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Abstract 

Metal oxide nanowires are promising building blocks for various applications due to their 

unique physical and chemical properties. Among various nanowire growth methods, a 

hydrothermal method is particularly promising because the process can be performed at relatively 

low temperatures (<100 oC). Although efforts have been made to investigate a synthesis and 

control of hydrothermal single crystalline metal oxide nanowires, there are still challenging and 

interesting issues as to the controllability of nanowire size distributions and the surface 

modification and functionalization. 

In chapter I, the general introduction for this thesis is described. In chapter II, the related 

literature review is given to explain the research background of this thesis and the comparison with 

existing knowledge. In chapter III, I demonstrate the effect strategy of excessive ammonia addition 

to significantly increase on the growth rate of ZnO nanowires. We found that the ammonia addition 

substantially narrows the width of “concentration window”. The narrowed “concentration window” 

and the resultant increased growth rate by the ammonia addition can be understood in terms of 

synchronized effects of both (1) a reduction of zinc hydroxide complex (precursor) concentration 

and (2) a fast rate limiting process of ligand exchange between different zinc complexes. The 

present knowledge of “concentration window” will accelerate further tailoring an anisotropic 

crystal growth of hydrothermal ZnO nanowires. In chapter IV, I demonstrated a facile, rational 

method to synthesize monodispersed sized zinc oxide (ZnO) nanowires from randomly sized seeds. 

Uniformly shaped nanowire tips constructed in ammonia-dominated alkaline conditions serve as 

a foundation for the subsequent formation of the monodisperse nanowires. By precisely controlling 

the sharp tip formation and the nucleation, our method substantially narrows the distribution of 

ZnO nanowire diameters. The proposed concept of sharp tip based monodisperse nanowires 

growth can be applied to the growth of diverse metal oxide nanowires and thus paves the way for 

bottom-up grown metal oxide nanowires-integrated nanodevices with a reliable performance. In 

chapter V, I demonstrated an emergence of a thermally robust molecular selectivity with one 
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carbon resolution for aliphatic chains of aldehydes on molecularly templated single crystalline 

ZnO nanowire surfaces with amorphous TiOx shell layers grown by atomic layer deposition. 

Spectroscopic, spectrometric and microstructural measurements revealed that such molecular 

selectivity only emerged when controlling the number of atomic layer deposition cycles with 

anchoring spatially isolated target-aliphatic aldehyde molecules on the ZnO surface during shell 

layer formations. This present method to create thermally robust molecular selectivity on abundant 

oxide surfaces is shown to be simple and highly reproducible and holds promise for scalability and 

applicability to various molecules. In chapter VI, I summarize overall conclusions in this PhD 

thesis.  
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1.1 General Introduction 
1.1.1 Metal Oxide Nanowires 

Due to the advantages of larger surface area,1 grain boundary-free,2 structural design flexibility,3 good 

thermal and chemical stability4 and diversity of functional properties,5 single-crystalline metal oxide nanowires 

are promising candidate materials for electronics,6 energy harvest,7 molecular recognition,8 and human 

interaction.9 Various bottom-up methods based on natural crystallization processes have been well developed to 

grow single-crystal metal oxide nanowires, such as gas-phase and solution-phase methods.10 Although the gas-

phase methods can produce high-quality single-crystal nanowires, the high temperature with more than 600 oC 

is often required, which is a limitation to grow nanowires on the thermal-unstable substrates.11 In contrast, the 

solution-phase method can grow high-quality single-crystalline nanowires even at low temperature below 100 

oC.10 Especially, the hydrothermal method is widely used to synthesize various metal oxide nanowires, including 

ZnO, SnO2, WO3, and so on.12,13 Furthermore, this easy-to-operate method with a low cost enables nanowire 

growth on a large-scale substrate through an environmentally friendly process. In addition, the structural and 

morphological control of nanowires can be conducted by adjusting the growth parameters, such as growth time, 

growth temperature, and solution concentration. Since the structure of nanowires can undoubtedly affect their 

physical and chemical properties, the designed growth of nanowires by hydrothermal method provides a novel 

approach to enhancing the performances in various electronic, magnetic, optical and, thermal applications.14,15,16  
1.1.2 Molecular Recognition 

The molecular recognition is often likened to a “lock “and “key”, which involves interactions 

between host and guest molecules, such as noncovalent interactions, including Van der Waals 

forces, hydrogen bonds, π-π interactions, coordinate bonds, and electrostatic force.17,18,19,20 

Because of their high selectivity for target molecules, molecular recognition-based separation and 

sensing systems have gained much attention in the field of disease diagnosis,21 health monitoring,22 

environmental monitoring,23 security checking,24 drug delivery,25 and so on. Currently, there are 

three main types of detection instruments based on molecular recognition: 1) Mass Spectrometry 

(high resolution but needs more extended analysis time);26 2) Optical methods (high resolution but 
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only apply to small target molecules);27 3) Sensors (small size and portable but limited detection 

targets and low selectivity).28 Considering the advantages of miniaturized sensors, including 

portability, high sensitivity, and fast response, they are one of the most promising next generation 

instruments based on molecular recognition technology in our further life.29 

1.1.3 Nanowire Based Molecular Recognition Surface 
The diverse demand in the molecular recognition and separation process has accelerated 

related science and technology development. Current advances in nanotechnology have greatly 

facilitated the further improvement of the performance of a device due to its dimension in the 

nanoscale range, which exhibits unique properties compared to bulk materials.30 Among the 

various nanomaterials proposed to develop sensor devices, and metal oxide nanowires have 

attracted great interest due to their excellent single crystallinity, well-defined crystal orientations, 

high surface-to-volume ratio, and specific physicochemical properties.31 Significant efforts have 

been made to enhance the performance of metal oxide nanowires-based molecular recognition 

devices in the past years.32 People found that identifying specific molecules can be achieved by 

two approaches of 1) design the growth of the nanowires, including expanding nanowire material 

species, growing specific crystal face of nanowires, controlling the morphology of size, uniformity, 

orientation, and density of nanowires; 2) surface functionalization on nanowires, including doping 

of metal/oxides on surface, molecular assemble on the surface, MOF coated on surface, and 

molecular imprinting on the surface. 

1.1.4 Significance of This Study 
As mentioned above, metal oxide nanowires fabricated by the hydrothermal method provide 

ideal platforms for constructing molecular recognition surfaces, which can be utilized in sensor 

and other device applications. However, there are still many problems in creating a novel 

nanowire-based structure for molecule recognition so far. Firstly, the nanowire growth mechanism 

is not well developed. For example, the limitation of zinc concentration in nanowire growth and 

selective anisotropic growth emerges with a certain concentration range. These result in the slow 
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nanowire growth rate at optimal Zn concentration, how to dramatically increase the growth rate of 

nanowires? Although we found many factors can precisely control the morphology of nanowires, 

once the seed layer is not uniformly distributed, it is very hard to reduce the size distribution of 

fabricated nanowires. How to control the uniformity of the nanowire diameter without using the 

expensive lithography process? Secondly, the selectivity to target molecules of molecular 

recognition elements is dependent on their intrinsic properties of materials. In this case, the targets 

that can selectively interact with materials are limited, and the selectivity is not enough. Therefore, 

how to design a conceptual approach to create a novel type of recognition surface adapted to a 

large number of targets. From the above description, this thesis is focused on the fundamental 

study of nanowire growth, control of the nanowire growth, and conceptual creation of a novel 

nanowire-based recognition surface. 

1.2 Framework of This Thesis 
This thesis consists of six chapters, which are presented as follows: Chapter 1 presents a 

general introduction and the framework of this thesis; In chapter 2, a literature review is proposed 

to give a general introduction of the metal oxide nanowires and their application for molecular 

recognition, the control of nanowire structure and surface functionalization of nanowires are 

highlighted; Chapter 3 proposes a model based on modulation of Rate-limiting process in the 

solution, and successfully enhanced the nanowire growth rate; Chapter 4 presents a rational 

method to synthesis of monodispersed sized ZnO nanowires from randomly sized seeds; Chapter 

5 shows an artificial molecular recognition surface obtained by ALD process and reveals the 

mechanism of molecule selectivity; Chapter 6 finally gives an overall conclusion of this thesis and 

the perspective for possible future work. 
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2.1 Introduction  
As shown in chapter I, this thesis focused on investing the current problems about 

the growth mechanism of nanowires, the control of nanowires structure, and a further 

application on molecular recognition. To gain a deeper understanding of the purpose and 

significance of this work, a thorough review of the current studies is necessary. Therefore, 

in this chapter, we begin by summarizing research progress based on a bottom-up 

nanowire growth approach, including vapor-phase growth and liquid-phase growth 

methods. Then, we further control the structure of the nanowires, including nanowire size, 

nanowire morphology, nanowire position, nanowire orientation, and nanowire density. 

We subsequently discuss metal oxide nanowire for molecular recognition application. 

This is followed by a detailed discussion of various surface modifications of nanowires. 

Including doping/loading of noble metals, molecular assemble, MOF coated, and 

molecular imprinting on nanowires. 

2.2 Synthesis of Metal Oxide Nanowires  
To date, several methods have been developed to fabricate the metal oxide nanowires, 

which can be mainly described as two different types: “top-town”1 and “bottom-up”2 

approaches. The top-down approaches usually utilize planar and lithographic techniques 

to write patterns to obtain well-defined nanowire arrays on substrates. The advantage of 

this approach is the uniformity of the nanowires. However, this method soon reaches its 

limits regarding the need for miniaturized devices because of the difficulty in obtaining 

smaller-sized patterns.3,4 The bottom-up method is a natural crystallization process-based 

approach. Nanowires are fabricated from basic nanoscale units by chemical or physical 

forces. As component size decreases in the nanofabrication process, the bottom-up 

methods have been intensively investigated on the industrial and scientific demand side.5,6 

In the following subsections, the nanowires we discussed are all grown by bottom-up 

approaches. 
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For the bottom-up metal oxide nanowire growth, there are two main types: vapor-

phase growth and liquid-phase growth, while the vapor-phase method can be divided into 

Vapor-Liquid-Solid (VLS) growth and Vapor-Solid (VS) growth.7,8 Among all the 

growth methods, the VLS method is specifically used to fabricate highly crystalline 

nanowires and is widely used in nanotechnology. However, the high growth temperature 

limits its industrial applications, such as growth on many thermally unstable substrates. 

To solve this problem, our group proposed a rational concept to reduce the growth 

temperature in the VLS process by preciously controlling the vapor flux. This concept 

guided us to grow SnO2 and ZnO nanowires on the ITO glass and polyimide substrates at 

a low temperature of 400 °C.7 Furthermore, various semiconducting metal oxide 

nanowires, including zinc oxide, indium oxide, and tin oxide, often have conductive 

properties. However, the origin of the electrical conductivity of the metal oxide nanowires 

is still not clearly explained. Previously, our group proposed a model to explain the 

conductivity of the single SnO2 nanowire. We proved that the VS grow sidewalls of the 

tapered nanowires lead to the conductivity of the nanowires, which is based on the 

competitive growth of VLS core growth and VS side growth. Interestingly, the nanowires 

with the uniform diameter exhibit insulating properties by strictly suppressing VS growth 

on the sidewalls of the tapered nanowires.9  

The liquid-phase method has been demonstrated as a promising method for metal 

oxide nanowires because of the advantage of low growth temperature, large growth scales, 

low cost, and compatibility on various substrates.10,11 Several routes to synthesize 

nanowires in liquid-phase solution were reported, and they can be categorized into 

template-assisted and template-free methods.12,13 The template-assisted methods are often 

combined with the deposition methods, assisted by templates such as aluminum oxide 

(AAO), nano-channel glass, and porous polymer films. The nanowires fabricated by 

template-assisted shows a very uniform size distribution. However, this method is limited 

to metal. Compared to the template-assisted method, the nanowires fabricated by the 
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template-free method are more tedious. Normally, several steps, including 1) formation 

of crystalline seeds; 2) crystal growth on the seeds; 3) surface stabilization by surfactant, 

are usually required.  
 

Methods 
Position 

control 

Size 

control 
Crystallinity Temperature 

Vapor 

Phase 

VLS growth ◎ ◎ ◎ > 800 ºC 

VS growth △ △ ○ > 800 ºC 

Liquid 

Phase 

Template-assisted △ ○ △ < 100 ºC 

Template-free ◎ ○ △ < 100 ºC 

Table 1: Summary of bottom-up metal oxide nanowires fabrication methods 

2.3 Control of the Nanowire Structure  
Nanomaterials have been widely used as a material foundation of sensors and device 

application and have exhibited various degrees of success in improving detection 

sensitivity and selectivity.14,15, No other consideration, nanomaterials themselves can 

provide a novel platform for chemical detections because of their unique electrical, optical 

and catalytic properties. In addition, the large surface-to-volume ratio can provide an 

enormous adsorption surface for enriching the target molecular species.16 Metal oxide 

nanowires with well-defined shaped and crystal planes, which have been used to improve 

the gas sensing selectivity, have received widespread attention. For example, Zhou et al. 

synthesized ZnO nanowires with different diameters and found the diameter-dependent 

sensing performance, demonstrating that ~110 nm ZnO nanowire, which displays the best 

gas response, has the maximum donors and minimum acceptors.17 Zhang et al. group 

designed and synthesized ultrafine W18O49 nanowires that only expose [010] crystal plane 

and found that the selectivity to acetone in VOCs is significantly improved, and 

demonstrated high selectivity comes from the exposure of its single crystal plan [010].18 
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Thus, by controlling the growth of the nanowire, it is possible to regulate the properties 

of the sensors and devices. 

2.3.1 Nanowire Size Control  
As their geometry strongly influences the electrical, optical, and mechanical 

properties of nanostructured materials.19,20 Many efforts have been made to the synthesis 

of monodisperse nanostructures.21,22 Template synthesis is a straightforward chemical 

approach to obtain uniform nanowires.23,24 Polymers (for example, polycarbonate) 

membranes25 and anodic alumina (Al2O3) nanopores26 structures are most commonly 

used.27 No matter the vapor phase techniques or the solution phase techniques, both show 

the crucial importance of a homogeneously sized nucleation to obtain the monodisperse 

nanowires.28,29 A seed patterning approach30 has been demonstrated for controlling the 

initial nucleation, including nanoimprint, photolithography, and electro-beam 

lithography.31,32 In addition, the lithography-free approach has also been demonstrated to 

obtain uniform nanowires. Koivusalo et al. present a lithography-free method to fabricate 

the oxide patterns, which provides a suitable template for the growth of uniform GaAs 

nanowires by Ga-catalyzed technique.33 

2.3.2 Nanowire Morphology Control  
    Control of crystal growth plays a vital role in material designs and various 

properties modulation.34,35 Among the tremendous efforts to control the nanostructures 

synthesis in the past few years, tailoring crystal faces has been an important research topic 

in materials science.36,37 This is because each crystal surface has its unique 

characteristics.38 And the exposed crystal facets are always the dominating factors that 

determine the material’s geometry, structural stability, and properties.39,40 

High temperature-based vapor phase methods have been used for growing many 

advanced nanomaterials.41 Supersaturation has been revealed to play a significant role in 

controlling nanostructure morphology.35 Yin et al. successfully observed a unique facet 
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evolution phenomenon at the nanowire tip at different deposition supersaturation within 

a narrow vapor deposition window.42 They revealed that high-energy crystal facets, 

including the {101̅3} and {112̅2} facets, could be stably exposed at the nanowire tip. 

These crystal areas continuously changed with the various supersaturation. The evolution 

path of crystal facet starts to form (0001) to {101̅3}and subsequently to the {112̅2}, 

finally go back to the (0001) facet due to the continuously decreased supersaturation. 

As for the solution phase synthesized metal oxide nanowires, many strategies have 

been demonstrated to successfully control the nanowire morphology, such as organic-

based surface capping, electrostatic interaction, and the so-called “concentration 

window”, which depends on the difference in critical nucleation concentrations on crystal 

planes and the ligand exchange effect.43,44 Elemental doping, a typical method for tuning 

the properties of inorganic nanomaterials, is often accompanied by various variations in 

the anisotropic crystal growth of metal oxide nanowires.45,46 In the case of ZnO nanowires, 

our group previously demonstrated the concept of “concentration window” in the control 

of ZnO nanowire morphology.47 By varying the concentration of Zn ionic species with a 

certain concentration range, selective anisotropic growth on the (0001) plane can be 

achieved. Furthermore, by means of modulating the nucleation events and impurity 

adsorption, we successfully demonstrated a rational way to control the ZnO nanowire 

morphology and tungsten doped ZnO nanowire.37 In this study, we found that the addition 

of WO42- can enhance nucleation at the (101̅0) plane remarkably, which can generate a 

nano-platelet structure while the dopant incorporation only occurred at the (0001) plane.37 

2.3.3 Nanowire Position Control 
To control the position of nanowires, the area-selective approach which pattern the 

catalyst or metal oxide seed layer before the growth of nanowire has been widely used, 

including nanosphere lithography (NSL),48 laser interference lithography (LIL),49 

nanoimprint lithography (NIL)50 and electron beam lithography (EBL).51 The nanowires 

can be grown in a defined position with seeds that guide nanowire growth.52 By 
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controlling the position of nanowires, the electrical, optical, and mechanical properties of 

the formed nanowires array can be modulated, resulting in a novel designation of various 

miniaturized nanodevices with improved performance in related applications. For 

example, Wei et al. have demonstrated a practical laser interference patterning approach 

for controllable wafer-scale fabrication of ZnO nanowire arrays with controlled position, 

size, and orientation, which can be integrated into devices or technology platforms.53 

Tomioka et al. demonstrated a III–V nanowire channel on silicon for fabricating high-

performance vertical transistors.54 Considering the structure of the vertical device, precise 

control of the position of the nanowires was required for further nano-processing of the 

transistor device.54    

2.3.4 Nanowire Orientation Control  
Controlling the growth orientation of nanowires is crucial for various electronic 

device applications. The nanowires with three kinds of growth orientations, including 

vertically aligned nanowire,55 obliquely aligned nanowires56, and planar aligned 

nanowires57 have shown great promise for applications in the integration of nanowire-

based optical, electrical and magnetic devices. 

Epitaxial growth mechanism58 by controlling the crystal matching effect between 

the crystal plane of the single crystalline substrate (like a-plane or c-plane sapphire 

substrates) and crystal plane of the nanowire is a commonly used method to guide the 

direction of nanowire growth.59 Shalev et al. have demonstrated the guided growth of 

CdSe nanowires with several different growth orientations, including vertically aligned 

nanowires, obliquely aligned nanowires, and planar aligned horizontal nanowires on five 

different plans of sapphire.60 After integrating the nanowires into photodetector devices, 

they found that nanowires with different crystallographic structures and orientations 

exhibit different optical and electrical properties.60 Furthermore, some other methods 

without controlling the crystal plane of substrates have also been demonstrated. Yang’s 

group previously has successfully controlled the well-defined vertically aligned Si 
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nanowires synthesis using the Vapor-Liquid-Solid epitaxial process.61 This method is 

based on the preferred vertical aligned growth direction of material natural features of 

SiCl4 precursor. And this method to control the vertical nanowire growth is compatible 

with various substrates.  

2.3.5 Nanowire Density Control 
Since the density of nanowires is related to the optical, electrical, and mechanical 

interactions of nanowires, it is crucial to control the density of the nanowire arrays.62,63 

Lithography-based methods have been widely used for the density-controlled synthesis 

of well-aligned nanowire arrays.64,65 These methods control the defined positions of the 

nucleation sites such as catalysts and seeds by writing the pattern using the lithography 

technique. Therefore, the density of nanowires can be controlled by the number of 

nucleation sites designed in the lithography pattern. This approach is compatible with 

most nanowire growth methods with the assistance of the catalyst and seed layers. 

However, these synthesis processes are time-consuming, expensive and size-limited on 

the wafer. Therefore, the lithography-free methods through adjusting the concentration 

of catalyst and the density of seed layer have also been demonstrated. For example, Park 

et al. controlled the density of the vertically aligned Si nanowires through an annealing 

process prior to growth via an Au-catalyzed VLS mechanism.66 In this work, the growth 

sites of the Au catalyst were manipulated by pre-annealing during the formation of Au 

nanoparticles from Au films. 

2.4 Metal Oxide Nanowires for Molecular 

Recognition 
Molecular recognition describes the specific association of molecules.67,68 The 

creative ideas of molecular design in the solution phase promote the basic science of 

molecular recognition. However, considering the environmental effects on molecular 

recognition systems, extensive research of molecular recognition in various interfaces and 
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materials has been studied. The results show that the interfacial media significantly 

improve the efficiency of molecular recognition.69,70 If transfer the assembly of 

recognition sites onto the device’s surface, the science of interface recognition becomes 

sensor technology.71,72 To achieve the transmission of the outputs from the molecular 

recognition surface to the external apparatus, immobilizing the molecular recognition 

sites on a solid surface has been exploited.73 With the development of nanotechnology, 

nanostructured materials have attracted a lot of attention due to their regulated geometry, 

large surface-to-volume area, and sufficient channels for the easy diffusion of the target 

molecule. Thus, various nanostructured materials provide an appropriate platform for 

promoting molecular recognition, sensing, removal, and delivery.74,75 

2.5 Modifications of Nanowire Surface  
As the molecular recognition process usually takes place on the surface of the 

nanowire, the performance can also be enhanced by microstructure design and 

modification on the surface of nanowires. Significant efforts have been made to enhance 

the molecular recognition properties. Identifying specific molecules can be achieved by 

selecting different nanowire materials, controlling the crystalline surface of nanowires, 

controlling the size of nanowires, but this approach based on the intrinsic properties of 

the materials is limited in discriminating large amounts of different molecules. In other 

words, the variety of such nanowire materials is very limited if molecules are only 

identified based on their intrinsic properties of interacting with specific molecules. 

Therefore, alternative strategies of surface modification have been investigated to 

enhance the diversity of nanowire materials for various molecular recognition-based 

applications. In this section, we summarized several representative approaches of surface 

modifications for improving the selectivity of molecular recognition technique.  
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2.5.1 Doping/Loading of Noble Metals/Oxides on Nanowire 

Surface 
Doping/loading of noble metal/oxide on metal-oxide nanowire surface has been 

widely employed to functionalize the nanowire-based sensors because of its advantage of 

simplicity and low cost in the fabrication process. It can be easily obtained by simple 

chemical and physical methods, including chemical sputter deposition,76 spin coating,77 

thermal evaporation,78 plasma-assisted methods, and wet chemical methods.79,80 

Considering the metal catalytic properties, doping/loading of noble metals or oxide 

catalysts can enhance the gas sensing properties. Currently, the effects of noble metals on 

the sensing performance of nanowire can be explained with two coexisting mechanisms: 

1) chemical effect (spill-over phenomenon): the noble metal doped on the metal oxide 

nanowire can promote adsorption and dissociation of oxygen molecules in the atmosphere 

into atomic species and then move to the nanowire surface, resulting in an efficient 

chemical reaction;81 2) electric effect: due to their different work functions, the transfer 

of electrons from the conduction band of metal oxide nanowires into noble metals/oxides 

results in the formation of a thicker electron depletion layer, leading to a narrowing of the 

channel. In this case, the concentration of charge carriers is easily modulated when 

exposed to the target molecule.82 For example, Kolmakov et al. demonstrated Pd particles 

functionalized SnO2 nanowire device, which shows a sensitivity improvement toward 

oxygen and hydrogen. The improvement of sensing proprieties was attributed to the 

chemical spillover effect. In other words, the atomic oxygen dissociated on Pd 

nanoparticles migrates to the SnO2 nanowire surface, while the weakly bounded 

molecular oxygens transfer to Pd.83 Lee et al. reported a Fe2O3 decorated ZnO nanowire 

gas sensor with high sensitivity to CO and NH3, and the formation of an α-Fe2O3/ZnO n–

n heterojunction attributed to the enhancement of sensitivity.84 



 
Literature Reviews 

17 
 

In addition to improving the sensing response, doping/loading noble metal and oxide 

can also increase the gas selectivity by utilizing the distinct catalytic activity of materials 

towards the specific gas.85,86 For example, Byoun et al. demonstrated n-ZnO nanoclusters 

decorated p-TeO2 heterostructure nanowires by the ALD technique. As the formation of 

p-n heterojunctions between n-ZnO and p-TeO2, the heterostructure-based sensors are 

more suitable for sensing oxidizing gas, which showed desirable NO2 selectivity 

compared with the interfering gas such as SO2, CO, and C2H5OH.86 

Metal oxide nanomaterials have been a promising material as photocatalyst due to 

their high reactivity, low toxicity, and chemical stability. However, the intrinsic band gap 

restricts their catalytic performance. Doping the noble metal into the metal oxide 

nanomaterials can regulate the band gap of metal oxide nanomaterials. So far, many great 

efforts have been made to develop noble metals and metal oxide hybrid nanomaterials.87,88 

Nguyen et al. demonstrated TiO2/WO3 nanoparticles decorated with Ag nanoparticles for 

improving the selectivity to almost 100% CO as well as the photocatalytic ability of the 

CO2 to produce CO.89 This technique can also be applied to metal oxide nanowires to 

improve the performance as its tunable structure significantly. 

2.5.2 Molecular Assemble on Nanowire Surface 
Among the surface modifications, the modifications of organic compounds on the 

nanowire surface hold the well designability and tunability at a molecular level, 

presenting specific properties which are not attainable with bulk metal oxide 

materials.90,95,91 Self-assembled monolayers (SAMs) which provide a bottom-up 

approach for constructing new materials on multiple length scales by utilizing the 

molecules rather than atomic units. SAMs are formed by the chemisorption of the “head 

group” onto a substrate by non-covalent bonds from either the liquid or vapor phase.92 

Nowadays, organic functionalized nanomaterials have already shown improved 

properties in the field of molecular recognition, such as catalysis, separation, and drug 

delivery.93,99,94 Previously, the molecular recognition on the nanostructures mainly 
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depends on antibody modifications by multi-step modification process. Moreover, the 

antibody modifications cannot avoid the adsorption of undesired proteins in body fluids 

on the nanostructures. To capture the target analytes on the nanostructure surfaces instead 

of antibodies, Shimada et al. reported MPC-SH SAM modified Au/ZnO nanowires for 

increasing the recognition of CRP with calcium ions also reduced nonspecific 

adsorption.95 In addition, organic-inorganic materials also show excellent features in the 

field of gas sensors. Hoffmann et al. demonstrated amine terminated SAMs modified 

SnO2 NWs, which show both remarkable selectivity and sensitivity towards NO2 at room 

temperature. The selectivity of the hybrid sensor is caused by a suitable alignment of the 

gas-SAM frontier molecular orbitals concerning the SAM-NW fermi-level.96 

2.5.3 MOF Coated Modification on Nanowire Surface 
Metal-organic framework (MOF), as an essential class of new materials in metal-

organic materials (MOM), is a framework-structured material consisting of the metal 

center and organic linker. It has attracted great interest in catalysis applications, drug 

delivery, gas storage, separation due to its advantages of settable framework structures, 

large surface areas, regular pores, and open metal sites. And their extraordinary properties 

of gas storage and separation behavior make it very attractive for the gas sensor in air 

quality monitoring, chemical industry, and medical diagnostics.97,1-4,105,106,107,108,98 As the 

low selectivity and exposure to the humidity of the metal oxide-based sensor, the 

combination of metal oxide nanowire and MOFs has been considered as a promising 

approach for enhancing the sensor selectivity. 

Yao et al. obtained ZIF-CoZn coated ZnO nanowires (ZnO@ZIF-CoZn) using a 

simple solution method, which exhibited selectivity to acetone and remained highly stable 

to water vapors at 260 °C. In this work, the authors demonstrated that the selectivity in 

the water vapor is originated from the hydrophobic nature of the ZIF-CoZn layer, which 

serves as a filtration membrane to refuse the entry of water molecule and only allow the 

entry of acetone.99 Tian et al. developed a ZnO@ZIF-8 core-shell heterostructure as a 
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selector for formaldehyde based on the size-selective effects of the aperture of ZIF-8 shell 

layer. Formaldehyde (2.43 Å) can easily pass the pore of the ZIF-8 (3.40 Å), while 

methanol (3.63 Å), ethanol (4.53 Å), acetone (4.60 Å), and toluene (5.25 Å) cannot be 

filtered by the ZIF-8 shell layer.100 Furthermore, due to the tunable pore sizes, controllable 

compositions, and high porosity, MOF-derived metal oxide architectures which are 

prepared by calcination of MOFs, have become a promising sensing material. Koo et al. 

reported a PdO@ZnO loaded hollow SnO2 nanotubes (PdO@ZnO-SnO2 NTs) exhibited 

good selectivity to acetone rather than other interfering gases. This is because the 

PdO@ZnO catalysts are tightly fixed on the wall of SnO2 nanotubes, leading to the 

formation of n-n (ZnO-SnO2) heterojunction and the electronic sensitization effect of PdO. 

Moreover, they successfully identified the patterns of the exhaled breath of healthy people 

and simulated diabetics with PdO@ZnO-SnO2 NTs.101  
 

Gas species   Materials  References 

Formaldehyde ZnO@ZIF-8 nanowire Tian et al.100 

Ethanol ZnO@ZIF-7 nanorods Zhou et al.102 

Acetone ZnO@ZIF-CoZn nanowire Yao et al.99 

hydrogen 
ZnO@ZIF-8 nanowire Drobek et al.103 

ZnO@ZIF-8 nanorod Zhou et al.102 

ZnO@Pd@ZIF-8 nanowire Weber et al.104 

Table 2: MOF coated nanowires for specifically isolating gases 
 

2.5.4 Molecular Imprinting on Nanowire Surface 
 Molecular imprinting technology (MIT) has been regarded as an attractive method 

to fabricate artificial structures with tailor-made sites complementary to the template 

molecules in shape, size, and functional groups.105 The initial application of MIT is 
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molecular imprinted polymers (MIPs), which is firstly fabricated by Wulff and Sarhan in 

1972. They were synthesized by the polymerization of functional and cross-linking 

monomers in the case of a template ligand.106 The process is as follows: first, the 

formation of a complex or a reversible covalent bond between the template and 

polymerizable functional monomers; second, the template-monomer interactions are 

fixed by radical polymerization into polymer network; last, the template is removed, and 

binding sites within the polymer which possess complementary shape and orientation of 

functional groups are formed. The as-formed imprinted structures can selectively 

recognize the template molecules. In recent years, the combination of molecular 

imprinting technology and other technologies is developed and applied to 

chromatographic separation,107 solid phase extraction (SPE)108 and chemical sensors,109 

and more recently is widely used in various fields such as environmental pollution 

treatment, health diagnosis, food inspection,110,111,122,123,124 due to its efficient selectivity. 

However, the MIP also shows the disadvantages of low surface-to-volume ratio, easy 

aggregation, and low thermal robust properties. To overcome this problem, metal oxide 

nanowires-based MIPs have received increasing attention due to their physical and 

chemical robustness. For example, Shi et al. reported a 2,4-D photoelectrochemical 

sensor based on MIP modified TiO2 nanotubes to enhance the selectivity of 2,4-D 

determination in multicomponent water samples.112 Furthermore, Canlas et al. reported a 

novel method to fabricate imprinted metal oxide catalyst by the ALD process. By using 

this structure, the nanocavities can preferentially react with nitrobenzene rather than 

nitroxylene in the photoreduction model and react with benzyl alcohol rather than 2,4,6-

trimethylbenzyl alcohol in the photo-oxidation model.113 
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3.1 Abstract 
A crystal growth of hydrothermal ZnO nanowires essentially requires a 

concentration control within so-called “concentration window”, where the anisotropic 

crystal growth of ZnO nanowires preferentially occurs. Although understanding what 

exactly determines the width of “concentration window” is important to tailor the 

anisotropic crystal growth process, the fundamental knowledge as to “concentration 

window” is still scarce. Here we report the effect of ammonia addition on the width of 

“concentration window” using conventional hydrothermal ZnO nanowire growth. We 

found that the ammonia addition substantially narrows the width of “concentration 

window”. Within the narrow range of zinc complex concentration, we found a significant 

increase of growth rate (up to 2000 nm/h) of ZnO nanowires. The narrowed 

“concentration window” and the resultant increased growth rate by the ammonia addition 

can be understood in terms of synchronized effects of both (1) a reduction of zinc 

hydroxide complex (precursor) concentration and (2) a fast rate limiting process of ligand 

exchange between different zinc complexes. Thus, the present knowledge as to 

“concentration window” will accelerate further tailoring an anisotropic crystal growth of 

hydrothermal ZnO nanowires. 
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3.2 Introduction 
Hydrothermally grown ZnO nanowires have attracted significant attentions of many 

researchers in academia and industry due to their various functional properties, including 

optical and electrical properties1–5. The major useful feature of hydrothermal method is 

that whole hydrothermal processes can be performed under a relatively low-temperature 

range less than 100°C6,7, which is hardly attainable to other conventional vapor-phase 

nanowire growth methods8–13. This low-temperature process expands the application 

range, particularly when integrating nanowires with other components on various 

substrates2,4,14. Preferential nucleation on ZnO (0001) polar plane is a key process for the 

anisotropic ZnO nanowire crystal growth15–17. Previous studies have revealed the roles of 

various parameters, such as pH, temperature, and ionic species on hydrothermal ZnO 

nanowire growth18–27. The origin of anisotropic crystal growth in hydrothermal ZnO 

nanowires has been interpreted in terms of the variations of ionic species in aqueous 

solutions and their electrostatic interactions with ZnO crystal planes18,27. Typically, these 

hydrothermal ZnO nanowires have been grown under an alkaline condition since divalent 

Zn ions (Zn2+) do not hydroxylate in acidic environments25–30. This is because zinc 

hydroxide complexes (Zn(OH)n) are necessary as precursors in solution for ZnO crystal 

growth19,25. A supplying rate of zinc hydroxide complexes to crystal growth interface on 

(0001) plane essentially determines a growth rate of hydrothermal ZnO nanowire 

growths19,25. Therefore, increasing a concentration of zinc hydroxide complexes in 

solution is effective to increase a growth rate of hydrothermal ZnO nanowires. However, 

there are inherent limitations for the enhancement of the nanowire growth rate within the 

framework of conventional strategy based on increasing a precursor concentration. First, 

the homogeneous nucleation in bulk solution occurs at the relatively low Zn concentration 

range30. Tis limits the supplying rate of Zn species to nanowire and the resultant growth 

rate of ZnO nanowires. To suppress this homogeneous nucleation in solution, an ammonia 
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was added27–30. The resultant zinc ammonia complexes act as buffer for Zn species, which 

suppresses the homogeneous nucleation in solution even at relatively high Zn 

concentration range27–30. However, there is another inherent limitation of increasing Zn 

species concentration to keep an anisotropic crystal growth along [0001] direction. This 

is because a face selective anisotropic growth on (0001) plane emerges within a certain 

concentration range16. This is so-called as “concentration window”16. Above the 

concentration range, a crystal growth on (1010) plane tends to simultaneously occur, 

which suppresses an anisotropic crystal growth on (0001) plane, promoting to be a film 

structure rather than a nanowire structure. The precise control of the Zn species 

concentration therefore is necessary to maintain the nanowire morphology without lateral 

(1010) plane growth. This restriction of appropriate concentration range “concentration 

window” for anisotropic ZnO nanowire growths is essential. Although understanding 

what exactly determines the width of “concentration window” is important to design the 

anisotropic crystal growth process of ZnO nanowires, the fundamental knowledge as to 

“concentration window” is still scarce. It is not well understood how a growth condition 

affects the width of “concentration window”, for example the effect of ammonia addition, 

which is frequently employed to suppress a seed nucleation in solution27–30. These 

backgrounds motivated us to study the effect of ammonia addition on the width of 

“concentration window”, which is an essential requirement for the anisotropic nanowire 

crystal growth.  

3.3 Experimental 
ZnO nanowire regular arrays are employed to measure a growth rate of each crystal 

plane. The ZnO nanowire regular arrays are fabricated onto spatially patterned 

photoresist/ZnO seed layer/Al2O3 substrates by utilizing hydrothermal method. Epitaxial 

ZnO seed layers (33nm thickness) are deposited onto single crystalline Al2O3 (0001) 

substrate by pulsed laser deposition31. The deposition temperature and the oxygen partial 
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pressure during film deposition are 600 °C and 1Pa, respectively. Fabricated ZnO seed 

layers are grown along [0001] orientation. Photoresist-AZ5206/Z5200 (2:1) (Electronic 

Materials), which is utilized for a mask of nanowire regular array, is coated onto 

ZnO/Al2O3 substrate by spin-coating at 5000 rpm for 60 s and subsequently bake it at 

120 °C for 2 min. After this process, the circular hole array patterns with 520nm diameter 

and 400 nm interval distances are fabricated by nanoimprint lithography. The patterned 

photoresist is then solidified at 120 °C for 5 min. The photoresist residuals at the bottom 

of patterned hole are removed by reactive ion etching process (JEOL, JP-170). The 

remained photoresist thickness on nonpatterned area is ∼50nm. Ten, we perform the 

hydrothermal ZnO nanowire growth experiments. Solutions for hydrothermal reactions 

are mixtures composed of zinc nitrate hexahydrate-Zn(NO3)2•6H2O (Wako, 99.0%) and 

hexamethylenetetramine-HMTA, (CH2)6N4 (Wako, 99.0%) 15mM. The aqueous solution 

is prepared at room temperature, and the zinc nitrate hexahydrate concentration is varied 

from 0.1 to 40mM to examine the concentration dependence. For the ammonia contained 

growth condition, 500mM ammonia aqueous solution is added after mixing zinc nitrate 

hexahydrate and HMTA. The pH values are measured by using a pH meter (EUTECH, 

Cyber Scan pH310). For the pH control condition, HNO3 is carefully added to the 

ammonia contained growth solution by monitoring the pH value. The patterned substrate 

is immersed into the solution and kept at 95 °C for a given time. Finally, the regular arrays 

of ZnO nanowires grown along [0001] orientation are obtained. Structural 

characterizations of fabricated ZnO nanowires are performed by using x-ray diffraction 

(PHILIPS, X’Pert MRD 45 kV, 40mA), field emission scanning electron microscopy-

SEM (JEOL, JSM-7610F) and transmission electron microscopy-TEM (JEOL, JEM-

ARM200F). Photoluminescence (JASCO, FP-8500), Raman spectroscopy (Tokyo 

Instruments, Nanofnder®30) and UV-vis absorption spectra (JASCO, V-770) are 

measured to examine the properties of nanowires. Visual MINTEQ software is employed 
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to calculate equilibrium concentrations of various ionic species in solution at given 

temperature and pH ranges. 

3.4 Results and Discussions 
Figure 1a shows the fabrication process employed in this study. Epitaxial ZnO seed 

layers (33 nm thickness) are deposited onto single crystalline Al2O3 (0001) substrate by 

pulsed laser deposition31. The deposition temperature and the oxygen partial pressure 

during film deposition are 600°C and 1Pa, respectively. As shown in Fig. 1b, fabricated 

ZnO seed layers are grown along [0001] orientation. The regular arrays of ZnO nanowires 

grown along [0001] orientation is obtained as shown in Fig. 1b, c. Figure 2 shows the 

effect of ammonia addition-500 mM on the nanowire morphologies when varying the 

concentration of zinc nitrate hexahydrate in solution. The other experimental conditions 

are described in experimental method section. As seen in the SEM images, the appropriate 

concentration range “concentration window” for nanowire growth is consistently 

observed. Below the “concentration window”, there is no visible crystal growth. Within 

the “concentration window”, the nanowires tend to grow, and further increasing the 

concentration enhances a crystal growth even along lateral direction, which increases the 

nanowire diameter and finally showing a film structure rather than a nanowire structure. 

It should be highlighted that the ammonia addition substantially narrows the width of 

“concentration window”. Regarding the effect of ammonia addition, there are three 

remarkable differences on the concentration dependence data. First, the ammonia addition 

increases the critical concentration for nanowire growths. Second, the ammonia addition 

lowers the critical concentration for film structures. Third, the ammonia addition 

increases the nanowire growth rate. To specify more quantitatively above trends 

regarding the concentration dependence, we extract the length and radius data of 

fabricated nanowires as a function of a concentration, and the results are shown in Fig. 3. 

Data of nanowires grown for 5h are shown in the figure. The length data and radius data 
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are measured over 100 nanowires in cross-sectional SEM images or top-view SEM 

images. Above three major trends as to the effect of ammonia addition can be more 

quantitatively confirmed in Fig. 3. First, the ammonia addition shifts the critical 

concentrations for nanowire growth to the higher value 1.5mM from 0.15mM. Note that 

the critical concentration value (0.15mM) for nanowire growth without the ammonia 

addition differs from the value (0.01–0.1mM) of our early work16, this is because our 

early work employed an equimolar ratio of the two, whereas the present work used the 

constant concentration (15mM) of hexamethylenetetramine (HMTA) when varying the 

concentration of zinc nitrate hexahydrate from 0.1 to 40mM. On the other hand, the 

ammonia addition lowers the critical concentrations for lateral crystal growth from 5mM 

to 2mM. In addition, as to the nanowire growth rate at the critical concentration for lateral 

crystal growth, the nanowire growth rate with ammonia addition is 570nm/h, which is 

almost 4 times higher than the nanowire growth rate (140nm/h) without ammonia addition. 

These concentration data highlight that the ammonia addition narrows the width of 

“concentration window” with the increased nanowire growth rate. 
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Figure 1. (a) Schematic of fabrication process for regular array of ZnO nanowires. (b) 

XRD data of ZnO seed layer and ZnO nanowires on Al2O3 substrate. (c) Typical SEM 

image of fabricated regular array of ZnO nanowires. 
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Figure 2. Effect of ammonia addition-500mM on ZnO nanowire morphologies when 

varying concentration of zinc nitrate hexahydrate from 0.1 to 40 mM. All growth 

experiments are performed for 5h. (a) SEM images of nanowires grown without ammonia, 

and (b) with excessive ammonia addition -500mM. Upper shows titled images and lower 

shows cross-sectional images, respectively. 
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Figure 3. Zn concentration dependence on the nanowire morphology data (including 

length and radius), which are measured from SEM images of regular arrays. Inset shows 

aspect ratio. All growth experiments are performed for 5h. (a) Zn concentration 

dependence on ZnO nanowire morphology with HMTA 15 mM without ammonia 

addition. (b) Zn concentration dependence on ZnO nanowire morphology with HMTA 

15 mM with ammonia addition-500 mM. In both figures, the Zn concentration range, 

where a nanowire can be grown, is highlighted by a red color. 
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Figure4. (a) Simulation data of ionic species in solution without ammonia addition 

(ammonia is supplied only by decomposition of HMTA). (b) Simulation data for solution 

with 500 mM ammonia addition. (c) Effect of ammonia addition on concentration of 

various zinc complexes. In simulation, the temperature and Zn (NO3)2 concentration are 

set to be 95 °C and 20 mM, respectively. 
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We calculate the populations of existing ionic species in aqueous solution, as shown 

in Fig. 4. The thermodynamic calculations are performed using software-Visual 

MINTEQ. These calculation data reveal the effect of ammonia addition in terms of the 

population of ionic species in aqueous solution. Figure 4(a) shows the calculated 

population data of ionic species in solution without ammonia addition (ammonia is 

supplied only by decomposition of HMTA). Figure 4(b) shows the calculated population 

data of ionic species in solution with ammonia addition-500mM. In these figures, Zn2+, 

Zn (NH4) n, Zn (OH)x, ZnNO3 + are shown as the major ionic species in solution. When 

ammonia is not added, Zn2+ and zinc hydroxide complex ions coexist at pH values ranged 

from 6 to 10. The ammonia addition (500mM) results in the increase of zinc ammonia 

complex ions27–30 via a ligand exchange process at pH values ranged from 6 to 11. These 

zinc ammonia complex ions tend to suppress the populations of zinc hydroxide complex 

ions at pH values ranged from 6 to 10, as increasing the ammonia concentration, as shown 

in Fig. 4c. The increase of zinc ammonia complexes lowers the degree of supersaturation 

of zinc hydroxide complex ions in the growth solution27–30, leading to the increase of 

critical concentration for nanowire growth as shown in Fig. 3b. Since a pH value strongly 

affects the populations of existing ionic species in aqueous solution as seen in Fig. 4, we 

measure pH values for growth conditions of experiments in Fig. 3. The pH values for 

experiments without ammonia addition are ranged from 6.5 to 8 when varying the 

concentration of zinc nitrate hexahydrate (0.1–40mM), which is a weak acid. When 

ammonia-500 mM is added, the pH values are ranged from 10.2 to 11.3 for the 

concentration range (0.1–40 mM) of zinc nitrate hexahydrate. Tus, it is necessary to 

consider the effect of pH to understand the difference between Fig. 3a, b. Based on the 

pH value difference and thermodynamic calculation data in Fig. 4, we consider the effect 

of ammonia addition on the molar ratio of zinc hydroxide complex ions as precursors. 

The molar ratio of total zinc hydroxide complex ions in ammonia-500 mM added solution 

is estimated to be about 0.5 mM, which is approximately 5 times lower than the value-
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2.8mM for solution without ammonia addition. Interestingly, the molar ratio difference 

of hydroxide complex ions is reasonably consistent with the critical concentration 

difference for nanowire growths in Fig. 3a, b (0.15–0.2 mM for case without ammonia 

and 1–1.5 mM for case with ammonia addition). Tis consistency implies that not zinc 

ammonia complex ions but hydroxide complex ions act as a precursor for ZnO nanowire 

growth. Tus, the increase of critical concentration for nanowire growth as shown in 

Fig. 3b can be interpreted in terms of the change of precursor complex concentration in 

solution. It is noted that in the presence of ammonia addition, the nanowire growth rate 

increases even when decreasing the total Zn concentration in solution. 
 

 

Figure 5. Effect of pH control on ZnO nanowire morphology data ((a) SEM image and 

(b) length and radius data) as a function of Zn concentration with HMTA 15mM, 

excessive ammonia addition-500mM and pH=9 control. Inset of (b) shows aspect ratio. 

The Zn concentration rage, where a nanowire can be grown, is heighted by a red color. 
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Figure 6. Effects of ammonia addition and pH control on physical properties of ZnO 

nanowires. (a) Raman spectra data and (b) PL spectra data. 

 

 

Table 1. FWHM of E2(high) peaks for Raman spectroscopy. 

Next we question why the critical concentration for lateral crystal growth of 

nanowires shifts to the lower value from 5 mM to 2 mM with the ammonia addition. This 

effect cannot be interpreted in terms of our above model based on reduced molar ratio of 

zinc hydroxide complex ions. Here we consider the difference of pH values due to the 

ammonia addition to explain this effect. An effective surface charge of crystal plane 

varies from a positive value to a negative value below and above an isoelectric point 

(IEP)32,33. It has been reported that IEP value for (0001) plane of ZnO is reported to be 

8.7±0.2, which is lower than that for (1010) plane-10.2±0.232,33. In other words, the 

effective surface charge of (1010) plane is always higher than that of (0001) plane at 

moderate pH range. At pH range 10–11 for ammonia addition experiments, both crystal 

planes must be charged more negatively than those at pH range 6.5–8 for experiments 
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without ammonia addition. As seen in the populations of ionic species in aqueous solution, 

for ammonia addition experiments at pH range 10–11, the major positively charged ions 

are zinc ammonia complex ions-Zn (NH3)42+, and the major negatively charged ions are 

NO3−. On the other hand, for experiments without ammonia addition at pH range 6.5–8, 

the major positively charged ions are -Zn2+, and the major negatively charged ions are 

NO3−. Since the crystal planes of ZnO at pH range-10–11 should be negatively charged, 

the major positively charged ions-Zn (NH3)42+ should act as a counter ion, forming an 

electric double layer onto crystal planes. In this case, the rate limiting process for ZnO 

nanowire crystal growth is a ligand exchange reaction from zinc ammonia complexes 

surrounding the nanowire surface to hydroxide complexes. On the other hand, the major 

counter ions on positively charged crystal planes at pH range 6.5–8 are NO3−, which do 

not contain Zn. In this case, the diffusion of zinc hydroxide complex ions is the rate 

limiting process for ZnO nanowire crystal growth. Tus, these rather contrasting results as 

to a polarity infers that the critical concentration for lateral crystal growth of nanowires 

is reduced due to the accumulated positively charged Zn source ions at the crystal growth 

interface. 
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Figure 7. Effect of ammonia addition and pH control on TEM images of ZnO nanowires. 

Next, we explain how the growth rate of ZnO nanowires can be enhanced when we 

control the zinc complex concentration within “concentration window”. The increased 

nanowire growth rate seems to be contradictive since a nanowire heterogeneous 

nucleation rate is reduced by a reduction of precursor complex (Zn (OH)x) concentrations. 

To explain this apparently contradictory observations of a reduced nanowire 



 
Chapter III 

49 
 

heterogeneous nucleation rate and an increased growth rate above the nucleation 

threshold, we consider the surface polarity variation and the distribution of zinc complex 

ion species. We propose a model based on a fast rate limiting process of a ligand exchange 

reaction between zinc ammonia complexes and hydroxide complexes (Zn(NH3)x + H2O 

→ Zn(OH)x + NH3(OH) from a diffusion dominant process. In the presence of excessive 

ammonia-500mM, the major zinc complexes are zinc ammonia complexes, as calculated 

in Fig. 4. Since zinc hydroxide complexes are a direct precursor for ZnO crystal growth, 

a ligand exchange reaction between zinc ammonia complexes and hydroxide complexes 

becomes a rate limiting process for the crystal growth. Considering the crystal growth 

situation near the interface, the zinc hydroxide complexes are surrounded by a plenty of 

zinc ammonia complexes. Since an equiblium zinc hydroxide complex concentration is 

substantially lower than that of zinc ammonia complexes, the consumed zinc hydroxide 

complex for crystal growth can be simultaneously compensated by a plenty of 

surrounding zinc ammonia complexes via the ligand exchange reaction. Considering the 

equiblium molar ratio between the two zinc complexes as calculated in Fig. 4, the reaction 

must be rather dynamic. Therefore, this fast ligand exchange reaction is important to 

understand the nanowire growth rate enhancement with ammonia addition. Based on this 

model, we further enhance a nanowire growth rate. Consider the thermodynamic 

calculation data (Fig. 4) as to the equilibrium molar ratio of zinc hydroxide complex ions 

when varying PH. As seen in Fig. 4b, the equilibrium molar ratio of zinc hydroxide 

complex ions can be further reduced at pH=9 from pH=10–11 for experiments in Fig. 3b. 

Therefore, we control the pH value by using HNO3. Figure 5 shows the Zn concentration 

dependence data of nanowire morphology when the pH value is set to be 9. As can be 

seen, the growth rate is drastically enhanced up to 2000 nm/h with maintaining the 

nanowire morphology, which is higher than 570 nm/h in Fig. 3b with ammonia addition 

and 140 nm/h in Fig. 3a without ammonia addition. As to the mechanism, looking at the 

critical concentration for nanowire growth is interesting, which is further increased to 
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10mM. In fact, this value is almost 10 times higher than that for experiments (with 

ammonia addition at pH=10–11) in Fig. 3b and 100 times higher than that for experiments 

(without ammonia at pH=6.5–8) in Fig. 3a. These results highlight that controlling zinc 

complex concentration with pH control can further enhance the nanowire growth rate via 

further reducing the equilibrium molar ratio of zinc hydroxide complex ions. The pH 

control further narrows the width of “concentration window”. 

 

 

Figure 8. Applicability of the present strategy for hydrothermal ZnO nanowire growth 

for various substrates including glass, PEN and PET substrates (growth time: 5h, growth 

temperature:95°C, and Zn concentration: 20mM). For these experiments, the ZnO seed 

layers with polycrystalline form are deposited by sputtering at room temperature. 

Effect of ammonia addition on physical properties of nanowires. Finally, we 

examine the effect of ammonia addition on the physical properties of fabricated ZnO 
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nanowires. Figure 6 show the Raman spectra data and the photoluminescence (PL) 

spectra data of fabricated ZnO nanowires. All measurements are performed at room 

temperature. For Raman spectroscopy measurement, we utilize a laser with excitation 

wavelength of 532 nm. The observed peaks are assigned as E2 (low), E2 (high), A1 (TO), 

A1 (LO), LO (A1+E1), E2 (high) - E2 (low) phonon modes, which are prominent peaks 

of wurtzite ZnO structure.34–36 We utilize E2 (high) peak to evaluate the crystalline quality 

of ZnO nanowires, which is attributed to the vibration of oxygen sublattice.34,35 The full 

width half maximum (FWHM) of high frequency E2 mode (E2 (high)) peaks tends to 

decrease for ammonia addition and pH control, as shown in Table 1, highlighting the 

improvement of crystallinity. For the PL spectra data of fabricated ZnO nanowires, the 

broad peaks are commonly observed at the wavelength range of 500–750 nm, which are 

related to the deep level defects of ZnO. The intensity of spectra is normalized at near 

band edge emission (NBE) peaks as shown in inset. We find that the intensity of defect 

peaks tends to decrease by ammonia addition and pH control while the wavelength of 

both the NBE peaks and the defect peaks are almost unchanged, indicating the 

improvement of crystallinity as consistent with the Raman spectra data. Figure 7 shows 

the TEM images of fabricated ZnO nanowires. As can be seen, all ZnO nanowires 

consistently showed the single crystallinity. The TEM images show a tapering on both 

ammonia (and HNO3) addition samples. This is because of narrowed concentration 

window width, since the occurrence of film growth at nanowire sidewall tends to be not 

negligible in such narrowed concentration window. All data consistently demonstrate that 

the ammonia addition and pH control increase the crystallinity of ZnO nanowires. These 

trends are contradictive to the previous report of which the crystallinity of hydrothermal 

ZnO nanowires decreases by the ammonia addition37. One possible reason to explain 

these contradictive results is the difference of lateral growth. Since Watanabe et al. 

reported that the crystal grown on (1010) plane contains more crystal imperfections than 

that grown on (0001) plane,38 the decrease of crystallinity in previous study is presumably 
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due to the promotion of crystal growth on (1010) plane by ammonia addition. On the 

other hand, in this study, we suppress the lateral growth by precisely control the Zn 

concentration within the “concentration window”. Although further systematic 

investigations are needed to elucidate the exact roles ammonia and pH on the crystallinity 

of hydrothermal ZnO nanowires, these results indicate that “concentration window” 

principle allows us not only to enhance the anisotropic crystal growth but also to elucidate 

the intrinsic property of hydrothermal ZnO nanowires. All data consistently demonstrate 

that the ammonia addition does not significantly alter the physical properties of ZnO 

nanowires. In addition, we examine the applicability of the present method for various 

substrates including glass, flexible polyethylene naphthalate (PEN) and polyethylene 

terephthalate (PET) substrates, as shown in Fig. 8. Since the applicability of nanowire 

arrays on flexible substrates has been demonstrated,39 the present methodology would 

further promote such applications of nanowires. 
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3.5 Conclusion 
In summary, we show the effect of ammonia addition on the width of “concentration 

window” using conventional hydrothermal ZnO nanowire growth. We found that the 

addition of ammonia substantially narrows the width of “concentration window”. Within 

the narrow range of zinc complex concentration, we found a significant enhancement of 

growth rate (up to 2000 nm/h) of ZnO nanowires. This concept of narrowed 

“concentration window” would be useful especially when it is necessary to increase a 

growth rate of hydrothermal ZnO nanowires without any additional equipment. The 

narrowed “concentration window” and the resultant growth enhancement by an ammonia 

addition can be understood in terms of two synchronized effects of both a reduction of 

zinc hydroxide complex concentration and a fast rate limiting process of ligand exchange 

between different zinc complexes when the critical nucleation emerges. 
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4.1 Abstract 
We demonstrate the facile, rational synthesis of monodispersed sized zinc oxide 

(ZnO) nanowires from randomly sized seeds by hydrothermal growth. Uniformly shaped 

nanowire tips constructed in ammonia-dominated alkaline conditions serve as a 

foundation for the subsequent formation of the monodisperse nanowires. By precisely 

controlling the sharp tip formation and the nucleation, our method substantially narrows 

the distribution of ZnO nanowire diameters from s = 13.5 nm down to s = 1.3 nm and 

controls their diameter by a completely bottom-up method, even initiating from randomly 

sized seeds. The proposed concept of sharp tip based monodisperse nanowires growth 

can be applied to the growth of diverse metal oxide nanowires and thus paves the way for 

bottom-up grown metal oxide nanowires-integrated nanodevices with a reliable 

performance. 
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4.2 Introduction  
Spontaneously assembled (i.e., bottom-up grown) metal oxide nanomaterials are a 

rapidly expanding research topic in both fundamental sciences1-5 and interactive 

nanodevice applications6-17 due to their intriguing properties and their high thermal and 

chemical robustness.18 In bottom-up nanomaterials synthesis, structural control is the 

most fundamental challenging issue. In fact, the cost of commercial nanomaterials raises 

rapidly as their size distribution narrows. This is because the electrical, optical and 

mechanical properties of nanostructured materials are strongly influenced by their 

geometry.19-24 In nanowires, in particular, the field effect becomes more relevant in 

electrical conduction as the diameter decreases, and the mechanical flexibility is 

enhanced19,23. Additionally, the absorption spectrum widely varies with the diameter.21,22 

These structure-induced variations in nanowire properties lead to a batch-to-batch 

variability in the performance of the devices. Therefore, the synthesis of monodisperse 

nanomaterials is strongly required for device applications with selected properties and 

reliable performance based on metal oxide nanomaterials. 

In order to synthesize such monodisperse metal oxide nanowires, most fundamental 

research has been devoted to understand the principles of nanowire growth using various 

techniques, including vapor-phase25-27 and solution-phase synthesis.28-38 Many studies 

consistently showed the crucial importance of a homogeneously sized initial nucleation 

to obtain the monodisperse nanowires. For controlling the initial nucleation, a seed pre-

patterning approach on substrate that defines the seed size has been demonstrated via 

different lithographic techniques.33-35,39,40 However, these techniques are highly costly 

and restricted to operation in limited areas. This has held back the usage of bottom-up 

grown metal oxide nanowires in fundamental science and device applications. Therefore, 

an alternative lithography-free, scalable approach for synthesizing monodisperse 

nanowires is strongly demanded. 
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In this study, we demonstrate a very facile, rational synthesis of monodisperse zinc 

oxide (ZnO) nanowires by seed-assisted hydrothermal growth. ZnO nanowires are among 

the most intensively investigated metal oxide nanowires due to their outstanding electrical 

and chemical properties.5,6,12-14,16,25,29 Our method enables the unprecedented growth of 

monodispersed sized ZnO nanowires from randomly sized seeds. 

4.3 Experimental  
The ZnO nanowires used in this study were fabricated via a seed-assisted 

hydrothermal method. Before the hydrothermal process, a ZnO seed layer with a 

thickness of ca. 30 nm was deposited on a SiO2/Si (100) substrate by radio frequency 

(RF) sputtering at room temperature with a power of 50 W, Ar pressure of 0.3 Pa, and 

deposition time of 20 min. Note that a Ti layer of 1 nm was introduced between the ZnO 

layer and the substrate to ensure adhesion. The growth solution was prepared at room 

temperature by dissolving in deionized (DI) water zinc nitrate hexahydrate 

Zn(NO3)2·6H2O (Wako, 99.0% pure), hexamethylenetetramine (HMTA) (CH6)2N4 

(Wako, 99.0% pure), and polyethylenimine (PEI) [-CH2CH2NH-]n with average 

molecular weight (m.w.) of 1800 (Aldrich, 50wt.% in H2O); the ratio of 

Zn(NO3)2:HMTA:PEI = 1:1:0.1. In the two-step growth, we added 50 mM of NH3 in step 

1. The hydrothermal growth process was conducted by immersing the seed layer-coated 

substrate into 100 ml growth solution upside-down. The pH value of the solution was 

measured before nanowire growth. A growth temperature of 95 °C was maintained during 

the whole growth process. The growth time and Zn concentration CZn were varied to 

unravel their contribution to the nanowire growth. In the two-step growth, the samples 

were rinsed in DI water after the first step and moved into the solution for the second one 

without prior drying. After the whole growth, the samples were rinsed in DI water and 

dried with an air blower. The morphology of the ZnO nanostructures was characterized 

by field emission scanning electron microscopy (FESEM, JEOL JSM-7610F 30 kV). To 
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characterize the crystallinity and the tip angle of ZnO nanowires, transmission electron 

microscopy (TEM, JEOL JEM-2100F and ARM-200F 200 kV) was used. The nanowire 

diameter and the tip angle were statistically evaluated from 100 nanowires. Visual 

MINTEQ software was employed to calculate the equilibrium concentrations of ionic 

species in the growth solution at given temperature and pH conditions. 

4.4 Results and Discussions 
We serendipitously found the emergence of monodisperse ZnO nanowires from 

randomly sized seeds when hydrothermal synthesis28-31,33-38 was conducted by a two-step 

process composed of an ammonia-added ‘step 1’ and an ammonia-free ‘step 2’. Figure 1 

(a) and (b) show typical field emission scanning electron microscopy (FESEM) images 

of ZnO nanowires fabricated by two-step and single-step growth, respectively. Detailed 

growth conditions are reported in the Experimental Section. Nanowires with a narrow 

diameter distribution are clearly observed when we employ the two-step growth. The 

details of the monodisperse ZnO nanowires are shown in figure S1. Oppositely, a wide 

diameter distribution is observed in the single-step-grown ZnO nanowires. These trends 

are evidenced by the statistical analysis of Figure 1 (c). The mean diameter dave and the 

standard deviation s of the ZnO nanowires are dave=17.5 nm, s=1.3 nm for the nanowires 

of Figure 1 (a) and dave=28.2 nm, s=13.5 nm for those of Figure 1 (b), as summarized in 

Table 1. Such a narrow size distribution of two-step grown nanowires cannot be obtained 

in single-step growth, where only the nucleation rate can be controlled by tuning the 

precursor concentration (Figure S2)32-34. Note that the diameter distribution of the two-

step grown nanowires becomes narrower than that of the seeds (dave=19.1 nm, s=4.3 nm) 

(Figure S3). These results, obtained in absence of a specific treatment, indicate that the 

two-step growth allows to synthesize monodisperse ZnO nanowires even from randomly 

sized seeds.  
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Figure 1. Typical FESEM images of the ZnO nanowires grown on a Si substrate by (a) 

two-step growth (with 50 mM NH3 and CZn = 2.5 mM for step 1, no NH3 and CZn = 5 mM 

for step 2) and (b) single-step growth (no NH3 and CZn = 5 mM). In the two-step growth, 

the growth time for step 1 and step 2 are 3 and 12 h, respectively. The single-step growth 

time is 12 h. (c) The diameter distribution of (a) and (b). 

In order to find out if any of the growth processes crucially contributes to the 

synthesis of monodisperse ZnO nanowires, we examined each in detail. Figure 2 (a) 

shows the FESEM images of ZnO nanowires grown by step 1 only, step 2 only, two-step 

process (step 1 → step 2), and inverse two-step process (step 2 → step 1). As seen, 

monodisperse ZnO nanowires are only grown by a step 1 → step 2 two-step process. We 

found that the short, sharp-tip nanostructures are formed in the ammonia-added step 1, 

and the monodisperse nanowires are grown in the subsequent step 2. Note that the 

diameter of two-step grown nanowires is smaller than that of nanostructures grown by 

step 1 only. This indicates that the diameter of the two-step grown nanowires does not 
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follow the size of the preformed seeds or nanostructures, unlike that of seed assisted 

grown ZnO nanowires of previous studies.35 Figure 2 (b) shows the effect of step 1 growth 

time on the standard deviation and the diameter (inset) of two-step grown ZnO nanowires. 

In these experiments, the step 2 conditions are kept constant. In the FESEM observations 

of the ZnO nanostructures after step 1 (Figure S4), no morphological variation in sharp-

tip ZnO nanostructures is seen when varying the step 1 growth time. On the contrary, both 

the diameter and the standard deviation of two-step grown nanowires continuously 

decrease when increasing the step 1 growth time, stabilizing after 2 hours. This shows the 

impact of this step in narrowing the size distribution. Thus, the results of Figure 2 (a) and 

(b) evidence that the ammonia-added step 1 is the crucial one to synthesize monodisperse 

ZnO nanowires. 

 

Figure 2. (a) FESEM images of the ZnO nanowires/nanostructures grown by step 1 only 

(upper left), step 2 only (upper right), two-step process (step 1 → step 2, lower left), and 

inversed two-step process (step 2 → step 1, lower right), respectively. The growth time 

for step 1 and step 2 is 3 h and 12 h, respectively. Note that the growth time of step 1 and 

step 2 in the inversed sequence is also inverted in order to clarify the effect of the growth 

sequence independently from the growth time. (b) Standard deviation σ for the diameter 

of the two-step grown ZnO nanowires as a function of the growth time of step 1. The inset 

graph shows the nanowire diameters d. For this experiment, the growth time of step 2 is 

kept constant. In all the above experiments, the ammonia and Zn concentrations were 

NH3 50 mM, CZn=2.5 mM for step 1 and no NH3, CZn=5 mM for step 2, respectively. 
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Because the monodisperse ZnO nanowires are grown from the sharp-tip 

nanostructures obtained by the ammonia-added step 1, the formation of sharp tips is a key 

process in the monodisperse nanowire growth. In fact, monodisperse nanowires are 

grown only when the sharp tips are formed (Figure S5). Here, we investigate the sharp 

tip formation in the ammonia-added step 1. Since zinc hydroxide [Zn(OH)m]2-m ions and 

zinc amine complex [Zn(NH3)n]2+ ions are stabilized in the ammonia-added alkaline 

solution (Figure S6), it is natural to assume that the formation of sharp tips is related to 

the simultaneous dissociation of ZnO during crystal growth. In fact, sharp-tip ZnO 

nanowire formation in ammonia-contained alkaline solution has been reported previously, 

although the details of the formation mechanism are still controversial41-44. To elucidate 

the role of sharp tip formation in ammonia, we performed ammonia-based chemical 

etching of the flat-top ZnO nanowires, as shown in Figure 3. Figure 3 (a) shows a time 

series of FESEM images of the ammonia etched ZnO nanowires and the subsequent 

nanowire growth. When increasing the etching time, the nanowire tip tends to sharpen 

without significant modifications of the stem nanowire diameter. In addition, we find that 

monodisperse nanowires are successfully grown by forming sharp tips even if their 

diameter distribution is wide (s = 21.1 nm, Figure S7). The sharp tip formation and the 

nanowire growth from the tip are also confirmed by the transmission electron microscopy 

(TEM) characterization of Figure 3 (b). Since the sharp tips are not formed by NaOH 

etching (Figure S8), the key role in sharp tip formation is played by ammonia rather than 

by the pH value. Thus, these results reveal that the ammonia-formed sharp tips serve as a 

foundation for the growth of monodisperse nanowires. 

 

 



 
Chapter IV 

65 
 

 

Figure 3. (a) Time series of FESEM images for the ammonia-based chemical etching 

(pH=11.4) of the ZnO nanowires (upper series) and the results of subsequent nanowires 

growth (lower series). In this experiment, the ZnO nanowires with flat top are first 

fabricated by no NH3 and CZn=25 mM for 12 h before the chemical etching, and the 

subsequent nanowire growth is conducted with no NH3 and CZn=5 mM for 12 h. (b) TEM 

images of the initial ZnO nanowires, the etched ZnO nanowires and the ZnO nanowires 

after the subsequent growth. The chemically etched part and the subsequently grown part 

are colored by blue and red, respectively. (c) Distribution of ZnO nanowires tip angle 



 
Chapter IV 

66 
 

after performing ammonia-etching for 3 h. Structural information of the ZnO nanowires 

exposing the (101%1) plane is also shown. 

Figure 4. Schematic illustration of the growth process of the monodisperse ZnO 

nanowires from randomly sized seeds. The sharp tips faceted by {101%1} planes are 

formed by ammonia-etching, associated with the formation of [Zn(NH3)4]2+ ions via the 

coordination of NH3 molecules to the Zn sites. The energetically unfavorable tips serve 

as nucleation points for the subsequent nanowire growth. The nucleation on uniformly 

shaped and spatially separated seed/nanowire tips are of critical importance for the 

monodisperse nanowires growth. 

We now discuss why the monodisperse ZnO nanowires can be grown on the sharp-

tip nanostructures/nanowires. From the TEM images and the tip angle distribution of 

Figure 3 (b) and (c), respectively, we found that chemical etching maintains the crystal 

planes tilted by 32° from the [0001] growth direction, consistently with the ZnO {101%1} 

planes.45 Combining such {101%1} planes lead to the formation of uniformly shaped sharp 



 
Chapter IV 

67 
 

tips independently of the initial size and morphology of the seeds/nanowires. Next, we 

consider the nanowire growth from sharp tips, which is a crucial mechanism for the 

formation of monodisperse nanowires. Since the tips of the seeds/nanowires have 

energetically unfavorable dangling bonds, nucleation preferentially occurs at such bonds 

in order to eliminate the tips. Regarding the size and shape of the nuclei, these are 

determined by minimizing their total Gibbs free energy. According to the SEM image 

(Figure S7), the ZnO nanowires mainly expose the (0001) and (101%0) planes, with the 

latter appearing to be energetically favored over the former in ammonia-free growth 

conditions. In this case, i.e., when the degree of supersaturation is sufficiently low, 

nanowires with a small diameter grow at the tips to minimize the appearance of the (0001) 

plane. Because the (0001) plane is no longer found after forming the sharp tips in the 

ammonia-added step 1, the nuclei size is determined solely by the thermodynamic 

conditions; thereby, a homogeneously sized nucleation can be obtained at the tip of the 

nanowires. Recently, Demes et al.46 found that anisotropic nanowire growth starts when 

the nuclei size is around 20-25 nm at a relatively low concentration of Zn precursor (CZn 

~ 1 mM) and a growth temperature of 90 °C. Our growth conditions (CZn = 5 mM and T 

= 95 °C) and the observed nanowire diameter (dave = 17.5 nm) are similar to these, 

suggesting that the size of the monodisperse nanowires grown in step 2 is governed by 

the thermodynamic conditions. Note that despite the similar growth conditions, Demes et 

al. did not observe monodispersed sizes of the nanowires. This might be due to the 

presence of randomly sized (0001) planes on the seeds, assuming that the diameter of 

each nanowire depends on the size of the pre-existing (0001) plane. Furthermore, in their 

study, adjacent nuclei merged during the growth of nanowires, which is detrimental for 

synthetizing monodisperse nanowires. The tips of our seeds/nanowires are loosely 

distributed, differently from the densely deposited grains of the conventional seed layer. 

This promotes the growth of separate nanowires by suppressing the merging of the nuclei. 

Thus, homogeneously sized nucleation from spatially separated nanowire tips 
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significantly contributes to the synthesis of monodisperse nanowires, as schematically 

shown in Figure 4. 

In the growth mechanism, the size of the nanowires must be monodispersed as long 

as the size of the nanowires grown on the tips does not exceed the diameter of the stem 

seeds/nanowires. To confirm this hypothesis, we examine the size of the monodisperse 

ZnO nanowires. As reported in our previous study, 32,33 the morphology of ZnO nanowires 

can be designed by controlling the competitive nucleation from the (0001) and (101%0) 

planes, i.e., by tuning the supersaturation degree of the growth solution. This is because 

a critical concentration for a nucleation strongly depends on interfacial energy of crystal 

planes, e.g. (0001) plane with higher interfacial energy has lower free energy barrier than 

(101%0) plane with lower interfacial energy (the detailed mechanism is described in 

supporting information). In particular, the nanowire diameter is varied by controlling the 

Zn precursor concentration at above the critical concentration for the (101%0) plane 

nucleation. Figure 5 (a) shows the dependence of the Zn concentration on the diameter of 

single-step nanowires grown in ammonia-free conditions. Threshold concentrations of 3 

mM for nanowire growth and 5 mM for lateral growth are seen, corresponding to the 

critical concentrations for (0001) and (101%0)  planes’ nucleation, respectively. This 

implies that the diameter of monodisperse nanowires can be modulated by controlling the 

Zn concentration above 5 mM. Figure 5 (b)-(d) show the dependence of the diameter of 

two-step grown nanowires on the Zn concentration CZn, its magnification for CZn in the 

100-102 mM range, and the dependence of the standard deviation on CZn in the same range, 

respectively. In this experiment, only the Zn concentration in step 2 is varied, keeping the 

other conditions constant (the details are reported in the caption). As expected from the 

results of Figure 5 (a), the nanowire diameter is successfully modulated by maintaining 

the standard deviation s < 2 nm when controlling the Zn concentration at above 5 mM. 

We also found that the size can no longer be controlled when the diameter exceeds that 

of the stem nanowires at ca. 30 nm; that is, the diameter distribution greatly widens as the 



 
Chapter IV 

69 
 

diameter increases up to 30 nm. In principle, the diameter of monodisperse nanowires 

could be controlled in a wide range by growing the nanowires at the tip of nanowires with 

a larger diameter. Thus, our two-step growth method provides a rational approach for the 

previously unreported synthesis of monodisperse metal oxide nanowires and for tuning 

their diameter even when starting from randomly sized seeds. 

4.5 Conclusion 
In conclusion, we proposed a very facile, rational synthesis of monodisperse ZnO 

nanowires from randomly sized seeds. Nanowire tips formed in ammonia-dominated 

alkaline conditions serve as a seed for the growth of the monodisperse nanowires. The 

shape uniformity and the spatial separation of the seed/nanowire tips is of critical 

importance for the growth. By a seed-engineering approach, we successfully synthesized 

monodisperse ZnO nanowires (s=1.3 nm) from randomly sized seeds (s=4.3 nm) and 

nanowires (s=21.1 nm) without any high-cost lithographic techniques. The most 

important point of proposed method is to synthesize the sharp nanowire tips, where the 

size of crystal plane dominating a nanowire growth is extremely minimized. Since the 

size of nuclei on the sharp tips is simply dominated by thermodynamic condition, 

monodisperse nanowires are available by precisely controlling the nucleation event in the 

secondary growth step. In practice, the ammonia-etching approach utilized for the 

formation of sharp tips of ZnO nanowires cannot be directly applied to different metal 

oxide nanowires. Nevertheless, the proposed concept of two-step growth consisting of 

the sharp tip formation and the subsequent nucleation control on the sharp tips must be 

general for monodisperse nanowire synthesis in diverse metal oxide nanowires. Thus, we 

believe that this study paves the way for bottom-up grown metal oxide nanowires-

integrated nanodevices with a reliable performance. 
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4.7 Supporting Information 
4.7.1 Structural characterization of the fabricated ZnO nanowires 

Figure S1. The characterization of the two-step grown ZnO nanowires. (a) Low 

magnification TEM image, (b) high magnification TEM image, and (c) selected area 

electron diffraction (SAED) pattern of the two-step grown ZnO nanowires. Inset of (b) 

shows the atomically resolved TEM image. For the two-step grown nanowires, step 1 

with NH3 50 mM, CZn 2.5 mM for 3 h, and step 2 with no NH3, CZn 5 mM for 12 h are 

utilized. The TEM analysis represents that the fabricated nanowires are single crystalline 

with a growth direction along [0001], which is consistent with the conventional 

hydrothermally grown ZnO nanowires. (d) Room temperature photoluminescence 

spectroscopy data of two-step grown ZnO nanowires. The wavelength of excitation light 

is 256 nm. As a comparison, the data of single-step grown ZnO nanowires (no NH3, CZn 

25 mM for 12 h) is shown. Two peaks at 378 nm and 568 nm are observed, which are 

respectively corresponding to near-band edge (NBE) emission and the emission related 

to crystal imperfections (e.g. oxygen vacancies, Zn interstitials, surface state). The data 

shows that the crystal imperfections in the two-step grown nanowires are less than that of 

conventional ZnO nanowires. The better crystal quality of the two-step grown nanowires 

than the single-step grown ones might result from the suppressed nucleation on (101%0) 
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plane. Watanabe et al. [1] demonstrated that more crystal imperfections are induced on 

(101%0) plane rather than on (0001) plane in the hydrothermal growth of ZnO nanowires. 

Since the single-step growth is conducted at CZn 25 mM, where it is above the critical 

concentration for nucleation on (101%0) plane, the plenty of crystal imperfections could 

be induced into the nanowires. On the contrary in the two-step grown nanowires, the 

nucleation on (101%0) plane is precisely suppressed by controlling CZn, leading to the 

better crystal quality as seen in PL spectrum. 

1. Watanabe, K.; Nagata, T.; Oh, S.; Wakayama, Y.; Sekiguchi, T.; Volk, J.; Nakamura, 

Y. Arbitrary cross-section SEM-cathodoluminescence imaging of growth sectors and 

local carrier concentrations within micro-sampled semiconductor nanorods. Nat. 

Commun. 2016, 7, 10609.  
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4.7.2 Zn concentration dependence on the diameter of single step grown ZnO nanowires 

Figure S2. Zn concentration dependence on the diameter of single step grown ZnO 

nanowires with (a) no ammonia addition and (b) 50 mM ammonia addition. Insets show 

the standard deviation value of nanowire diameter. The growth time is constant to be 12 

h. When increasing the Zn concentration, the nanowire growth is fist observed at above 

3 mM in (a) and (b) with maintaining their diameter. Further increase of the Zn 

concentration above 5 mM in (a) and 9 mM in (b) leads to the increase of diameter. These 

two threshold concentrations correspond to the critical nucleation concentrations on 

(0001) plane (c-plane) and  (101%0) plane (m-plane). The concentration range between 

these two threshold values promotes the anisotropic growth of ZnO nanowires by 

suppressing the sidewall growth. These threshold values are influenced by various 

parameters such as capping agent, surface potential at given pH condition and 

supersaturation degree in growth solution. As seen in the insets, the minimum diameter 

distributions of the nanowires are given at the condition where the sidewall growth is 

suppressed. However, the narrow diameter distribution of the two-step grown nanowires 

in figure 1 (a) cannot be achievable by solely controlling the precursor concentration in 

single-step growth. 

Crystal plane dependent critical concentrations for a nucleation: In the nucleation 

theory, the nucleation phenomenon is dominated by adsorption and desorption of atoms. 

When increasing the precursor concentration, the adsorption rate of atoms increases. 

Since the nucleation in solution occurs when the size of nuclei exceeds the critical 
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nucleation size by the sufficient precursor supply, the precursor concentration is one of 

the most important parameters for controlling nucleation event. For a nucleation in the 

presence of solid surface, an interaction between a nucleus and a solid surface should be 

taken into account with free energy barrier for a nucleation. The presence of solid surface 

significantly reduces the free energy barrier for a nucleation since an interaction between 

a nucleus and a solid surface is much stronger than that between a nucleus and liquid. If 

a surface energy (an interfacial energy in solution system) is different among crystal 

planes, the free energy barrier for a nucleation on each crystal plane should be different. 

In the ZnO crystal, (0001) polar plane has higher surface energy compared with (101%0) 

plane. In general, the free energy barrier for a nucleation becomes lower on a crystal plane 

with larger surface energy. Therefore, the critical concentration for nucleation on (0001) 

plane is lower than that on (101%0) plane. Although the interfacial energy in solution 

system differs from the surface energy, the interfacial energy on (0001) plane remains 

higher than that on (101%0)	plane by considering the preferential crystal growth on (0001) 

plane in the fabricated nanowires. Based on this principle, when increasing the Zn 

precursor concentration, none of nanowire growth is first observed under the critical 

concentration on (0001) plane and then the preferential crystal growth on (0001) plane is 

observed in the concentration window where is above the critical concentration on (0001) 

plane and below that on (101%0)  plane. By further increasing the Zn precursor 

concentration over the critical concentration on (101%0) plane, the crystal growth both 

on (0001) plane and (101%0) plane. Thus the Zn precursor concentration can control the 

competitive nucleation event on (0001) plane and (101%0) plane, which is important to 

design the anisotropic crystal growth of ZnO nanowires. 
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4.7.3 Size distribution data of the ZnO seed layer deposited onto SiO2/Si substrate by RF 

sputtering 

Figure S3. (a) Schematic image, (b) FESEM image and (c) size distribution data of the 

ZnO seed layer deposited onto SiO2/Si substrate by RF sputtering. The thickness of seed 

layer is about 30 nm. In the FESEM image, the densely deposited grains are seen. The 

size distribution of ZnO seed layer is wider than that of two-step grown monodispersedly 

sized ZnO nanowires shown in figure 1 (a). 
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4.7.4 The growth time dependence on the morphologies of the two-step grown ZnO 

nanostructures/nanowires 

Figure S4. The growth time dependence on the morphologies of the two-step grown ZnO 

nanostructures/nanowires observed after step 1 (upper) and two-step growth with step 2 

(lower). In this experiment, only the growth time of step 1 is varied (1 h, 3 h, 6 h) and the 

other conditions are kept constant (NH3 50 mM, CZn 2.5 mM for step 1 and no NH3, CZn 

5 mM for step 2). The growth time of step 2 is 12 h. 
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4.7.5 The Zn concentration dependence on the morphologies of the two-step grown ZnO 

nanostructures/nanowires. 

Figure S5. The Zn concentration dependence on the morphologies of the two-step grown 

ZnO nanostructures/nanowires observed after step 1 (upper) and two-step growth with 

step 2 (lower). In this experiment, only the Zn concentrations of step 1 is varied (2.5 mM, 

5.0 mM, 12.5 mM) and the other conditions are kept constant (NH3 50 mM, 3 h for step 

1 and no NH3, CZn 5 mM, 12 h for step 2). Insets show the magnified images at the tip of 

nanostructures/nanowires. Clearly, the secondary nanowire growth is observed only when 

the sharp-tips are constructed by step 1 and no longer observable from the flat-tips. 
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4.7.6 Simulation data of ionic species in solution for step 1 and step 2 

Figure S6. (a) The experimentally measured pH values of the solutions for step 1 and 

step 2 when varying the Zn concentration. (b,c) The calculated data of pH dependent 

equilibrium concentrations of ionic species existing in the growth solutions of (b) step 1 

and (c) step 2. The dash lines show the experimentally measured pH values for each 

condition. (c,d) The Zn concentration dependence on the ion concentrations of 

[Zn(NH3)n]2+ and [Zn(OH)m]2-m species for the growth solutions of (d) step 1 and (e) step 

2, respectively. The ion concentrations were calculated by using the measured pH values. 
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4.7.7 SEM image of the flat-top ZnO nanowires grown on Si substrate by the single-step 

growth 

Figure S7. (a) Typical FESEM image and (b) diameter distribution data of the flat-top 

ZnO nanowires grown on Si substrate by the single-step growth with CZn 25 mM. In this 

growth, no NH3 is added. The growth time is 12 h. The mean diameter dave and the 

standard deviation value s are also shown. 
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4.7.8 The time-series FESEM images for NaOH-based chemical etching of the ZnO 

nanowires  

Figure S8. (a) The time-series FESEM images for NaOH-based chemical etching of the 

ZnO nanowires (upper) and the results of subsequent nanowire growths (lower). The pH 

value of NaOH solution is controlled to be 11.4, which is same condition as the ammonia-

etching in figure 4 (a) and step 1 in figure 1 (c). In this experiment, the randomly sized 

ZnO nanowires with flat-top are first fabricated prior to the chemical etching (Figure S7) 

and the subsequent nanowire growth is conducted with no NH3 and CZn 5 mM for 12 h. 

Contrary to the ammonia-based etching, the formations of the sharp-tip nanowires and 

the secondary ZnO nanowire growths are not observed in case of NaOH-based etching. 

This indicates that the effect of ammonia-etching observed in figure 4 (a) is due to the 

ammonia species rather than pH value. 
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4.7.9 Dependence of the diameter of the two-step grown ZnO nanowires and the standard 

deviation (inset) on the Zn concentration. 

Figure S9. Dependence of the diameter of the two-step grown ZnO nanowires and the 

standard deviation (inset) on the Zn concentration. Only the Zn concentration in step 1 

was varied, and the other conditions were kept constant (with NH3 50 mM for step 1, no 

NH3 and CZn=5 mM for step 2). The growth time for step 1 and step 2 was 3 h and 12 h, 

respectively. We found that the diameter and the standard deviation of the two-step grown 

nanowires were almost unchanged when the Zn precursor concentration CZn was varied 

under the critical concentration for nucleation on (101%0) plane. This is because the size 

of (0001) plane is not changed in this condition once the sharp-tip is formed. On the other 

hand, when increasing CZn above the critical concentration on (101%0)  plane, the 

diameter increases together with the standard deviation value, implying the increase of 

(0001) plane size. 
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Discussion as to the sharp-tip formation by ammonia-etching. 

Considering the difference of the growth conditions between step 1 and step 2, 

ammonia plausibly affects the sharp-tip formation. Here we consider how ammonia 

affects the ZnO formation in the growth process. In our hydrothermal process, the 

formation of ZnO can be explained by the following chemical reactions: 

[Zn(NH3)n]2+ + mOH-  ↔ Zn2+ + mOH- + nNH3 

↔ [Zn(OH)m]2-m + nNH3 ↔ ZnO + H2O + (m-2)OH- + nNH3, 

where NH3 is supplied through two routes, i.e., the ammonia addition and the 

decomposition of hexamethylenetetramine (HMTA). In this chemical reaction, the 

formation and the dissociation of ZnO simultaneously occur, and the dissociation reaction 

should be enhanced by adding ammonia, i.e. [Zn(OH)m]2-m ions and [Zn(NH3)n]2+ ions 

increase with increasing OH- ions and NH3 concentrations. In our experiments, the pH 

value and the equilibrium concentrations of [Zn(OH)m]2-m ions and [Zn(NH3)n]2+ ions 

become higher when ammonia is added in the growth solution (Figure S6). Since the 

nanowire top remains flat when the NaOH solution is employed as an etchant (Figure S8), 

the sharp-tip formation is caused by the ammonia species and is associated with the 

formation of [Zn(NH3)n]2+ ions rather than [Zn(OH)m]2-m ions. Thus, the sharp-tips are 

formed by an assist of dissociation reaction in the ammonia added step 1. 

Now we question why the {101%1} planes are preferentially formed during ammonia 

etching. The energetically unfavourable roughened surface and high Miller index planes 

immediately disappear at early stage of etching process. In this regard, the lower index 

(0001) and {101%0} planes can survive during the etching. Considering the arrangement 

of atom in ZnO crystal, {101%0} planes are composed of successive Zn-aligned and O-

aligned polar plane as well as (0001) plane. Since the O-aligned plane is stable and serves 

as a protective layer for the etchant, the {101%1} planes are able to remain during etching 

process. On the other hand, the morphology of crystal is configured by the remaining 

crystal planes and a plane with faster etching rate tends to be exposed when the etching 



 
Chapter IV 

87 
 

proceeds. Since the ammonia etching is associated with the formation of [Zn(NH3)n]2+ 

ions, a coordination of NH3 to the Zn site is of critical importance for the etching. Based 

on the facts that the (101%1) plane possesses Zn-aligned polar plane and the number 

density of in-plane bond for Zn is less than (0001) plane, the etching rate on (101%1) plane 

must be faster than that of (0001) plane and non-polar (101%0) plane. As a consequence, 

the {101%1} planes remain and the uniformly-shaped tips facetted by the {101%1} planes 

are deterministically formed during the ammonia etching. 
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5.1 Abstract  
Creating a thermally robust molecular selectivity on metal oxide surfaces is of 

immense practical utility for heterogeneous catalysts and chemical sensors. Satisfying 

both such thermal robustness and precise molecular selectivity within nanostructures 

however has been a challenging issue. Here, we demonstrate an emergence of a thermally 

robust molecular selectivity with one carbon resolution for aliphatic chains of aldehydes 

on molecularly templated single crystalline ZnO nanowire surfaces with amorphous TiOx 

shell layers grown by atomic layer deposition. Spectroscopic, spectrometric and 

microstructural measurements revealed that such molecular selectivity only emerged 

when controlling the number of atomic layer deposition cycles (thickness, 1.5-2.5 nm) 

with anchoring spatially isolated target-aliphatic aldehyde molecules on the ZnO surface 

during shell layer formations. Furthermore, the created molecular selectivity was found 

to be thermally robust, being maintained at up to 400 oC at least over 30 days under 

atmospheric environments. We propose a phenomenological model by numerical 

simulations, which explains the emerged molecular selectivity on oxide surfaces in terms 

of the presence of surface molecularly footprints defined by a characteristic length 

between the carboxyl group and the terminal methyl group. This present method to create 

thermally robust molecular selectivity on abundant oxide surfaces is shown to be simple 

and highly reproducible and holds promise for scalability and applicability to various 

molecules. 
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5.2 Introduction 
Molecular recognition technology plays a crucial role in discriminating biological 

and chemical molecules for various applications such as disease diagnosis, health 

monitoring, environmental monitoring, security checking, and drug delivery.1,2,3,4,5,6,7 For 

example, the selective detection of disease-related biomolecules,8,9,10 such as viruses,11,12 

proteins13,14 or DNAs,15,16 in body fluids17,18 including the blood,19,20 saliva21,22 and 

urine23,24 provides strong evidence for the diagnosis of specific diseases, which is often 

used in medical diagnostics.25,26 In recent years, as the volatile organic compounds (VOCs) 

in our exhaled breath are associated with diseases such as various cancers,27,28,29 a novel 

diagnostic technique based on discriminating disease-related VOCs biomarkers has 

attracted the attention of researchers.30,31,32 However, many similar molecules with 

different size, functional groups in the exhaled breath makes difficulties for selective 

detection of disease-related biomarkers.33,34,35 Despite the excellent performance of gas 

chromatography-mass spectrometry (GC-MS) in discriminating similar molecules,36,37 its 

high cost, large size, and long duration limit its practical applications in sudden illness or 

real-time disease monitoring.38 Therefore, the design and development of a miniaturized 

portable device with excellent recognition performance for analyzing the disease-related 

biomarkers in exhaled gas are highly desired.39 

Recognition elements have attracted a lot of attention as a critical component of 

recognition-based devices.40,41 Many efforts have been made to develop recognition 

elements with higher sensitivity, higher selectivity, and better stability.42 However, except 

for bioreceptors derived from body fluids and materials with properties that act selectively 

on target molecules, most recognition elements designed based on chemical reactions and 

porous structures have poor selectivity for similar molecules.43,44 In other words, 

functional group modified materials can only discriminate molecules with different 

functional groups, while the MOF and nanocage-based materials can only discriminate 
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molecules with different sizes.45,46 Until now, it is completely impossible to distinguish 

between very similar molecules, such as those with only one carbon difference of chain 

length.  

In this work, we successfully created a nonanal imprinted surface on the ZnO 

nanowires by atomic layer deposition (ALD) process, which can surprisingly discriminate 

the target aldehydes with only one carbon difference. By preheating the nonanal absorbed 

ZnO nanowires, we confirmed that isolation of the aggregated template molecules during 

the formation process plays a critical role in the formation of the molecular recognition 

surface. Furthermore, we proposed a phenomenological model by numerical simulations 

to interpret the emerged molecular selectivity on oxide surfaces, which describes the 

presence of surface molecularly footprints defined by a characteristic length between the 

carboxyl group and the terminal methyl group. Finally, this metal oxides-based 

recognition surface exhibits high thermal robustness of toleration at 400 °C for more than 

720 hours. This present method creates thermally robust molecular selectivity on 

abundant oxide surfaces. 

5.3 Experimental 
Growth of ZnO Nanowires. ZnO nanowires were grown on a double-side polished Si 

(100) wafer (2*4 cm) substrate by hydrothermal method. First, a 1 nm Ti buffer layer and 

20 nm ZnO seed layer were sequentially deposited on the substrate by radio frequency 

(RF) sputtering at room temperature with a power of 100 W and 50 W separately. Then 

immersing the seed layer-coated substrate into 200 ml growth solution upside-down 

containing 100 mM zinc nitrate hexahydrate (Zn(NO3)2·6H2O, Wako, 99.0%), 100 mM 

hexamethylenetetramine (HMTA, Wako, 99.0%), and 10mM branched 

polyethyleneimine (PEI, Mn = 1800, Aldrich, 50 wt.% in H2O). The solution was kept at 

95 °C for 6 h to grow the ZnO nanowires, followed by rinsing with ionized water and 

drying with flowing air. 
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Synthesis of Molecular Recognition Surface. Firstly, as-grown ZnO nanowires were 

annealed at 400 °C for 30 min in the air atmosphere. Secondly, immerse the thermally 

treated ZnO nanowire into the pure template molecule solution for 5 min at room 

temperature. Thirdly, put the template molecule absorbed ZnO nanowires in the ALD 

chamber with the flow of 5 sccm of purity N2, and keep stable for 2 min before the ALD 

process, the O precursor was 18.2 MΩ cm-1 Millipore H2O, the Ti precursor was 

Tetrakis(dimethylamido)titanium (TDMAT, Ti(NMe2)4). TiO2 layer was deposited in 

cycles of TDMAT (0.1 s), purge N2 (20 s), H2O (0.015 s), purge N2 (20 s) with the ALD 

system held at 100 °C and Ti precursor held at 75 °C. ALD cycles up to 20, 40, 60, 100, 

and 600 cycles were studied in this work. After the deposition of the TiO2 shell layer, the 

template molecules were removed by annealing at 400 °C for 30 min, forming the 

molecular recognition surface with template molecule imprinting. 

Characterization of Nanowires. The field emission scanning electron microscopy (SEM) 

and transmission microscopy (TEM) were used to characterize the morphology and ALD 

deposition rate. 

Molecular Adsorption Process. Saturated mixture gas vapor such as hexanal, nonanal 

and undecanal were prepared by evaporating the liquid hexanal, nonanal, and undecanal 

with 2 µl separately in a brown bottle (20 ml) for 30 min at room temperature. Next, the 

nanowire arrays were put into the bottle and left for 5 min. The molecules adsorbed 

nanowires were then used for the subsequent measurement.  

IR p-MAIRS Measurement. A Thermo Fisher Scientific Nicolet iS5 spectrometer 

equipped with a mercury-cadmium-telluride (MCT) detector was employed to measure 

the FT-IR spectra with the restroom purged with dry air. A series of eight single-beam 

sample measurements were carried out at angles of incidence from 9 to 44° at 5° steps 

with a resolution of 4 cm-1.  

GC-MS Analysis of Desorbed Gas. Mix gas adsorption was conducted by using bare 

ZnO nanowires, ZnO/TiO2 nanowires with template molecule imprinting, and ZnO/TiO2 
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nanowires without template molecule imprinting. The sample size was 0.2 cm*2 cm. 

Before adsorption, the samples were pretreated at 400 °C for 30min in an air atmosphere. 

Also, the saturated gas was prepared by dipping hexanal (2 µl), nonanal (2 µl), and 

undecanal (2 µl) liquid into a 25 ml closed brown bottle and held for 30 min in vaporing 

mixture gas. After that, the sample was put into the brown bottle, which was filled with 

saturated mixture gas for 5 min. The sample was quickly transferred into the inlet port of 

the GC-MS instrument (SHIMADZU GC-MS 5050A) with OPTIC-4 inlet temperature 

control system. The inlet procedure kept the heating temperature at 300 °C for 35 min 

and then dropped to 35 °C immediately. An IntertCap FFAP column was used as the 

capillary column, heated from 40 °C to 230 °C at a rate of 7 °C/min. The detail can be 

seen in Figure S5. 

5.4 Results and Discussions 
The molecular recognition surfaces for discriminating the length of aliphatic chains 

molecules were prepared by atomic layered deposition of ultrathin TiO2 layers on ZnO 

nanowires with the assistance of molecular imprinting. Detailed fabrication conditions 

are shown in the Experimental Section. Fig.1 (a and d) shows the schematics of the 

selectivity of the nanowires with and without nonanal (C9) imprinted surface to hexanal 

(C6), nonanal (C9), and undecanal (C11) targets. The desorption amounts of each 

molecule on the ALD cycle-dependent ZnO/TiO2 nanowires were measured by GC-MS, 

and the comparative results of amounts were shown in Fig.1 (b and d). We found that 

nonanal (C9) among C6, C9, and C11 targets was selectively adsorbed on the ZnO/TiO2 

nanowires with nonanal (C9) imprinting, while the nanowires without imprinting were 

not selectively adsorbed. The ratios of the desorbed amounts of C9 to C6 and C11 on the 

imprinted nanowires was as high as 18 and 8, respectively, indicating the remarkable 

selectivity of presented nanowires, as shown in Fig.1 (f). Furthermore, to further evaluate 

the recognition ability of the proposed recognition surface, we tested the selectivity 
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towards targets of chain molecules with different functional groups and only one carbon 

length difference. Interestingly, these nonanal imprinted nanowires can selectively adsorb 

the nonanal in the mixture of molecules with different functional groups, including 

nonanal, 1-nonanol and nonanoic acid (Fig. S6) and one carbon different chain aldehydes, 

including hexanal (C6), octanal (C8), nonanal (C9), decanal (C10) and undecanal (C11) 

(Fig. S7). In addition, the applicability of this structure to other templates was also verified 

by the selective adsorption of undecanal (C11) in C6, C9, and C11 targets by C11 

imprinted nanowires with 40 deposition cycles, as shown in Fig. S8. This selectivity of 

the ZnO/TiO2 nanowires with various imprinted aldehyde templates demonstrated a 

deposition cycle dependence of the TiO2 layer. Finally, we confirmed that a precise 

controlling of the ALD cycles when changing the template aldehydes enabled us to 

recognize chain aldehydes with only one carbon difference, as showed in Fig.1 (g-i). All 

the above results powerfully demonstrate that we have succeeded in creating an excellent 

molecular recognition surface, which can discriminate even one carbon different chain 

aldehydes. 
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Figure 1. (a) Schematic illustration of target molecules (C6, C9, C11) adsorption on 

ZnO/TiO2 nanowires without nonanal imprinting, (b) Desorbed amount of target 

molecules (C6, C9, C11) from ZnO/TiO2 nanowires without nonanal imprinting, (c) 

Calculated ratio of C9/C6 and C9/C11 from ZnO/TiO2 nanowires without nonanal 

imprinting. (d) Schematic illustration of target molecules (C6, C9, C11) adsorption on 

ZnO/TiO2 nanowires with nonanal imprinting, (e) Desorbed amounts of target molecules 

(C6, C9, C11) from ZnO/TiO2 nanowires with nonanal imprinting, (f) Calculated ratio of 

C9/C6 and C9/C11 from ZnO/TiO2 nanowires with nonanal imprinting. (g)-(i) Selectivity 

of nanowires with and without imprinted surfaces to carbon chain length-dependent 

aldehydes when varying the template molecules: (g) hexanal imprinting, (h) nonanal 

imprinting, (i) undecanal imprinting. 
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Figure 2. (a and b) FT-IR spectra of nonanal template absorbed on ZnO NWs at different 

TiO2 deposition cycles. (c and d) GC-MS spectra of desorbed nonanal templates from 

ZnO NWs at different TiO2 deposition cycles. Note that the 0 cycle represents the nonanal 

adsorbed ZnO NWs that are stabilized in the hot ALD chamber for 2 min. 

To clarify the effect of templated molecules on the formation of molecularly 

recognized surfaces, we attempted to analyze the formation and evolution processes of 

imprinted surface by monitoring the status of the nonanal templates as we increased the 

TiO2 deposition cycle. From the FT-IR spectra and GC-MS in Fig.2, it can be seen that 

both the adsorption and desorption amount of nonanal templates decrease with the 
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increased number of ALD cycles during the TiO2 deposition. This can be interpreted as a 

decrease in residual nonanal templates as the ALD cycle increases. As TiO2 deposition 

cycle determines the selectivity of imprinted nanowires with various chain-length 

differential templates, we hypothesize that template desorption has a critical influence on 

the formation of imprinted surface. Furthermore, the optimized cycles (60 cycles for 

nonanal) to have the best selectivity is not consistent with the cycles (0 cycle for nonanal) 

to have the maximum amount of residual template on the surface, indicating that the 

selectivity of molecularly recognized surfaces is not proportional to the amount of 

remained template. In addition, As the chain length of the templated molecules increase 

from C6 to C11, the ALD cycle, which determines the thickness of the TiO2 layer, also 

does not show an increasing trend, as shown in Fig. S10. Therefore, the cycle-dependent 

selectivity is also not dependent on the chain length of templated molecules.  

Since the models of cycle-dependent selectivity based on the remained amount of 

template molecules and the size of template molecules are denied, we proposed a model 

based on the dispersion of aggregated templated molecules to descript the formation 

process of recognition surface. Fig.3 shows a schematic illustration of our model where 

the reduction in molecular aggregation favors the formation of an isolated nonanal 

imprinting during ALD process. Depending on the adsorption state of the template 

molecules, the formation of the recognition surface can be divided into three steps. Firstly, 

short preheating of the nonanal adsorbed ZnO nanowires in the hot chamber before ALD 

deposition allows forming a monolayer of template molecules on the nanowire surface. 

Testing the desorption of nonanal on nanowires at different preheating time, proved that 

preheating in the ALD chamber can rapidly desorb excess multilayers of nonanal and 

form a stable monolayer of nonanal, as shown in Fig. S11 and Fig. S12. Secondly, during 

the deposition of the TiO2 layer, slow desorption of the aggregated monolayer of nonanal 

on the nanowires leads to the formation of an isolated monolayer of nonanal. Note that 

desorption of monolayered nonanal is possibly caused by the interactions between 
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precursors (TDMAT) and nonanal templates. Thirdly, after the formation of the isolated 

nonanal monolayer, the thickness of the TiO2 imprinted layer becomes the dominant 

factor in the formation of a molecularly recognized surface with selectivity, as evidenced 

by the poor selectivity in the case of very thin and very thick recognition layers. This is 

because neither the ultra-thin layer (20 cycles) that does not close the template nor the 

thick layer (600 cycles) that completely covers the template is not conducive to forming 

an effective identification surface. Therefore, a rational model to descript the formation 

of the recognition surface on nanowires was proposed. 

 

Figure 3. Schematic illustration of the dispersion of aggregated nonanal templates during 

ALD process. 
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Next, we validated the model of dispersion of aggregated templates by 

experimentally simulating the state of nonanal adsorbed ZnO nanowires in the pre-

heating process. Fig.4 (a) shows the FT-IR spectra of nonanal template adsorbed ZnO 

nanowires as the pre-heating temperature is increased from 100 °C to 200 °C. As expected, 

the template molecules reduced as the pre-heating temperature increased, as shown in 

Fig.4 (b). Furthermore, Fig.4 (c) shows that C9 imprinted nanowires with only 20 cycles 

TiO2 deposition can selectively adsorbed C9 targets in C6, C9 and C11 when the pre-

heating temperature was increased from 150 °C to 175 °C. The extracted ratios of C9/C6 

and C9/C11 in Fig.4 (d) provide a clearer view of the improved selectivity. Furthermore, 

by pre-treating nanowires at 175 °C, the optimal deposition cycle of TiO2 on the 

molecularly recognized surface became 40 cycles, which is lower than the 60 cycles of 

150 oC heating treatment, as shown in Fig.1 (e). We believe that this is because it is easier 

to obtain isolated nonanal templates on nanowires by desorption of aggregated templates 

at higher temperature. Thus, these results reveal that the dispersion of aggregation 

templates plays a critical role in forming molecularly recognized surfaces. 
 



 
Chapter V 

99 
 

 
Figure 4. (a) FTIR spectra of nonanal templates adsorbed ZnO nanowires at different 

pre-heating temperatures from 100 ℃ to 200 ℃, (b) Intensity of -CH3 group at different 

pre-heating temperature. (c) Desorption of target molecules from ZnO/TiO2 nanowires 

with nonanal imprinting (TiO2 layer with 20 cycles) at different pre-heating temperatures, 

(d) Calculated ratios of desorbed C9 to desorbed C6 and C11. (e) The cycle-dependent 

selectivity of the recognition surface of nonanal imprinted ZnO/TiO2 nanowires when 

preheated at 175 °C. 
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We then discussed why the surface of the imprinted nanowires was selective for the 

target molecules. As shown in Fig S6, the selectivity of recognition surface towards 

targets with different functional groups indicates that the functional group plays a critical 

role in target molecule recognition. However, since the target molecules of C6, C9 and 

C11 are terminated with the same functional group, we assume that the H-O-Ti interaction 

between molecule and surface affects selectivity. And we tried to demonstrate the effect 

of H-O-Ti interaction on selectivity by replacing the target molecules from H-nonanal to 

D-nonanal. As shown in Fig.5 (a), for the H-nonanal imprinted ZnO/TiO2 nanowires, the 

desorbed H-nonanal was higher than the desorbed D-nonanal, while the ZnO/TiO2 

nanowires without imprinting showed the opposite trend. This implies the importance of 

the alkyl chain for molecular selectivity. According to the entropy effect, when the active 

aldehyde group on nonanal binds to the nanowire surface, the terminal alkyl group at the 

opposite side exhibits a dynamically rotatable gauche structure. In this case, with the 

rotation of gauche structural alkyl terminal during the nonanal imprinting process, we 

envisage that the shape of the molecular imprinting may be dumbbell-shaped, as shown 

in Fig.6 (b). To validate this assumption, molecular dynamics calculations using AMBER 

were used to simulate the structures of the molecules and the formation of the imprinted 

structure (Fig. S17). The results clearly show that the carboxyl group firmly adsorbed in 

the (100) plane of ZnO nanowires, while the alkyl-terminal part is dynamic gauche 

structure. Fig.6 (d) shows gauche form ratio of C6, C9 and C11 at different C-C bond 

positions. The results show that the shorter the carbon chain, the higher the proportion of 

gauche structure at the C-C bond away from the carboxyl group. Therefore, the imprinted 

structure formed by the long carbon chains is too narrow to prevent the entry of molecules 

from the short carbon chains. This explains why even the shorter length of the C6 chain 

cannot enter the imprinted structure of C9. Moreover, we have also experimentally 

verified assumption by recognizing the target molecules with the same chain length, as 

shown in Fig.5 (e). We found that the imprinted nanowires can’t discriminate the 
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corresponding nonanal and 8,8-dimethynonanal which have the same chain length, 

regardless of which template was used for imprinting. All the above results confirmed 

our model based on the gauche structure of the adsorbed molecules. 

 

Figure 5. (a) Desorbed H-nonanal and D-nonanal on ZnO/TiO2 nanowires surface with 

H-nonanal imprinting from a mixture gas of H-nonanal and D-nonanal. (b) Model of 

conformations of different template molecules (C6, C9, C11). (c) Schematic illustration 

of nonanal templates adsorbed on (100) plane of ZnO nanowires. (d) Calculated result of 

the conformations of different templated molecules. (e) Desorbed nonanal and 8,8-

dimethynonanal from nonanal and 8,8-dimethynonanal imprinted ZnO/TiO2 nanowires. 
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Figure 6. (a) GC-MS spectra for desorbed C6, C9 and C11 on ZnO/TiO2 nanowires with 

nonanal imprinting at different annealing temperature, (b) Extracted desorption amount 

of C6, C9 and C11 on ZnO/TiO2 nanowires surface with nonanal imprinting. (c) Long-

term stability of the ZnO/TiO2 nanowires surfaces with nonanal imprinting. (d) Time 

series data of selectivity performance expressed in terms of the ratio of desorbed C9/C6 

when varying the annealing temperature. 
 

Finally, we examined the thermal stability of the presented molecular recognition 

surfaces. Fig.6 (a) shows GC-MS spectra for desorbed C6, C9, and C11 on ZnO/TiO2 

nanowires surface with nonanal imprinting at the different annealing temperatures. Fig.6 

(b) shows the desorption amount of C6, C9, and C11 on ZnO/TiO2 nanowires surface 

with nonanal imprinting, an extract from Fig.6 (a). The thermal stability can be 
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maintained up to an annealing temperature of 400 ℃, which is robust enough for future 

electrical sensing. Fig.6 (c) shows the long-term stability of the ZnO/TiO2 nanowires 

surface with nonanal imprinting. Fig.6 (d) shows time series data of selectivity 

performance expressed in terms of the ratio of desorbed C9/C6 when varying the 

annealing temperature. The thermal robust of the molecular recognition surface can be 

maintained at up to 400 °C for more than 720 hours. This method creates a thermally 

stable molecular recognition surface on the metal oxide surface, and we believe this 

recognition surface can be applied to various portable devices. 

5.5 Conclusion  
In summary, we created a nonanal imprinted surface on the ZnO nanowires by 

atomic layer deposition (ALD) process, which can discriminate the target aldehydes with 

only one carbon difference. Isolation of the aggregated template molecules during the 

formation process plays an important role in formation of the molecular recognition 

surface and has been experimentally verified by pre-heating nonanal absorbed ZnO 

nanowires. A combination of numerical simulation and experiments based on the 

selectivity of target molecules with different chain lengths interpret the emerged 

molecular selectivity on the oxide surface. Furthermore, we confirm the thermal stability 

of the recognition surface, which can be maintained up to 400 °C for more than 720 hours. 

The current strategy provides a potential method to create thermally robust molecular 

selectivity based portable devices for developing a novel exhaled gas-based disease 

diagnostic instrument. 
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5.7 Supporting Information 
5.7.1 Experiment procedure  

 
   Figure S1. Schematic of the fabrication process of molecular recognition surface 
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5.7.2 SEM images of ZnO/TiO2 nanowires with nonanal template at different TiO2 

deposition cycles 

 
Figure S2. SEM image of various TiO2 cycles deposited ZnO nanowires array (with 

nonanal template absorbed on ZnO nanowires).  
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5.7.3 STEM for calculation the deposition rate of TiO2 

 

 
Figure S3 (a). STEM image of various TiO2 cycles deposited ZnO nanowires array. 

(upper column) TiO2 layer deposited on ZnO nanowires, (lower column) TiO2 layer 

deposited on nonanal template absorbed ZnO nanowires. The data shows the deposition 

rate on the nonanal absorbed ZnO nanowires is slower than it on the ZnO nanowires, we 

think it is caused by the coverage of template nonanal on the ZnO nanowire. 
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Figure S3 (b). TEM image of ZnO/TiO2 nanowires with deposition of TiO2 at 150 cycles 

 

 
Figure S3 (c). TEM image of ZnO/TiO2 nanowires with deposition of TiO2 at 300 

cycles 
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5.7.4 The condition of desorbed gas analysis by GC-MS 

 
Figure S4. The temperature program for desorbed gas analysis by GC-MS 

 
5.7.5 Gas components of saturated mixtures (C6, C9 and C11) 

 
Figure S5. Components of saturated mixture in the 20ml bottle after evaporation for 

30min. In the bottle, the most abundant gas is hexanal gas, the second is nonanal gas，

and the least amount is undecanal gas. This can be explained by the different saturation 

vapor pressure.  
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5.7.6 Selectivity of recognition surface to molecules with different shape and function 
group 

 
Figure S6. (a) Desorbed target molecules with different functional groups from 

ZnO/TiO2 nanowires with and without nonanal imprint. (b) Desorbed target molecules 

with different shapes from ZnO/TiO2 nanowires with and without nonanal imprint.  

 

5.7.7 Selectivity of recognition surface with C9 imprint in mixture (C6, C8, C9, C10, C11) 

 
Figure S7. (a) Desorbed octanal (C8), nonanal (C9) and decanal (C10) from ZnO/TiO2 

nanowires with nonanal imprint. (b) Desorbed hexanal (C6), octanal (C8), nonanal (C9), 

decanal (C10) and undecanal (C11) from ZnO/TiO2 nanowires with nonanal imprint. In 

this experiment, all of the target gases are measured in the mixture gas. (a) is measured 

in the mixture gas with three molecules, (b) is measured in the mixture gas with five 

molecules. 
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5.7.8 Recognition surface with undecanal (C11) imprint 

 
Figure S8. (a) Desorbed targets from ZnO/TiO2 nanowires surface with undecanal (C11) 

imprint deposited at different TiO2 deposition cycles. (b)The ratio of desorbed 

nonanal/target molecules calculated form (a). 

 

 
5.7.9 Desorbed template molecule from ZnO NWs with ALD cycles at 0 cycle 

 
Figure 9. (a) Schematic of template molecules on ZnO nanowires in ALD chamber at 0 

cycles. (b) Desorption amount of different template molecules from ZnO nanowires at 0 

cycles. 
 



 
Chapter V 

116 
 

5.7.10 Optimal ALD cycles for template molecules with different chain length 

 
Figure 10. Optimal ALD cycles for (a) Hexanal template, (b) Nonanal template, (c) 

Undecanal template. Here the optimum thickness varies from template molecule to 

template molecule. This is related to the desorption content of different template 

molecules with deposited TiO2 at 0 cycle. 

 
 
5.7.11 Temperature-dependent FTIR of nonanal template adsorbed ZnO NWs 

 
Figure S11. (a) Schematic, (b) and (c) Temperature-dependent FT-IR spectra of liquid 

nonanal-adsorbed ZnO nanowires. In this experiment, the ZnO nanowires were immersed 

into the liquid pure nonanal, then the nonanal absorbed ZnO nanowires were annealed at 

different temperatures for 5 mins. 
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5.7.12 Stability of nonanal template on ZnO nanowire with TiO2 deposition at 0 cycle 

 
Figure S12. (a) Schematic of template nonanal adsorbed on ZnO nanowires in ALD 

chamber with deposited TiO2 at 0 cycle, (b) and (c) FT-IR of nonanal adsorbed ZnO 

nanowire at different resting time in ALD chamber deposited TiO2 at 0 cycle, (c) and (d) 

calculated intensity data of absorbance from (a) and (b). 
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5.7.13 pMAIRS of Nonanal template at different ALD cycles 

 

Figure S13. pMAIRS of nonanal template absorbed on ZnO nanowires deposited with 

TiO2 layer at different ALD cycles. 
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5.7.14 Adsorption of nonanal template on ZnO NWs during ALD process 

 

Figure S14. IR spectra of nonanal template adsorbed on different surface. (a) and (b) 

baseline of IR spectra of nonanal template on ZnO and TiO2 surface. (c) and (d) IR spectra 

of nonanal template on ZnO nanowires with the deposition of TiO2 at 60 cycles. In this 

experiment, the baseline of IR spectra of nonanal on ZnO and TiO2 surface are measured 

at a TiO2 deposition cycle of 0. 
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5.7.15 Nonanal template removal process 

 
Figure S15. (a) Schematic of nonanal template removal process, (b) and (c)Temperature 

dependent FT-IR spectra of nonanal template from ZnO/TiO2 nanowire with deposition 

TiO2 at 60 cycles. 
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5.7.16 Adsorption state of target nonanal on imprinted ZnO/TiO2 NWs 
 

 
Figure S16. (a) Schematic of target nonanal gas absorbed on ZnO/TiO2 nanowires with 

and without nonanal imprint, (b) and (c) FT-IR of target nonanal gas absorbed on 

ZnO/TiO2 nanowires with and without nonanal imprint. (d) Schematic of target nonanal 

gas absorbed on ZnO nanowires, (e) and (f) FT-IR spectra of target nonanal gas absorbed 

on ZnO nanowires. In this experiment, before target nonanal adsorption, all the samples 

are pre-treated at 400 °C for 30 min. 
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5.7.17 Simulation of the molecule absorbed on ZnO NWs 

 
Figure S17. Dynamic adsorption state of molecules on the (100) plane of ZnO nanowire. 

(a) Hexanal, (b) Nonanal, (c) Undecanal. In this calculation, the method of Molecular 

dynamics by AMBER (500nsec) was used. 
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5.7.18 Calibration curve of gas phase 

 

Figure S18. Volume calibration of hexanal, nonanal and undecanal by GC-MS (from left 

to right). 
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5.7.19 Calibration curve of concentration 

 
Figure S19. Target molecules concentration calibration by GC-MS. 

 
 
 
 
 
 
 
 
 
 
 



 
Chapter V 

125 
 

5.7.20 FTIR spectra of liquid hexanal, nonanal and undecanal 

 
Figure S 20. FT-IR spectrum of liquid hexanal, nonanal and undecanal. 
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6.1 Overall Conclusions 
In summary, this thesis is focused on these issues to gain insight into the mechanism 

and achieve breakthroughs in science and technology. 

Firstly, the effect of ammonia addition to the “concentration window” required in 

the crystal growth of hydrothermal ZnO nanowires is well elucidated in Chapter III. It is 

found that the ammonia addition substantially narrows the width of “concentration 

window” and significantly increased the growth rate of ZnO nanowires. This concept of 

narrowed the “concentration window” will be useful, especially when it is necessary to 

increase the growth rate of hydrothermal ZnO nanowires without the need for any 

additional equipment. 

Secondly, to obtain a more homogeneous nanowire structure, we demonstrated a 

facile, rational synthesis of monodispersed ZnO nanowires from randomly sized seeds by 

two-step hydrothermal growth. The nanowire tips with shape uniformity and spatial 

separation were formed in the ammonia-dominated alkaline conditions in step1. The tips 

serve as a seed for the growth of the monodisperse nanowires in step 2. We think the 

concept of two-step growth consisting of sharp tip formation and the subsequent 

nucleation control on the sharp tips must be general for monodisperse nanowire synthesis 

in diverse metal oxide nanowires and pave the road for metal oxide nanowires-integrated 

nanodevices. 

Thirdly, we created a nonanal imprinted surface on the ZnO nanowires by atomic 

layer deposition (ALD) process, which can discriminate the target aldehydes with only 

one carbon difference. Isolation of the aggregated template molecules during the 

formation process plays an important role in forming molecular recognition surface and 

has been experimentally verified by pre-heating the nonanal absorbed ZnO nanowires. In 

addition, we confirmed the thermal stability of the recognition surface, which can be 

maintained up to 400°C for more than 720 hours. 
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Overall, improving the structural controllability of metal oxide nanowires and 

creating molecular recognition surfaces on the nanowires to discriminate between similar 

chain aldehydes will provide a promising platform for the development of integrated 

molecular recognition devices. 
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