated in 

Fig.2a, we examine such effect by preforming a rinse with water after ZnO seed layer 

formations. Fig.2b shows energy dispersive x-ray spectroscopy (EDS) data to reveal the 

presence of zinc compounds after water rinse treatments when varying the length of microtubes 

(20 mm and 100 mm). Clearly, there is a difference between the two samples on the presence 

of ZnO seed layers. For the capillary column with the length of 20 mm, the presence of Zn-

related compounds was confirmed. On the other hand, any Zn-related compounds were not 

observable for the microtube with the length of 100 mm. Thus, these results imply that altering 

a water solubility of zinc related compounds consisting of the seed layer is responsible for the 

observed experimental trend on the microtube length dependence in Fig.1b-c. 

 

Fig. 2 (a) Schematic of experiments to examine a water solubility of formed ZnO seed layers within a 

microtube, (b) Effect of microtube length on EDS spectra (Zn L) of inner surfaces of ZnO-decorated 

microtubes when performing a seed layer formation and a water rinse treatments.  
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3.4 Investigation of the cause of poor hydrothermal 

crystal growth by GC-MS 

Although there is a correlation between nanowire formations in Fig.1 and seed layer 

formation process in Fig.2, we still have no experimental evidences to explain how a seed layer 

formation using zinc acetate is altered by increasing a microtube length. Therefore, we analyze 

volatile components from microtubes with different lengths after seed layer formation process, 

as illustrated in Fig.3a. Gas chromatography-mass spectrometry (GC-MS) was utilized for the 

analysis. Fig.3b shows the comparison between microtubes with different lengths (20 mm and 

100 mm) on the GC-MS data. As seen in the chromatogram data, a significant peak at 15.2 min 

was observed (monitored at m/z=60) only for the longer microtube (100 mm), but not for the 

shorter microtube (20 mm). The mass fragment pattern of the peak reveals that the compound 

can be assigned to N-(2-hydroxyethyl)acetamide, which must be closely related to the inherent 

difference between microtubes with different lengths on the seed layer formation process.  

Based on this observed compound, Fig.3c illustrates a model to explain the plausible different 

chemical reaction schemes when varying the length of microtubes. First, a condensation of 

ethanolamine and acetate gives N-(2-hydroxyethyl)acetamide, which coordinates with Zn2+ to 

yield water-soluble complex. The complex can dehydrate into ZnO and N-(2-

hydroxyethyl)acetamide. The reaction is considered to be reversible. If the microtube is short 

enough, the amide is immediately eliminated from the system as a gas, and ZnO is continuously 
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generated according to the Le Chatelier's Principle. On the other hand, in the case of the longer 

microtubes (>60 mm), a poor exchange of outer and inner atmosphere prevents removal of N-

(2-hydroxyethyl)acetamide. The remained N-(2-hydroxyethyl)acetamide promotes the 

backward reaction to soluble Zn2+ complex and prevent ZnO growth. Thus, these mass-

spectrometric data revealed that a conventional seed layer formation using zinc acetate is 

impossible within the confined space for long microtubes due to the detrimental residual N-(2-

hydroxyethyl)acetamide and resultant Zn-complex compounds. 

 

Fig. 3 (a) Schematic of experiments to analyze volatile components from microtubes with different 

lengths after seed layer formation process, (b) GCMS data of m/z=60 for the microtube lengths-20 mm 

and 100 mm, (c) Possible reaction scheme within a microtube to explain the length dependence on the 

seed layer formation process.  
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3.5 ZnO nanowire growth by flow-assisted seed layer 

formation process 

Next, we propose a rational strategy to overcome above limitation of conventional seeded 

crystal growth of ZnO nanowires for long microtubes. Based on above reaction schemes within 

confined spaces, it is necessary to remove the detrimental residual products N-(2-

hydroxyethyl)acetamide during ZnO seed layer formation process. Thus, we apply air flow 

process to remove the compounds where a small amount of air is introduced a few times into 

the microtube during heating process for ZnO seed layer formation, as illustrated in Fig.4a. 

Fig.4b shows the SEM images of inner surfaces at the center position of column when varying 

the length of microtubes from 20 to 1000 mm by performing above flow-assisted seed layer 

formation process. The nanowire density data extracted from the SEM images are shown in 

Fig.4c. As clearly seen in the images, this newly proposed flow-assisted method enables us to 

grow spatially uniform ZnO nanowires even for longer microtube (up to 1000 mm) with the 

aspect ratio up to 10000, as shown in SEM images of Fig.4c. Thus, the newly proposed flow-

assisted method enables to overcome the limitation of seeded crystal growth of hydrothermal 

ZnO nanowires inside highly confined long microtubes with high aspect ratios. 



                                                                  Chapter Ⅲ 

41 

 

Fig. 4 (a) Schematic of proposed flow-assisted method to enhance a seed layer formation process 

for longer microtubes, (b) Effect of flow-assisted method on nanowire density data at the center of 

microtube, which are extracted from SEM images, (c) Optical image of 1-meter microtube, where ZnO 

nanowires uniformly are grown, and SEM images of inner surface at the marked positions (A, B, C) of 

1-meter microtube with the inner diameter of 100m. 

3.6 Liquid phase separation in ZnO nanowire 

microtubes 

Finally, we examine the applicability of fabricated long microtubes with ZnO nanowires 

uniformly grown on the inner surface for the liquid phase separations, as illustrated in Fig.5a. 

We prepared microtubes with ZnO nanowires on the inside wall (L =130 and 300 mm), and 

compared the retention behavior of aromatic compounds with a bare microtube having 



                                                                  Chapter Ⅲ 

42 

functional groups, -SiOH based on the fused silica by nanoflow-liquid chromatography (nano-

LC) system respectively (Fig.5a). Significant differences in the retention behavior of each 

solute on the nanowire array column were confirmed, although not on the bare microtube. This 

result clearly indicated that the heteroatoms in the solutes reversibly interacted with ZnO 

nanowires. In particular, the longer microtube (L = 300 mm) retained the solutes much stronger 

than the shorter one (L = 130 mm), and more clearly differences in retention time of each solute 

were confirmed. These strong retentions on the longer microtube were achieved due to the 

increase the chance of interactions with ZnO nanowires in proportion to the microtube length. 

Furthermore, we compared the retention behavior with a typical silica-based monolithic 

column (monolith column). Monolithic columns are generally used in LC for a high through 

put separation due to the three-dimensional skeleton with micrometer-sized through pores.35-36 

We anticipated that the polar interactions should be worked between surface -SiOH and polar 

functions groups in the solutes. Interestingly, the order of elution was completely different 

between the monolith column and the ZnO nanowire-decorated microtube (Fig. 5b). To be 

more precise, the order of elution was acetophenone, benzyl alcohol, and benzyl amine on the 

nanowire column, while the order of elution was benzyl amine, acetophenone, and benzyl 

alcohol on the monolith column respectively. This result clearly indicated that these microtubes 

possess completely different separation mechanisms. Furthermore, it is noted that the ZnO 

nanowire microtube shows less than one-tenth of the back pressure of the monolith column 
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under the same flow rate conditions, which is almost the same as the bare microtube (Fig. 5c). 

Briefly, a high-speed separation in the high flow rate range could be carried out on nanowire 

microtubes, not on silica monolithic columns. This extremely lower back pressure was due to 

the lower packing rate of stationary phase in nanowire microtubes than in monolithic columns. 

The open tubular column with an ultra-thin layered ZnO nanowires effectively contributed in 

liquid phase separations. Thus, the fabricated ZnO nanowire-decorated microtubes by the flow-

assisted method have the potential to provide separation medias with high efficiency and low 

back pressures for LC. 

 

Fig. 5 (a) Chromatograms of sample solutes in each microtube. Green plots show acetophenone, 

blue plots show benzyl alcohol and red plots show benzyl amine, respectively. Comparison of retention 

time in each microtube is also shown when varying the microtube length. Conditions: microtube, w/o 

nanowires (300 mm × 100 μm i.d.), With nanowires (125 mm × 100 μm i.d. and 300 mm × 100 μm 
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i.d.); flow rate, 5.0 μL min–1; mobile phase, n-hexane; detection, UV 254 nm; temperature, 25.0 ºC. (b) 

Comparison between the ZnO nanowire microtubes and conventional monolithic columns on the 

retention time, (c) Comparison between ZnO nanowire microtube, bare microtube, monolithic capillary 

column on the internal pressures required for experiments. 
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4.1 Introduction 

Metal oxides exhibit thermal and chemical stabilities in harsh environments and diverse 

functional properties such as ferroelectricity, ferromagnetism, high temperature 

superconductivity, metal-insulator transitions, and memristors.1–7 Consequently, they have 

been studied for numerous applications. Since the development of the self-assembly process in 

the last half of the 20th century, the morphologies of various dimensional nanostructures (e.g., 

nanoparticles,8,9 nanosheets,10,11 nanorods,12,13 and other characteristic three-dimensional 

structures14 consisting of metal oxides) have been elucidated. Nanostructures have a large 

surface, uniform size, perfect crystals, and anisotropy. They have potential to provide 

programable and integrated properties in various technological elds, especially in molecular 

recognition and sensing materials.15–17 

Wire-like one-dimensional nanostructures (nanowires; NWs) are fascinating 

nanostructures consisting of metal oxides. NWs have been applied to design gas sensors,18–20 

biosensors,21,22 optoelectronic devices,23 and photocatalysts.24,25 In particular, ZnO NWs are of 

great interest from industrial perspectives in the materials eld due to their simple syntheses, 

biocompatibility, biodegradability, and biosafety.26–30 For example, a ZnO NW semiconductor-

based electrical sensor was fabricated to detect nonanal, a biomarker for lung cancer.31 In 

addition, biomolecular analysis systems based on specific interactions with biomolecules have 

been constructed using ZnO NWs. Examples include a highly sensitive and selective ZnO NW 
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sensor for immunoglobulin G 32 and a ZnO NW microuidic device to detect cancer-related 

miRNA biomarkers from urinary extracellular vesicles.33 

Despite the large number of applications, few reports have comprehensively investigated 

the fundamental mechanism of molecular recognition on ZnO NWs. A detailed understanding 

of molecular recognition on ZnO NWs should provide information on the rational design of a 

highly functional device. Liquid chromatography (LC), which is a fundamental and highly 

versatile separation technique, is suitable to investigate the intermolecular interactions on 

nanomaterials. LC directly reflects the strength of intermolecular interactions with the given 

stationary and mobile phases. Previously, we developed novel separation media utilizing 

nanocarbon materials as the stationary phase and investigated their unique molecular 

recognitions. These included the spherical recognition of C60- or C70-fullerenes,34,35 the 

difference in the intensities of the CH or CD–π interaction,36,37 the strong CH–π interaction 

between corannulene and planar polycyclic aromatic hydrocarbons,38 and specific halogen–π 

interaction of C70-fullerene.39 Furthermore, we have grown spatially uniform ZnO NWs in 

meter-long microtubes with an aspect ratio up to 10 000 (ZnO-NW column) by a new self-

assembly strategy called the “flow-assisted method”. 40 This microtube can be used as a 

separation medium for LC. We confirmed the specific retention of the polar functional groups 

due to the Lewis acidity of their Zn sites. Consequently, the evaluation of the retention 

behaviors on the ZnO-NW column may shed light on the molecular recognition of ZnO NWs 
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in a particular liquid mobile phase. 

In this study, we investigate the retention behaviors of various analytes on the ZnO-NW 

column in LC for a precise understanding of the molecular recognition on ZnO NWs in aqueous 

solvents. We also demonstrate the potential of nucleotide analysis using ZnO NWs due to the 

efficient molecular recognition on the (101
_

0) m-planes. Finally, we show effective gradient 

separation of the nucleotides, which require selective sensing to reveal their roles as energy 

currencies of cells in cellular activities derived from biological processes such as cell motility, 

intercellular transport, synthesis of biomolecules, and metabolic reactions.41–44 We successfully 

separated adenosine mono-, di-, and triphosphates (AMP, ADP, and ATP) based on specific 

intermolecular interactions on ZnO NWs by optimizing the aqueous mobile phase and the 

column length. 

4.2 Retention behaviors of monosubstituted benzenes 

on the ZnO-NW column 

To evaluate the fundamental characteristics of the intermolecular interactions on ZnO NWs, 

we investigated the retention behavior of monosubstituted benzenes with various functional 

groups in LC on the ZnO-NW column. For comparison, we also examined the retention 

behavior on a bare capillary column using acetonitrile as the mobile phase. Acetonitrile is 

commonly used in LC. Fig. 1a–c show the typical chromatograms of benzyl amine, ethyl 

benzoate, and benzoic acid by the column type, respectively. Benzyl amine and ethyl benzoate 
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passed through these columns. In contrast, benzoic acid was strongly retained on the ZnO-NW 

column and was not eluted even after an hour. 

We then determined the functional groups with a strong intermolecular interaction on ZnO 

NWs. The recovery ratio of each analyte on the ZnO-NW column was calculated by comparing 

the peak areas on the ZnO-NW column to those on the bare capillary column (Fig. 1d). The 

recovery ratios were calculated as  

Recovery ratio = (peak area on the ZnO-NW column)/(peak area on the bare capillary 

column) 

The recovery ratios of benzoic acid, phenylsulfonic acid, and phenylphosphonic acid were 

drastically reduced on the ZnO NW column. ZnO NWs showed a strong and irreversible 

intermolecular interaction with acidic functional groups in acetonitrile. 
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Figure 1. Retention behaviors of monosubstituted benzenes with various functional groups on 

the ZnO NWs column. Typical chromatograms of (a) benzyl amine, (b) ethyl benzoate and (c) 

benzoic acid on the ZnO NWs column and the bare capillary column. (d) Peak area and 

recovery ratio of each compound. LC conditions: Column, ZnO NWs column (30 cm × 100 

μm), bare capillary column (30 cm × 100 μm); Mobile phase, acetonitrile; flow rate, 5.0 

µL/min; temperature, 25 °C; detection, UV (254 nm). 

 

 

The specific adsorption of acidic functional groups on ZnO NWs may depend on several 

factors such as hydrophilic interactions45,46 and ionic electrostatic interactions.47–49 We 

hypothesized that adding water to the mobile phase increases the recovery ratios of these 
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compounds because water competitively coordinates to ZnO NWs and has a high dielectric 

constant.50,51 Fig. 2a shows the recovery ratios of monosubstituted benzenes with acidic 

functional groups in the mobile phase containing water. As expected, the recovery ratio of each 

analyte exceeded 80% by adding 20% water to the mobile phase, suggesting that water 

competitively interacts with ZnO NWs and suppresses the adsorption of monosubstituted 

benzenes with acidic functional groups. Interestingly, phenylphosphoric acid showed much 

longer retention times and broader peaks on the ZnO-NW column than the other analytes even 

in mobile phases containing water (Fig. 2b and c), although the retention time slightly 

decreased as the content of water in the mobile phase increased. Thus, ZnO NWs interact more 

strongly with the phosphate groups of the analytes than the other functional groups. The 

number of negative charges may account for this trend. Zn2+, which is the divalent cation in 

ZnO NWs, preferred the divalent anion –PO3
2- in phenylphosphoric acid than the other 

monovalent anions. 
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Figure 2. Effect of water content in the mobile phase on retention behaviors of monosubstituted 

benzenes with acidic functional groups on ZnO NWs. (a) Recovery ratio of each 

monosubstituted benzene with acidic functional group in acetonitrile containing 20%water as 

the mobile phase. (b) Plots of retention times of monosubstituted benzenes vs percent water in 

acetonitrile as the mobile phase. (c) The typical chromatograms of phenyl phosphoric acid in 

water content mobile phase. LC conditions: Column, ZnO NWs column (30 cm × 100 μm), 

Bare capillary column (30 cm × 100 μm); Mobile phase, water/acetonitrile; flow rate, 5.0 

µL/min; temperature, 25 °C; detection, UV (254 nm). 
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4.3 Retention behaviors of phosphorylated nucleotides 

on the ZnO-NW column 

ZnO NWs may interact specifically with the phosphate groups in the mobile phase 

containing water due to hydrophilic and ionic electrostatic interactions. We evaluated the 

retention behaviors of nucleotides on the ZnO-NW column to test this hypothesis and to explore 

the potential of applying ZnO NWs to phosphorylated biomolecular analysis. Nucleotides 

contribute to many biological processes by regulating the concentration and are important for 

maintaining the cell health and expression of cellular functions.52–54 Furthermore, they are 

useful biomarkers for several cancers.55 Consequently, there is a growing demand for detection 

or measurement techniques to determine these concentration ratios. 

Firstly, we evaluated the retention behaviors of AMP, ADP, and ATP, which are nucleotides 

found in RNA, on the ZnO-NW column in acetonitrile as the mobile phase. The mobile phase 

contained 5% water, considering the solubility of nucleotides. For comparison, adenosine, 

which has the same structure except for the phosphate group, was also evaluated. Fig. 3 shows 

the retention behaviors of adenosine, AMP, ADP, and ATP in acetonitrile on ZnO-NWs and 

bare capillary columns. The retention behavior of adenosine was similar for both the ZnO-NW 

column and the bare capillary column (Fig. 3a and e). On the other hand, the nucleotides were 

adsorbed on the ZnO-NW column and exhibited drastically reduced recovery ratios (Fig. 3b–



                                                                  Chapter Ⅳ 

59 

e). These results are consistent with our hypothesis that ZnO NWs show highly selective 

retention for the phosphate groups. Notably, phosphorylated nucleotides were completely 

adsorbed on the ZnO-NW column even in the mobile phase containing 5% water but 

phenylphosphoric acid was eluted (Fig. 2b and c). This stronger interaction of the nucleotides 

with ZnO NWs than phenylphosphoric acid may be due to the higher hydrophilicity of 

nucleotides compared to phenylphosphoric acid. 
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Figure 3. Retention behaviors of adenosine and nucleotides on ZnO NWs column in acetonitrile 

as the mobile phases. Typical chromatograms of (a) adenosine, (b) AMP, (c) ADP and (d) ATP 

on ZnO NWs column and the bare capillary column. (e) Peak area and recovery ratio of each 

compound. LC conditions: Column, ZnO NWs column (30 cm × 100 μm), bare capillary 

column (30 cm × 100 μm); Mobile phase, acetonitrile containing 5% water; flow rate, 5.0 

µL/min; temperature, 25 °C; detection, UV (260 nm). 



                                                                  Chapter Ⅳ 

61 

 

 

The suppression of the hydrophilic interactions by molecular recognition in aqueous 

environments is critical for biomolecular analysis.56 We evaluated the retention behaviors of 

nucleotides in pure water as the mobile phase on the ZnO-NW column (Fig. 4). AMP showed 

a higher recovery ratio in pure water than in acetonitrile but its retention time was longer than 

adenosine (Fig. 4a, b, and e). This weakened intermolecular interaction between AMP and ZnO 

NWs may be due to the competitive hydrophilic interaction with water. Interestingly, ADP and 

ATP adsorbed on the ZnO-NW column, and their recovery ratios were very low even in water 

(Fig. 4c–e). The recovery ratios on the ZnO-NW column decreased in the order AMP < ADP < 

ATP, which coincides with the increase in the number of phosphate groups in the nucleotides. 

Thus, the strength of the intermolecular interactions between ZnO and nucleotides depends on 

the number of phosphate groups in the nucleotide. 

We then examined whether the ZnO NW nanostructure or the typical properties of ZnO 

lead to the discrimination of the phosphate groups in the nucleotides. We evaluated the recovery 

ratios of adenosine and nucleotides on a column fabricated only by the ZnO seed layer, which 

lacks uniform nanostructures but has the same properties as that of ZnO. Both ADP and ATP 

were fully eluted on the column fabricated using only the ZnO seed layer (Fig. S1†). The 

discrimination for the phosphate groups of nucleotides on ZnO NWs in water is attributed to 



                                                                  Chapter Ⅳ 

62 

the nanostructures. 

 

Figure 4. Retention behaviors of adenosine, AMP, ADP and ATP on ZnO NWs column in water 

as the mobile phases. Typical chromatograms of (a) adenosine, (b) AMP, (c) ADP and (d) ATP 

on the ZnO NWs column and the bare capillary column. (e) Peak area and recovery ratio of 
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each analyte. LC conditions: Column, ZnO NWs column (30 cm × 100 μm), Bare capillary 

column (30 cm × 100 μm); Mobile phase, water; flow rate, 5.0 µL/min; temperature, 25 °C; 

detection, UV (260 nm). 

 

 

Figure S1. Retention behaviors of adenosine, AMP, ADP and ATP on on the column fabricated 

only the ZnO seed layer (Seed layer column). (a) Typical chromatograms of adenosine and 

nucleotides. (b) Recovery ratio of each compound. LC conditions: Column, Seed layer column 

(30 cm × 100 μm), bare capillary column (30 cm × 100 μm); Mobile phase, water; flow rate, 

5.0 µL/min; temperature, 25 °C; detection, UV (260 nm). 

 

 

4.4 IR spectra of adsorbed nucleotides on the ZnO NWs 

Two fundamental aspects should be considered for molecular recognition since the 

nanostructure is responsible for the phosphate group discrimination of nucleotides on ZnO 
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NWs: the specific surface area and the morphology. Two types of ZnO nanostructures (ZnO 

nanowalls and ZnO NWs, Fig. S2†) were fabricated on silicon wafers. IR spectroscopy was 

used for the molecular recognition of the nucleotide on each nanostructure. The substrate with 

each nanostructure was immersed into an aqueous solution of AMP, ADP, or ATP (7 mM) and 

was dried to adsorb the nucleotide on the nanostructure. The substrates were subsequently 

immersed in water. Then, IR spectroscopy was performed after drying the substrates well. 

 

 

 

 

Fig. 5 shows the IR spectra of the nucleotides on each substrate for different immersion 

times. Each substrate displayed a narrow band in the range of 900–1200 cm-1 , 57,58 which is 

derived from the phosphate groups, immediately after immersing the substrates into the 

nucleotide solution (0 min, Fig. 5, black lines). The signal was not confirmed without 

immersing ZnO NWs in the nucleotides (Fig. S3,† black line) and the intensity was increased 

with the immersion time (Fig. S3†). These results suggested that the nucleotide was adsorbed 

on ZnO nanostructures. On the ZnO nanowalls, the band intensity of the phosphate group in 

the nucleotide was independent of the immersion time in water, indicating that all the 

nucleotides are completely adsorbed on the ZnO nanowalls, regardless of the number of 
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phosphate groups (Fig. 5a–c). On the other hand, on the ZnO NWs, the band intensity of the 

phosphate group in the nucleotides decreased as the immersion time in water increased. More 

interestingly, although the band intensity in ATP slightly decreased, the decreases in the band 

intensity were smaller in the order AMP > ADP > ATP (Fig. 5d–f). Briefly, the intermolecular 

interaction with nucleotides on ZnO NWs was weaker than that on the ZnO nanowalls, whereas 

the strength varied slightly with the number of phosphate groups in the nucleotides. These 

results suggest that the discrimination based on the number of phosphate groups in the 

nucleotides is due to the morphology of ZnO NWs. 

 

 

Figure 5. IR peak shifts of phosphorylated nucleotides on ZnO nanostructures with immersion 

time in water. (a) SEM images of ZnO nanowalls on the silicon wafer and IR spectral 

comparisons of AMP, ADP and ATP on ZnO nanowalls. (b) SEM images of ZnO NWs on the 

silicon wafer and IR spectral comparisons of AMP, ADP and ATP on ZnO NWs. 
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The morphology of the ZnO nanostructures could be controlled by competitive nucleation 

from the (0001) c-planes and m-planes. Thus, ZnO NWs and nanowalls provide unique face-

selective electrostatic interactions by anisotropic crystal growth.26,59–63 Fig. S4† shows the 

SEM image of the top surface of the ZnO NWs. The small hexagonal shape on the top surface 

and the long columnar shape (Fig. S2†) implied abundant m-planes. The ZnO nanowalls and 

ZnO NWs exposed the c-planes and the m-planes, respectively. The polar c-plane provides a 

higher ionicity due to the biased surface to either Zn2+ or O2-. In contrast, Zn2+ and O2- are 

present in the same proportion on the nonpolar m-plane.64–66 Therefore, the ZnO nanowalls 

may indiscriminately adsorb the nucleotides on the c-planes via their strong hydrophilic and 

ionic electrostatic interactions with phosphate groups. On the other hand, ZnO NWs may 

flexibly recognize the phosphate groups due to their moderate hydrophilic and ionic 

electrostatic interactions on the m-planes. 

 

 

Figure S2. SEM images of (a) ZnO nanowalls and (b) ZnO NWs on silicon wafers. 
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Figure S3. IR peak shifts of ATP on ZnO NWs with different immersion time in ATP solution. 

The black line shows the IR spectra of ZnO NWs before immersion. 

 

 

Figure S4. SEM image on the top surface of ZnO NWs. 

 

4.5 Dependence of molecular recognition on the ZnO-

NW column on the temperature and flow rate 

Ionic electrostatic and hydrophilic interactions may be responsible for the interactions 

between ZnO NWs and the phosphate groups. The ionic electrostatic interaction is dominant, 
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especially in water, because the hydrophilic interactions are suppressed. The potential energy 

of the ionic electrostatic interaction is given as  

E = z+z-e2 / 4πεR          (1) 

Here, z + and z - are the valences of the cation and anion, respectively, e is the elementary 

charge, ε is the dielectric constant, and R is the distance between the cation and the anion.67 

Eqn (1) indicates that the ionic electrostatic interaction is not influenced by the temperature. 

Furthermore, ionic electrostatic interactions rapidly form even in water.68 Here, we 

hypothesized that the interactions of nucleotides on ZnO NWs are not influenced by the 

temperature or flow rate in LC analysis. Then, we derived the temperature and flow rate 

dependencies from the plot of the recovery ratios of nucleotides at different temperatures and 

flow rates (Fig. S5†). The recovery ratios of each nucleotide were almost the same at different 

temperatures and flow rates, supporting our hypothesis that molecular recognition for 

nucleotides on ZnO NWs is due to the ionic electrostatic interaction and is independent of the 

temperature and flow rate. In addition, the SEM images indicate that the measurement does not 

corrupt ZnO NWs in the capillary column (Fig. S6†). This physical robustness of ZnO NWs 

may realize stable molecular recognition in harsh physical conditions. 
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Figure S5. Retention behaviors of nucleotides at different temperatures or flow rates on ZnO 

NWs column. (a), (b) Plot of recovery ratio of nucleotides vs temperature. (c), (d) Plot of 

recovery ratio of nucleotides vs flow rate. LC condition: column, ZnO-NWs (30 cm × 100 μm), 

bare capillary (30 cm × 100 μm); mobile phase, (a), (c) water, (c), (d) ACN; detection, UV (260 

nm). 
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Figure S6. Physical damage test of the ZnO NWs after LC analysis. (a) Schematic diagram of 

physical damage test. (b) SEM image of ZnO NWs before LC analysis. (c) SEM image of ZnO 

NWs after LC analysis at high flow rate of 10 μL/min, (c) SEM image of ZnO NWs after LC 

analysis at 50 ℃. 

 

 

4.6 Separation of phosphorylated nucleotides by 

gradient elution 

Nucleotides could be adsorbed on ZnO NWs via the ionic electrostatic interaction of their 

phosphate groups. Eqn (1) indicates that the electrostatic interaction is strongly influenced by 

the dielectric constant of the solvent. Hence, the competitive coordination of salts or decreasing 

the dielectric constant in the electrolyte solutions may tune the adsorption of nucleotides. For 
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the collection of adsorbed nucleotides on ZnO NWs, we evaluated the retention behaviors of 

ATP in different electrolyte solutions such as a NaCl solution, tris(hydroxymethyl) 

aminomethane-HCl (Tris–HCl buffer), and phosphate buffer. Fig. S7† shows the recovery 

ratios of ATP in the different electrolyte solutions. For each electrolyte solution, the ionic 

strength was standardized to 0.2 M. Unexpectedly, the recovery ratios of ATP did not increase 

in the NaCl solution or the Tris– HCl buffer. On the other hand, the recovery ratio of ATP 

significantly increased in the phosphate buffer. These observations may be due to the stronger 

coordination of the phosphate groups to Zn2+ than any other monovalent ions. Thus, the 

adsorption of nucleotides can be controlled by the competitive coordination of phosphate ions 

in the mobile phase due to their same charge. 
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Figure S7. Recovery ratio of ATP in each electrolyte solution as the mobile phase. LC 

condition: column, ZnO-NWs (30 cm × 100 μm), bare capillary (30 cm × 100 μm); mobile 

phase, NaCl solution, Tris-HCl buffer and phosphate buffer; flow rate, 5.0 µL/min; temperature, 

25 °C; detection, UV (260 nm). 

 

Finally, we investigated the effectiveness of the phosphate-gradient condition to separate 

the nucleotides. As expected, AMP, ADP, and ATP were eluted from the ZnO-NW column in 

this order as the concentration of the phosphate ions increased in the mobile phase. However, 

ADP and ATP were not sufficiently separated due to the much lower plate number of the 

column, which is an index of the column efficiency. Briefly, the 30 cm ZnO-NW column was 

not long enough for sufficient separation (Fig. S8†). Increasing the length of the ZnO-NW 

column achieved a more effective separation because a longer column can generate enough 

plate numbers to distinguish between the neighboring peaks.69 
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We prepared a 90 cm ZnO-NW column (meter-long ZnO-NW column) using the flow-

assisted method.40 Fig. 6 shows chromatograms for a mixture of nucleotides. As expected, the 

nucleotides were successfully separated. Furthermore, the change in the back pressure was 

negligible on the meter-long ZnO-NW column (3.1 MPa) compared with the shorter column 

(0.4 MPa) due to the lower packing rate. This value was much lower than that in a typical silica-

based monolithic column (15 cm, 21.1 MPa) under the same conditions. Therefore, the meter-

long ZnO-NW column may realize a novel separation medium for low back pressure and robust 

biomolecular analysis with unique phosphate recognition. In the present situation, the gradient 

separation slightly dissolved the ZnO NWs, and the same column could not provide a 

reproducible separation. The dissolutions of ZnO NWs were not confirmed with NaCl or Tris-

buffer. Thus, the chemical robustness toward the phosphate buffer may be low due to the high 

affinity to the phosphoric groups. To realize a practical separation media, the chemical 

robustness toward the phosphate buffer should be improved in the future. For example, thermal 

annealing treatment is effective for increasing the crystallization and improving the stability of 

ZnO nanowires.70,71 Then, we compared the stabilities of the annealed nanowires (350 °C, 1 h) 

and as-grown nanowires in phosphate buffer. The stability of the annealed nanowires was 

clearly improved and the morphology is maintained after immersing into phosphate buffer for 

5 hours, even though the as-grown nanowires gradually change their morphology and dissolve 

completely after 5 hours. 
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Figure S8. Chromatogram of nucleotides with the meter-long ZnO NWs column with 

phosphate gradient condition. LC conditions: Column, ZnO NWs column (90 cm × 100 μm); 

Mobile phase, (A) water, (B) 250 mM phosphate buffer; 0-1 min, 0% B, 1-21 min 0% B to 

100% B, 21-30 min 100% B; flow rate, 1.0 µL/min; temperature 25 °C; detection, UV (260 

nm). 
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5.1 Introduction 

Decorating artificially inner surface properties of confined spaces offers an interesting 

approach to design novel chemical events within spaces.1–7 An interaction between molecules 

and surrounding inner surfaces clearly dominates phenomena within confined spaces.8–13 

Although there are various surface decoration methods for inner surfaces of confined spaces,14–

16 inorganic solid decorations are particularly interesting candidates due to their thermal and 

chemical robustness and the elemental variation, which are hardly attainable to conventional 

organic surface modifications.8,17,18 Among various inorganic solid surface decoration methods, 

atomic layer deposition (ALD) is one of powerful deposition techniques because of the 

excellent spatial deposition uniformity and atomic layer level thickness controllability even for 

complex nanostructured surfaces including needled like high-aspect ratio nanostructures, 

which are hardly attainable to other conventional deposition methods.19–35 In conventional 

ALD processes, the objects and/or targets to be deposited have been mostly various shaped 

substrates in open-top circumstances,19,20 rather than the inner surface of confined spaces. 

Therefore, commercially available various ALD systems have been designed to operate under 

such open-top environments, where introducing precursors and/or waters into ALD chambers 

is easily performed without adding any special structures due to the relatively high flow 

conductance.22 In principle of ALD, supplying and/or removing precursors (or waters) on 

surfaces are critical processes to appropriately perform depositions.26 Inherently, such supply 
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and removal of precursors tends to be more difficult for confined spaces especially at high 

aspect ratios.23 This is because the flow conductance for exchanging precursors tends to 

decrease as increasing the aspect ratio of confined spaces.36 Although the application of unique 

ALD techniques to confined spaces is clearly fascinating for designing chemical events within 

spaces, above inherent limitation of ALD hinders conventional ALD methodologies from 

performing depositions for inner surfaces of confined spaces. Here we propose a rational 

methodology to overcome above difficulty of ALD for confined spaces. We design own ALD 

systems, which can generate differential pressures to confined spaces. This ALD system 

enables us to successfully deposit TiOx layer onto the inner surface of capillary tubes with the 

length of 1000 mm and the inner diameter of 100 μm, where conventional ALD methods are 

not applicable. Furthermore, we show the superior thermal and chemical robustness of such 

TiOx-coated capillary tubes for molecular separations when compared to conventional 

molecular coated capillary tubes. 
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5.1 In-tube ALD growth by conventional 

method 

Figure 1 (a) illustrates the schematic of experimental systems employed for conventional 

ALD. Microtubes with various inner diameters: ID (ranged from 0.5 mm to 2 mm) and the 

length of 100 mm were placed into the ALD chamber. Ti precursor (TMA) was used for these 

depositions. The deposition temperature was 150 °C. Figure 1(b) shows the spatial uniformity 

of TiOx depositions onto the inner surfaces of microtubes when varying the size of inner 

diameter. Since it is difficult to directly measure the TiOx thin film thickness on the inner wall 

of microtubes with the length of 100 mm, we performed EDS measurements on the inner wall 

to measure the deposited Ti amount. Glass microtube was cut at several points and their EDS 

spectra at cross-sectional images were measured. The EDS intensity ratio of Si (component of 

microtube body) and Ti was extracted as the index of spatial deposition uniformity, as shown 

in Figure 1(b). As clearly seen in Figure 1(b), there is a significant size effect of inner diameter 

(ID) on the the spatial uniformity of TiOx depositions. In the case of microtube with the inner 

diameter of 2 mm, the TiOx deposition was spatially uniform over the microtube length of 100 

mm. However, such deposition uniformity tends to deteriorate as the inner diameter decreases. 

For the inner diameter of 1 mm, the TiOx could be deposited only near both edges of microtubes, 

but not for the center part. When the inner diameter was smaller than 0.5 mm, the TiOx could 

not be deposited at all for entire microtubes. Figure 1c shows the comparison between 
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previously reports and the present data on ALD growth data within microtubes when varying 

the inner diameter and the length.1,37–39 As seen in the figure, the ALD depositable geometry of 

microtubes in previous works is consistent with the present data. The reason why there is a 

difficulty to perform ALD growth within microtubes is clearly related to the low flow 

conductance of capillary microtubes, i.e. the supplied precursors cannot reach the center part 

of microtubes. Thus, there is an inherent limitation of conventional ALD methodology to 

deposit the inner surfaces of microtubes, where the space confinement effect dominates. 

 

 

Figure 1. (a) Schematic of typical ALD system employed, (b) Spatial uniformity data of TiOx 

depositions by conventional ALD system onto the inner surface of microtubes when varying 
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inner diameters, and the relative EDS intensity ratio of Ti/Si (ITi / ISi) and the deposition 

thickness were shown, (c) Comparison between the present data and previous data [1: Chem. 

Mater. 15, 2969 (2003), 2: Proc. of SPIE. 8443, 84433O-1(2012), 3: Ind. Eng. Chem. Res. 54, 

3746 (2015), 4: Rev. Sci. Instrum. 88, 065103 (2017)] on the depositable geometry of 

microtubes by conventional ALD. 

5.2 Limitation of precursor delivery to 

microtubes 

Conventional ALD processes for film depositions are performed in the presence of flows 

to deliver precursors and/or waters onto the target surfaces. However, as illustrated in Figure 

2a, the necessity of such flow process inherently limits the precursor supply into confined 

spaces like microtubes. This is because the flow conductance of microtubes tends to decrease 

as the inner diameter decreases, and a diffusion of precursors dominates the total precursor 

transportation. Based on Arnold’s formula,37 a diffusion is inverse proportional to pressure 

(Equation: D=0.00837T3/2(1/M1+1/M2)1/2/P(V
1/3 

b1 + V
1/3 

b2 )2(1+S12/T)). Thus, within the 

framework of diffusion-rate determining processes, depositing at lower pressures is required to 

enhance the deposition rate via increased diffusion constant. However, for microtubes, a 

precursor supply only via diffusion requires an extremely long time (e.g., estimated to be 3700 

sec for the length of 100 mm and the inner diameter of 100 m: See the calculation details in 

Supplementary Information), which is clearly not realistic time range for experiments. One 
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possible strategy to overcome this issue is to utilize differential pressures across microtubes, 

generating a forced flow. As shown in Figure 2b, we calculate the molecule arrival time through 

the microtubes as a function of differential pressures when varying the inner diameter of 

microtubes. See the calculation details in Supplementary Information. For example, in the 

microtubes with the inner diameters (100 m), the differential pressures are required to be 

above around 500 Pa to generate a forced flow in the realistic deposition time range. Thus, it 

is necessary to apply the differential pressures across microtubes when both supplying 

precursors into microtubes and evacuating them from microtubes. However, such experimental 

procedures are not feasible for conventional ALD systems. We have developed the ALD system, 

which is capable of depositing for confined spaces like microtubes with the low flow 

conductance. 

 

Figure 2. (a) Schematic of molecular behaviors into microtubes in typical ALD systems and/or 

in the forced-flow system proposed in this study, (b) Estimated molecular supply time tsup of 
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a microtube for various inner diameters (ID = 0.1, 1, or 10mm) plotted against differential 

pressures (Phigh - Plow) of inside and outside of the tube. The molecular supply time tsup is 

defined as the time to transport the number of precursor molecules required to form a 

monolayer on the inner wall of the microtubes. 

 

5.3 New ALD and process development 

Figure 3a shows the schematic of newly developed ALD system. In this system and the 

experimental procedures, it is designed to apply the required differential pressures across 

microtubes during both processes including supplying precursors into microtubes and 

removing them from microtubes. As illustrated in Figure 3a, the pressure at both ends of the 

capillary tube can be independently controlled by valve operations, and relatively large 

differential pressures about 104 Pa can be generated for the microtube. The processes for one 

ALD cycle consist of 6 steps, as illustrated in Figure 3b. The first process (Step 1) is a whole 

evacuation of all ALD chamber components. The background pressure values are typically 

around 0.5 Pa. In Step 2, N2 gas mixed with precursors is filled into piping surrounding 

microtubes. In next Step 3, by opening two values (V2 and V3), N2 gas mixed with precursors 

is fully introduced from both ends of microtubes via the generated differential pressure. After 

this precursor deposition onto the inner surface of microtube (Step 3), residual precursors must 

be removed before the next precursor supply. In Step 4, by opening three valves (V2, V3 and 
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V4), residual N2 gas mixed with precursors is evacuated from all piping surrounding microtube. 

However, due to the low flow conductance of microtube, it is impossible to completely remove 

the residual precursor gas from the microtube, as illustrated in Figure 3b. To fully evacuate the 

residual precursors from microtube, in Step 5, pure N2 gas is introduced into surrounding piping 

by opening two valves (V1 and V2). Note that one side piping of microtube near valve (V3) is 

intentionally closed to keep low pressure level (0.5 Pa). And then in Step 6, by opening two 

valves (V3 and V4), the residual precursors can be completely moved from microtubes by the 

N2 forced flow via the pre-generated differential pressure. Thus, by utilizing the differential 

pressures across microtubes, supplying and/or evacuating precursors into/from microtube can 

be performed for ALD processes. Note that these experimental procedures utilizing differential 

pressures are essential to perform ALD growths for any confined spaces. 
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Figure 3. (a) Schematic of the developed ALD system, which can generate differential 

pressures for a forced-flow, (b) Schematic of proposed ALD cycles and 6 steps to perform 

material supply and material removal for confined microtubes. 

 

5.4 Growth into microtubes using new ALD 

Figure 4 shows the successful application of developed ALD procedures to deposit TiOx 

(precursor: TDMAT) onto the inner surface of microtube with the inner diameter of 100 m 

and the length of 1000 mm (the aspect ratio: 10000). Figure 4a shows the photograph of 
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employed whole capillary microtube, and the measurements for deposition uniformity were 

performed at various positions A-J. Figure 4b shows the comparison between the developed 

ALD (High Differential Pressure ALD) and conventional ALD on the TiOx deposition onto the 

inner surface of microtubes. The y-axis values of TiOx deposition thickness were calculated 

from the correlation between EDS intensity and film thickness, which was obtained for TiOx 

films on flat SiOx substrate. Typically, EDS intensity ratio (Ti/Si) of 0.02 corresponds to TiOx 

thickness of 0.4 nm. As clearly seen in Figure 4b, the sample prepared by conventional ALD 

system did not show any TiOx growth in the microtube. On the other hands, spatially uniform 

TiOx deposition can be seen for sample prepared by newly developed ALD system. These 

results highlight that our developed ALD system enables to perform uniform growths on the 

inner surface wall of long capillary microtube with the inner diameter of 100 m and the length 

of 1000 mm. Note that any previous ALD systems are not capable of depositing for such 

capillary microtubes. 
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Figure 4. (a) Photograph of a capillary microtube. the spatial locations measured for EDS were 

highlighted as A-J, (b) Spatial uniformity of TiOx deposition on the inner surfaces at various 

positions of microtube. 

 

 

5.5 Applications of ALD-modified microtubes 

Figure Finally, we examine the applicability of fabricated capillary microtubes with TiOx 

on the inner surface for thermally robust gas chromatography, as illustrated in Figure 5a.  

Figure 5b shows the comparison between the present capillary microtubes with TiOx and 

conventional molecular decorated InertCap FFAP capillary column on the retention data using 
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the carboxylic acids (nonanoic acid, hexanoic acid). To examine the thermal robustness, we 

measured the thermal durability of both capillary columns in the Figure. Figure 5c summarizes 

the thermal durability of retention time when varying the thermal cycling time. As seen in the 

Figure, the present capillary microtubes with TiOx on the inner surface exhibited the superior 

thermal stability when compared with the conventional FFAP capillary column. As the cycle 

number of thermal endurance increased, the retention time of FFAP significantly decreased, 

whereas the retention time of the present capillary microtubes with TiOx could be maintained. 

Thus, the present capillary column coated by TiOx via ALD can separate highly polar molecules 

with the thermally robustness, which had been relatively difficult using conventional molecular 

coted capillary columns. Furthermore, our ALD method could be applied to the nanostructure 

formed in microtubes. We have previously constructed ZnO nanowires (ZnO-NW) on the inner 

wall of microtube capillary and implemented the capillary as a liquid phase separation column; 

the ZnO-NWs could adsorb phosphonic acids via electrostatic interaction.40,41 However, the 

corrosion morphology of ZnO-NWs in the capillary column was confirmed after exposure to 

acetate buffer in 4 h (Figure 4 (d), (e)), and this corrosion led to a loss of adsorption capacity 

for phosphonic acid (See the details in Supporting Information). In contrast, ZnO-NWs coated 

by TiOx via ALD could keep their specific adsorption capacity for phosphonic acids without 

corrosion of their inner-nanowire structures (Figure 4 (e)). Briefly, the TiOx coating via ALD 

improved the chemical robustness as a separation media of ZnO-NWs. Since this capillary 

https://www.google.com/search?rlz=1C5CHFA_enJP906JP906&q=corrosion&spell=1&sa=X&ved=2ahUKEwjMqa6Wq_T7AhXWCN4KHUC2AuUQkeECKAB6BAgFEAE
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column application is just an example of various applications of the proposed ALD system to 

decorate the inner surface of confined spaces, the present rational strategy of space-confined 

ALD offers a unique approach to design chemical and physical properties of various confined 

spaces. 
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Figure5. (a) Overview of molecular separation experiments with ALD-deposited microtubes 

used as GC column. (b) Change in carboxylic acids peak retention time after five measurements 

on a PEG-coated column (left) and a TiOx-deposited column (right). (c) A schematic image of 

liquid-phase leaching resistance tests. 10 mM acetate buffer (pH 4.5) was used as the liquid 

phase. (d) Overview of . (e) SEM images of a ZnO nanowire-arrayed capillary microtube (bare-

NW) and a TiOx-deposited ZnO nanowire-arrayed capillary microtube (TiOx-deposited) after 

soaked with acetate buffer solution for 4 h. 
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6.1 Overall Conclusions 

  Structural and chemical alterations have been made in various ways in confined spaces to 

bring about new chemical interactions. In recent years, sol-gel is the mainstream for chemical 

coating in confined spaces. Although it is possible to create nanostructures by the sol-gel 

method and chemically coat them, there was no modification method that could freely adjust 

the nanostructures or uniformly and finely control the film thickness. This paper focused on 

novel structural and chemical modifications to confined spaces such as microtubes. 

In Chapter 1, we explained the current status and problems of structural and chemical 

modifications to confined spaces. Chapter Ⅰ played a role as a guideline for this thesis. 

Chapter 2 summarizes previous research on structural and chemical modifications to confined 

spaces. Based on the summarized research results, we present problems and countermeasures. 

Chapter 3 summarizes a new method for fabricating ZnO nanostructures on the inner walls of 

microtubes. 

In Chapter 4, we used the ZnO nanowire microtubes fabricated in Chapter 3 to isolate new 

molecules. 

In Chapter 5, we created a new device for ALD in microtubes and used the properties of ALD 

to uniformly grow nanostructures in microtubes. 
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In this study, we succeeded in chemically modifying the ZnO nanostructure and inorganic 

material on the inner wall of the microtube, which allows us to control the film thickness at the 

atomic layer level, which was not possible until now. 

 



 

107 



 

108 

 

 

 

List of Publications 

 
 

  



 

109 

Scientific Journals in This Thesis 

1.  (Chapter Ⅲ)  

“Rational Strategy for Space-Confined Seeded Growth of ZnO Nanowires in Meter-Long  

Microtubes”   

R. Kamei, T. Hosomi, E. Kanao, M. Kanai, K. Nagashima, T. Takahashi, G. Zhang, T. 

Yasui, J. Terao, K. Otsuka, Y. Baba, T. Kubo and T. Yanagida 

ACS Appl. Mater. Interfaces, 13, 16812−16819 (2021) 

2. (Chapter Ⅳ) 

“Moderate Molecular Recognitions on ZnO m-Plane and Their Selective Capture/Release 

of Bio-related Phosphoric Acids” 

E. Kanao, K. Nakano, R. Kamei, T. Hosomi, Y. Ishihama, J. Adachi, T. Kubo, K. Otsuka 

and T. Yanagida 

Nanoscale Adv., 4, 1649–1658 (2022) 

3. (Chapter Ⅴ) 

“Rational Strategy for Space-Confined Atomic Layer Deposition” 

R. Kamei, T. Hosomi, M. Kanai, E. Kanao, J. Liu, T. Takahashi, W. Li, W. Tanaka, K. 

Nagashima, K. Nakano, K. Otsuka, T. Kubo and T. Yanagida 

Submitted (under peer review) 

 

International Conferences 

R. Kamei, T. Hosomi, M. Kanai, E. Kanao, K. Nagashima, T. Takahashi, W. Tanaka, T. Kubo 

and T. Yanagida, “Space-Confined Atomic Layer Deposition,” International Symposium on 

“Functionalization and Flexible Device Application of Atomic Scale Organic and Inorganic 

Material“Hokkaido, Japan, 2022/12/7-9. (Poster) 



 

110 

Domestic Conferences 

亀井 龍真, 細見 拓郎, 金尾 英佑, 金井 真樹, 長島 一樹, 高橋 綱己,  張 国柱, 安

井 隆雄, 寺尾 潤, 大塚 浩二, 久保 拓也, 柳田 剛，「メートル長のマイクロチュー

ブにおける限られた空間での ZnO ナノワイヤのシード成長の合理的戦略」，第 68 回

応用物理学会春季学術講演会，オンライン開催，17p-Z18-8，2019 年 3 月 16-19 日．

（口頭発表） 

 

 

亀井 龍真, 金井 真樹, 細見 拓郎, 長島 一樹, 高橋 綱己, 張 国柱, 柳田 剛，「ZnO 

ナノワイヤを吸着層として利用する分子認識キャピラリーカラムの開発」，第 5 回ナ

ノ分析化学討論会，愛媛大学 城北キャンパス，愛媛，2019 年 12 月 10,11 日．（口

頭発表） 



 

111 



                                                           List of Publications 

112 

 


