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Abstract 

 

In this dissertation, two nano/micro-structured functional metal oxides, ZnO and NiO, were 

synthesized by a simple hydrothermal and precipitation method. Synthesized particles were then 

electrophoretically deposited as a film and used as sensing materials for sensor applications.  

Based on the fundamental study of the electrophoretic deposition (EPD) process, this study 

explored an optimized process condition for improved deposition rate and properties of deposits, 

and this condition was compared with the empirical equations. The researcher further studied the 

selection of adequate solvent and additives to achieve a stable suspension by DC/AC EPD with 

aqueous suspension and a mixture of water and ethanol suspensions. Also, this study explored 

process conditions with flexible substrates, such as metallic or metal coated fiber, carbon fabric, 

and carbon papers, to improve deposition rate and properties of deposits, and these conditions 

were compared with the empirical equation. The effect of frequency on the kinetics of AC-EPD 

was investigated with ZnO in aqueous suspensions and ethanol suspensions. 

Different morphologies of ZnO and NiO, such as cubes, rods, and flakes, and hollow 

microspheres, were used to grow nano/micro-structured materials in order to fabricate highly 

sensitive and selective VOC sensor devices. Also, this study explored the synthesis of ZnO by 

the precipitation method at low temperatures with controlling morphology to apply the in-situ 

EPD process. Synthesized ZnO and NiO materials were characterized by FE-SEM, TEM, XRD, 

EDS, DSC, FT-IR, BET, zeta potential analyzer, impedance analyzer, and Keithley 2400 source 
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meter to examine the surface morphology, crystalline phase, atomic composition, chemical 

bonding, and electrical resistance change. 

Gas sensing properties of nanostructured metal oxides were studied with different morphologies. 

Three different gases (ethanol, acetone, and ammonia) mixed with synthetic air were tested in a 

closed chamber by continuously flowing gases. ZnO and NiO films were electrophoretically 

deposited from synthesized particles on gas sensing properties. Geometric effects of the oxides 

on the gas sensing properties were investigated by inducing additives or surfactants. ZnO hollow 

microspheres were prepared by a simple precipitate method by inducing sodium citrate.  

Different morphologies of NiO were synthesized by a simple hydrothermal method using 

triethanolamine. Higher specific area of particles appeared to be a dominant factor for gas 

sensing applications. In addition to controlling the selectivity and sensitivity, silver nanoparticles 

as a metallic catalyst were decorated on ZnO hollow microspheres. 
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Chapter 1. Introduction 

 

 Motivation and research background 

The controlled structure and function of materials at the nanoscale are continuously being 

explored due to their great potential for a wide range of applications, such as energy conversion 

devices, electronic components, data storage devices, biosensors and biomedical applications [1, 

2]. As a method to build nanostructures, electrophoretic deposition (EPD) is attractive due to 

various advantages, such as its being a simple deposition process with low cost equipment, high 

versatility for coating diverse materials, less restriction on the substrate’s shape, and easy control 

of the thickness and the microstructure of the deposited layer [3-5]. Uniform coating of 

electrophoretically deposited materials has been demonstrated on three-dimensional, porous, and 

even flexible substrates [4-6]. Some researchers have reported applying EPD to coat metal 

oxides on flat and hard substrates, but few studies have focused on coating functional oxides on 

fabrics. As the wearable electronics industry develops, methods to embed or coat nanostructured 

functional materials can be crucial for realizing diverse functions in wearable devices [7-9]. 

Semiconducting nano-scale metal oxides such as tin oxide [10], zinc oxide [1], nickel oxide [11], 

and copper oxide [12] have been developed as gas sensors that measure changes in electrical 

conductivity upon exposure to the gas. Since the properties of semiconducting metal oxide gas 

sensors are strongly related to surface reactions, parameters such as chemical components, 

surface modification and microstructures of sensing layers, and temperature can influence the 

sensing properties. Numerous researchers have investigated techniques to enhance the selectivity 
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and sensitivity of gas sensors and to lower operation temperature. Chemical components have 

been modified by doping elements such as noble metals and transition metals to enhance the gas 

sensitivity. Microstructures of sensing layers have been manipulated by varying nanostructures 

such as nanorods, nanowires, and nanotubes to achieve higher specific surface area [1, 13-15]. 

Recent research has focused on hierarchical nanostructured oxides, more complicated structures 

to fully utilize surface area [16-18]. Some researchers have explored the lowering of the 

operation temperature by modifying both structure and composition because metal oxide gas 

sensors are potentially limited in usefulness for portable and wearable applications. 

 

 Research objectives 

1.2.1 Development of EPD for an environmentally friendly process  

 A crucial parameter for EPD is the selection of adequate solvent and additives to achieve a 

stable suspension. While water has many advantages as a medium, its usefulness is restricted due 

to the electrolysis of water, which can cause poor deposition due to bubbling [5]. This research 

studies approaches to using an aqueous suspension system to achieve a stable suspension for 

EPD, specifically to increase deposition rates and modify deposition layers. Organic solvents are 

widely used in the EPD process in order to avoid the electrolysis of water. However, water is still 

a favorable solvent because of low cost and low required electrical potential. Also, because the 

H+ and OH- ions created by electrolysis of water can act as a surfactant [19], using water can 

reduce the effect from impurities without polymer additives. Thus, some studies have suggested 

a mixture of organic solvent and water systems. In this study, a mixture of water and ethanol is 

used as a solvent and zinc oxide nanoparticles are explored as starting materials. Zinc oxide is 

studied and used on sensor platforms. Based on the fundamental study of the EPD process, an 
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optimized process condition is explored for improved deposition rate and properties of deposits, 

and this process condition is compared with two empirical equations, the Hamaker equation [20] 

and Zhang’s equation [21]. Also, several research groups have used alternating current (AC) to 

deposit from aqueous suspensions [22, 23]. Thus, pure water suspensions as well as a mixture of 

ethanol and water suspensions are studied using AC electric fields. 

 

1.2.2 Conductive and flexible substrates for EPD  

One remarkable advantage of the EPD process is little restriction of substrate shapes [5]; it 

allows the use of  three-dimensional, porous, and even flexible substrates [4, 5]. Also, the use of 

EPD to coat metal oxides on solid substrates has been extensively studied [24, 25], but few 

researchers have studied its use on nonconductive substrates. In addition, additives are used to 

improve the stability of suspensions and the property of coating layers [26, 27], but most such 

additives are polymers and heat treatment is required to remove them. However, heat treatment is 

not suitable for low temperature applications which use polymer, fabric, or fiber substrates.   

One of the limitations in the EPD process is the conductivity of substrates. Several approaches 

exist to using nonconductive materials as a working electrode, including supporting conductive 

layers, such as coating a metallic layer on glass [28], mounting glass fibers on a metal plate [29], 

coating polymer film on a metal plate [30]; or using a low frequency AC electric field [31, 32]. 

In order to apply the EPD process to wearable devices, flexible substrates, including various 

types of fibers or fabrics, are needed. However, most of the fundamental study of the EPD 

process is focused on using conductive solid substrates. Thus, this study explores process 

conditions with metallic or metal coated fiber to improve deposition rate and properties of 

deposits, and these process conditions are compared with the empirical equation by Hamaker. 
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Also, an AC electric field is applied to use nonconductive substrates for the EPD process. The 

results of this research will be helpful to predict the EPD process of using nonconductive and 

messy substrates. 

 

1.2.3 Development of synthesis methods for ZnO and NiO  

A number of researchers have studied ways to synthesize metal oxide nanostructures, including 

chemical [33-35], electrochemical [35, 36], and physical deposition techniques [37, 38]. Among 

many nanosized metal oxide preparation routes, a solution based synthesis method [34, 35] was 

chosen for this study. Since an important issue in synthesizing nanoparticles is preventing 

agglomeration of particles, a low processing temperature is preferred. Among metal oxides, 

diverse morphologies of ZnO crystal structures by the precipitation method are well known to be 

possible at relatively low processing temperatures [34, 35, 39]. In this work, synthesis of ZnO by 

a precipitation method and NiO by a hydrothermal method is studied with controlling 

morphology to apply the in-situ EPD process. Also, the effect of particle morphologies on the 

properties of deposited layers by EPD is studied. 

 

1.2.4 Gas sensing properties of different morphologies of metal oxides  

Recently, interest in wearable devices has increased significantly. A portable and wearable gas 

sensor system is one area of interest. Integration of fabric and gas sensors for a wearable breath 

monitoring system could monitor signature gases from patients’ breath such as acetone, 

ammonia, or ethanol [40-42]. Therefore, a great demand exists for diverse sensing materials with 

good selectivity and sensitivity that could be integrated into wearable/flexible substances. 
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The sensitivity of gas sensors is significantly influenced by the morphology and structure of the 

sensing materials [43, 44]. Among various sensing materials, ZnO has been widely studied as an 

n-type semiconducting metal oxide because of its excellent electric properties. For ZnO gas 

sensors, researchers have investigated 1-D structures, such as nanorods, nanotubes, and 

nanowires, to understand morphology-driven properties. ZnO is easily formed as an anisotropic 

structure because it has a preferred growing direction along the c-axis. However, this study 

explores gas sensing properties of isotropic ZnO microspheres with porous and hollow structures 

which show an enhanced sensitivity due to large surface-to-volume ratio and reduced transport 

lengths for both mass and charge transport [45, 46]. Also, the catalytic effect of silver 

nanoparticles on ZnO porous and hollow microspheres is explored. Meanwhile, despite 

shortcomings of p-type gas sensors, they have attracted attention due to interest in forming p-n 

junction structures [43, 47]. NiO, which shows p-type semiconducting behavior, is a promising 

material. Although n-type gas sensing materials have been widely studied, the morphological 

effect on NiO gas sensors has not yet been intensively explored. Unlike ZnO, NiO grows with 

isotropic structure. However, this study explores gas sensing properties of different aspect ratios 

of NiO such as flakes, cubes, and rods. 

 

 Structure of dissertation  

Chapter 1 outlines this dissertation, providing the motivation, research objectives, and 

dissertation structure. 

Chapter 2 covers the background of this research: electrophoretic deposition, solution based 

synthesis methods of nanostructured metal oxide, and the use of nanostructured metal oxide for 

gas sensor applications. 
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Chapter 3 describes the details of experimental methods and explains the process of 

electrophoretic deposition, synthesis of nano/micro-structured metal oxide, material 

characterization, device preparation, and procedures to measure the gas sensing properties. 

Chapter 4 describes the investigation of EPD for an environmentally friendly process and studies 

the EPD process for using water as a liquid medium. 

Chapter 5 describes the EPD kinetics on various types of substrates, demonstrates the EPD 

process using nonconductive and flexible substrates, and examines the properties of 

electrophoretically deposited layers.  

Chapter 6 investigates different morphologies of ZnO and NiO particles. It describes how the 

metal oxide particles were synthesized by a simple chemical solution method and characterizes 

their properties. 

Chapter 7 investigates ZnO and NiO for the fabrication of flexible VOC sensor devices, the gas 

sensing properties of different morphologies of ZnO and NiO sensors, and the effect of silver as 

a catalyst to enhance sensitivity. 

Chapter 9 summarizes the achievements of this study and future research directions that may 

further advance the field. 
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Chapter 2. Background and literature review 

 

 Electrophoretic deposition (EPD) 

2.1.1 Mechanisms 

Even though EPD has been steadily studied and successfully employed in various applications, 

its mechanisms are still not clearly understood [5, 48]. Briefly, EPD is a two-step process: a 

migration step in which the electric field is applied and a deposition step in which charge is lost 

at the electrode. Several researchers have explained the mechanism and phenomena of the EPD 

process. First, Hamaker and Verwey [49] suggested that deposition by EPD is similar to 

flocculation by particle accumulation under the applied electric field. The pressure derived by 

incoming particles overcomes the interparticle repulsion between deposited particles. This 

mechanism can explain deposition on porous membranes rather than electrodes.  

According to Grillon et al. [50], particles are neutralized when they contact an electrode or 

deposit. This mechanism is feasible at the beginning of the process and in a very dilute 

suspension.  

Koelmans [2, 5] suggested an electrochemical particle coagulation mechanism. According to this 

theory, the repulsive force between particles is reduced due to increasing electrolyte 

concentration near the electrode, so that Koelmans’ mechanism is not valid without an increase 

in electrolyte concentration near the deposition electrode.  
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Figure 1. Electrical double layer distortion and thinning mechanism for electrophoretic 

deposition [51] 

 

Sarkar and Nicholson [51] developed an electrochemical particle coagulation mechanism to 

explain the electrical double layer (EDL) distortion and thinning mechanism as shown in Figure 

1. They employed the particle lyosphere system, in which a thin layer of liquid is formed around 

a charged colloidal particle, and considered the movement of a positively charged particle 

towards the cathode. 
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2.1.2 Kinetic models 

Studying the kinetics of EPD is important in order to apply the EPD process to various 

applications. Some researchers have suggested semi-empirical models for describing the kinetics 

of EPD [20, 21, 52]. Hamaker’s study [20] was the first attempt to study the relationship between 

the deposition yield and different influencing parameters for electrophoretic cells with planar 

geometry. The resulting Hamaker equation is a linear relationship between the deposited weight 

(𝑊𝑊) and concentration of the suspension (𝐶𝐶), electrophoretic mobility (𝜇𝜇), surface area of deposit 

(𝐴𝐴), electric field (𝐸𝐸), and deposition time (𝑡𝑡), and can be described as follows: 

W(t) = CµAEt                                                                                                                            (Equation 1) 

However, this model ignores the decrease of concentration of the suspension during the process, 

so that the model is only applicable at the beginning of deposition. In the early stage of the 

process, only a small number of particles are participated, but after significantly long periods, the 

concentration of the suspension decreases. 

Zhang et al. [21] demonstrated the kinetic aspects of EPD through considering the change of 

suspension concentration without sedimentation, as shown in the following equation: 

W(t) = W0�1 − e−kt� with k =  fAε0εrξE
4πVη

                                                                           (Equation 2) 

where 𝑊𝑊0 is the starting weight of the particles in the suspension, 𝑘𝑘 is the 

kinetic constant, 𝑡𝑡 is deposition time, 𝑓𝑓 is the efficiency factor (if all the particles near the 

electrode are involved in the formation of the deposit, then 𝑓𝑓 = 1), (𝜀𝜀0𝜀𝜀𝑟𝑟) is permittivity, 𝜉𝜉 is 

zeta potential, 𝐸𝐸 is electric field, 𝑉𝑉 is volume of suspension, and 𝜂𝜂 is viscosity. However, the 

shielding effect of the growing layer is ignored in this model. 

Although most empirical studies have focused on the EPD process under potentiostatic or 

constant-voltage conditions, some studies have suggested using galvanostatic or constant-current 
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conditions during the EPD process to avoid the effect of increased deposit resistivity of the 

effective electrical force acting on particles. In this condition, while the voltage drop across the 

two electrodes increases with time, the voltage/unit distance in the suspension is constant. This 

condition was proposed experimentally by Ma and Cheng [52]. The relationship between the 

kinetics parameter and the applied current intensity is determined as follows: 

𝑘𝑘 =  𝑘𝑘0�𝑒𝑒𝑖𝑖 𝑖𝑖0⁄ − 1�                                                                                                                      (Equation 3) 

where 𝑖𝑖 is the current density and 𝑖𝑖0 and 𝑘𝑘0 are the reference conditions from which the 

expression predicts the kinetics constant under other applied currents, facilitating more effective 

modelling and controlling of the process. 

 

Table 1. Summary of kinetic equations and experimental expressions  

Kinetics milestones  Experimental expressions Eq. Ref. 

Basic equation 𝑊𝑊(𝑡𝑡) = 𝐶𝐶𝜇𝜇𝐴𝐴𝐸𝐸𝑡𝑡 (1) [20] 

Considering the solid loading variation 𝑊𝑊(𝑡𝑡) = 𝑊𝑊0(1 − 𝑒𝑒−𝑘𝑘𝑘𝑘)  

with 𝑘𝑘 =  
𝑓𝑓𝐴𝐴𝜀𝜀0𝜀𝜀𝑟𝑟𝜉𝜉𝐸𝐸

4𝜋𝜋𝑉𝑉𝜂𝜂
 

(2) [21] 

Experimental expression determining the 
variation of the kinetics parameter vs. the 
current applied 

𝑘𝑘 =  𝑘𝑘0�𝑒𝑒𝑖𝑖 𝑖𝑖0⁄ − 1� (3) [52] 

 

2.1.3 Types of EPD 

Traditionally, EPD has been studied with organic suspensions, which show high quality coatings 

due to low conductivity, good chemical stability of the suspension, and no electrochemical 

reactions at the electrodes. However, organic solvents have disadvantages, including cost, 

volatility, toxicity, and flammability. In particular, the low dielectric constant of organic solvents 
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requires a high electric field to achieve enough electrophoretic mobility for the suspended 

particles. 

EPD of aqueous system has been suggested an alternative because water is both more 

economical and more environmentally friendly. Furthermore, the high dielectric constant of 

water enables a deposition process with low electric fields. However, the main drawback to EPD 

of aqueous suspension is the electrolysis of water. The gas bubbles at the electrodes due to water 

electrolysis can be included in the coated layer and cause a poor quality deposit.   

 

  

Figure 2. Schematic representation of some electrical signals: (A) continuous direct current 

(CDC), (B) pulsed direct current (PDC), (C) symmetrical alternating current (AC) with no net 

DC component, (D) asymmetrical AC signal with net DC component, and (E) asymmetrical AC 

wave with no net DC component [22]. 
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In order to overcome this obstacle, several approaches have been proposed, such as the use of 

different substrates which are less vulnerable to gas bubbles, including palladium [25] and 

membrane [53] electrodes; low applied voltage [54]; or chemical additives [55]. However, the 

quality and homogeneity of the deposited layer are still poor. Recent research has focused on 

EPD using modulated electric fields [22], such as pulsed direct current (PDC) and alternating 

current (AC), that can decrease the number of gas bubbles at the electrodes and allow 

homogenous deposits from aqueous suspensions.   

Figure 2 shows some examples of electric signals. As shown in Figure 2, while the voltage of 

continuous direct current (CDC) is roughly constant, that of PDC continually varies with a cycle. 

However, both a DC wave and a PDC wave have the same sign of the voltage. The advantages of 

PDC over CDC for EPD is that PDC reduces coalescence between gas bubbles and aggregations 

between particles. Bersa et al. controlled bubble incorporation and obtained bubble-free deposits 

from alumina aqueous suspensions by PDC-EPD [56]. Naim et al. demonstrated a 

aggregation/disaggregation of aqueous suspended polystyrene latex particles using PDC-EPD 

[57]. However, the obvious problem of a low deposition rate remains with PDC-EPD.  

In an AC electric field, the sign of voltage periodically reverses between positive and negative 

values. AC waveform can be divided by the symmetry and area of both half-cycles: symmetrical 

AC with no net DC component (Figure 2 C), asymmetrical AC with net DC component (Figure 2 

D), and asymmetrical AC with no net DC component (Figure 2 E). In symmetrical AC (Figure 2 

 C), the particles move a certain distance, 𝑥𝑥, during the first half-cycle. Then they return to their 

original position, - 𝑥𝑥. That is, the net migration of particles theoretically becomes zero because 

the particles oscillate at a fixed position between two electrodes. Therefore, the efficiency of 

EPD with symmetrical AC modes is low. Hence, this study investigates EPD with asymmetrical 
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AC signals. The difference in cycle length and voltage strength between the positive and the 

negative half-cycles can be motivation energy [58, 59]. Besides allowing uniform deposits by 

suppressing the formation of gas bubbles due to the electrolysis of water, as shown in Figure 3 

[59], EPD under asymmetrical AC signals has other important characteristics. EPD with 

asymmetrical AC with net DC component allows high probability of orientation. Yue et al. [60] 

controlled the orientation of particles by employing a strong AC signal and improved 

microstructures of Ag-sheathed Bi2Sr2CaCu2Oδ tapes. Raissi et al. [61] demonstrated dynamic 

separation of the particles based on shapes in a desired direction for sensor applications.  

 

 

Figure 3. (A) One period of the applied asymmetric AC signal, (B) α-Al2O3 deposits formed 

using 100 V DC for 1200 s, and (C) α-Al2O3 deposits formed using 50 Hz 500 Vp-p asymmetric 

AC field with asymmetry factor 4 [59]. 

 

In an AC field, there are two competition mechanisms, the electrochemical reactions and the 

current that flows through the double layer capacitance. When sufficient frequency is applied to 
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the suspensions, the current flowing through the double layer is dominant and the 

electrochemical reactions is suspended [59]. It has been reported [62] that the reaction rate of the 

electrochemical reactions decreases because hydrogen ions and hydroxyl ions not only involve 

the reduction of hydrogen ions to hydrogen molecules and the oxidation of hydroxyl ions to 

oxygen molecules but also participate in the electron transfer and the molecular rearrangement. 

Thus, an AC field reduces the gas bubbles formed by the decomposition of water.  

While in DC fields the electric charge flows only in one direction, in AC fields the movement of 

the electric charge periodically reverses direction between the positive and negative. Thus, 

predicting particle behaviors in suspensions under an AC field is much more complicated than in 

DC. Even though few kinetic studies have been done of AC-EPD, Oddy and Santiago [63] 

compared the displacement of particles under a DC electric field and an AC electric field. The 

displacement of a particle, 𝑥𝑥𝐷𝐷𝐷𝐷, for a finite time ∆𝑡𝑡 under a DC electric field can be expressed as 

follows: 

𝑥𝑥𝐷𝐷𝐷𝐷 =  𝜇𝜇𝑒𝑒𝑒𝑒ℎ𝐸𝐸𝐷𝐷𝐷𝐷∆𝑡𝑡 +  𝑥𝑥0                                                                                                            (Equation 4) 

where 𝜇𝜇𝑒𝑒𝑒𝑒ℎ is the electrophoretic mobility, 𝐸𝐸𝐷𝐷𝐷𝐷 is a DC electric field, and 𝑥𝑥0 determines the 

initial location of the particle. Meanwhile, in case of an AC electric field, the amplitude of the 

peak-to-peak displacement, 𝑥𝑥𝐴𝐴𝐷𝐷 , is determined as follows: 

𝑥𝑥𝐴𝐴𝐷𝐷 = −[(𝜇𝜇𝑒𝑒𝑒𝑒ℎ/𝐸𝐸𝐴𝐴𝐷𝐷)/𝑠𝑠𝑖𝑖𝑠𝑠 (𝜔𝜔𝑡𝑡) ]/𝜔𝜔 + 𝑥𝑥1                                                                              (Equation 5) 

where 𝐸𝐸𝐴𝐴𝐷𝐷 is the peak to peak amplitude, 𝜔𝜔 is the applied angular frequency, and 𝑥𝑥1 is the center 

of the trajectory.  

Currently, the focus of research has switched from DC-EPD to AC-EPD. Several studies have 

reported smooth and thick deposition by using AC electric fields, as summarized in Table 2. 

Moreover, the use of AC electric fields is attractive due to the possibility of separating the 
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particle size and controlling the alignment and orientation of nanostructured materials, as well as 

coating on nonconductive substrates. Therefore, AC-EPD has the potential to be used in a variety 

of applications.  

 

Table 2. Summary of investigations on the applications of AC-EPD in inorganic material 

deposition. 

Application Material Medium Substrate Ref 

Aqueous suspension Al2O3 Water Stainless steel [59] 

TiO2 Water Stainless steel [23] 

PAA-TiO2 Water Stainless steel [64] 

BaTiO3 Water Aluminium foil [65] 

SiC Water Stainless steel [66] 

SnO2 Water Carbon film base 
electrode 

[67] 

Particle separation  
(size-selectivity) 

SnO2 Acetone Glass with gold 
electrode 

[61] 

Particle separation 
(shape-selectivity) 

ZnO (cubiv and 
rod) 

Acetone Glass with gold 
electrode 

[68] 

Particle separation 
(conductivity-
selectivity) 

MWCNT Water + Alcohol Electrode coated 
glass 

[69] 

Particle separation 
(controlling density) 

Hydroxyapatite Butanol Titanium [70] 

Nonconductive substrate WO3 Acetone Alumina [31] 

TiO2 Acetone Alumina [32] 

 

2.1.4 Application of EPD 

Generally, EPD can be applied to coating any type of solids, including metals, ceramics, and 

polymers, that are dispersed in a medium. Even though there is no general restriction on the 
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particle size, some researchers regard the range of 1–20 μm as suitable for deposition [5]. 

However, with increasing research on nanostructured materials, EPD has been extended to 

assemble nanosized particles. 

EPD is attractive for fabricating solid oxide fuel cells, solar cells, batteries, and gas sensors. EPD 

has great potential for the design of thin, dense, and gas tight electrolytes as well as porous 

electrodes. Thus, various researchers have investigated EPD techniques for coating protective 

layers and depositing electrode materials. 

The EPD process allows multilayered coating for applications such as laminated materials and 

functionally graded materials. Layered materials can be obtained by preparing different 

suspensions and immersing the working electrode in different suspensions.  

 

 Solution based synthesis methods of nanostructured metal oxide 

2.2.1 Zinc oxide (ZnO) 

Zinc oxide (ZnO) has been widely used in various fields because of its outstanding properties 

such as a large direct band gap (3.37 eV) and the electrical properties of n-type semiconductors, 

as well as excellent chemical and thermal stability [1, 39, 71]. Thus, ZnO is attractive for 

applications in gas sensors, solar cells, photonic crystals, surface acoustic wave filters, light-

emitting diodes, and optical devices [1, 39, 71, 72]. 

A considerable number of researchers have investigated ways to synthesize ZnO nanostructures, 

including thermal evaporation, chemical vapor deposition, electrochemical, and physical 

deposition techniques. Among many nanosized ZnO preparation routes, a solution based 

synthesis method was chosen for this research because of much lower growing temperatures 

(<200 °C) than other techniques and its usefulness for large scale production [39]. 
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The crystal structure of ZnO is the hexagonal close packing of zinc and oxygen atoms. This 

structure includes three main crystal planes: a top polar zinc (0001) plane, six symmetric 

nonpolar zinc – oxygen 101�0 planes, and a basal polar oxygen (0001�) plane. Because of the 

difference of the structural anisotropy and surface polarity, the growth rates along different 

planes follow the order: (0001)>101�0>(0001�). Thus, ZnO crystals grow preferentially along 

the [0001] direction and rod-like structures are synthesized normally along the c-axis [73]. The 

formation of ZnO crystals is explained as follows [1]:  

𝑍𝑍𝑠𝑠2+ + 𝑂𝑂𝑂𝑂−
△
→  𝑍𝑍𝑠𝑠𝑂𝑂 + 𝑂𝑂2𝑂𝑂                                                                                                    (Equation 6)  

To control the morphology of ZnO crystals, the capping effect is important. When citrate anions 

(C3H5O(COO)3
3−) exist in the solution, the growth along the [0001] direction is suppressed [74, 

75]. Thus, ZnO crystals become nanodisks. Since -COO- and -OH groups in citrate anions 

preferentially adsorb on the polar zinc (0001) plane, the contact between the growth unit and the 

polar zinc (0001) plane is interrupted. In this case, growth along the six symmetric directions 

(preferential equatorial growth) is dominant over the growth along c-axis, allowing the 

hexagonal disk-like ZnO to be obtained [76]. This effect has also be achieved by introducing 

citric acid (C₆H₈O₇) [77], malate ion (C3H4O2(OH)COO-) [78], sodium bis(2-ethylhexyl) 

sulfosuccinate (NaAOT) [79], or carboxyl-functionalized polyacrylamide (PAM-COOH) [80].  
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Table 3. Summary of investigations on the synthesis of disk-like ZnO. 

Approach Precursor Synthesis method Ref 

Citrate ion Zinc nitrate + HMT + sodium 
citrate aqueous solution  

Teflon-lined autoclave at 95 °C 
for 1 day 

[74] 

Zinc acetate + ammonia + citrate 
potassium aqueous solution 

Teflon-lined autoclave at 
120 °C for 8 hours 

[75] 

Zinc acetate + NaOH + sodium 
citrate aqueous solution 

Teflon-lined autoclave at 95 °C 
for 12 hours 

[81]  

Zinc nitrate + HMT + triethyl 
citrate aqueous solution 

Temperature-controlled 
microwave at 90 °C for 15 min 

[39] 

Zinc nitrate + HMT + tripotassium 
citrate aqueous solution  

Ammonia + tripotassium citrate 
aqueous solution  

Conversion of amorphous zinc 
citrate sphere into ZnO disk 

[76] 

Citric acid Zinc acetate + NaOH + citric acid 
aqueous solution 

Teflon-lined autoclave at 
200 °C for 20 hours 

[77] 

Malate ion Zinc acetate + ammonia + sodium 
malate aqueous solution 

Teflon-lined autoclave at 
120 °C for 8 hours 

[78] 

AOT 
template 

Zinc nitrate + ammonia + NaAOT 
aqueous solution  

1-butanol 

Microemulsion 

Reacting at 70 °C for 5 day 

[79] 

Polymer 
control 

Zinc nitrate + HMT + PAM-COOH 
aqueous solution 

Reacting at 70 °C for 30 min 
with refluxing then keeping for 
5 hours without stirring 

[80] 

 

2.2.2 Nickel oxide (NiO) 

Nickel oxide (NiO) has been intensively studied as a transition metal oxide because of its useful 

electronic, magnetic and catalytic properties. NiO is a promising candidate for electrode 

materials in fuel cells and batteries as well as catalysts, electrochemical capacitors, gas sensors, 

and magnetic materials [82, 83]. 
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 As with the preparation of ZnO nanoparticles, many researchers have studied solution based 

synthesis methods of NiO nanoparticles. In general, the synthesis of NiO nanoparticles by a 

solution method includes two steps: 1) the precipitation of nickel precursor and 2) the 

decomposition to NiO by thermal treatment. 

 

Table 4. Summary of investigations on the synthesis of nanosized NiO by precipitation methods. 

Approach Precursor Synthesis method Ref 

Organic 
solvent 

Nickel nitrate + oxalic acid in 
ethanol solution 

Precipitated at RT and calcined 
at 400 °C for 1 hour 

[82] 

Ammonium 
precipitation 

Nickel sulfate + ammonia aqueous 
solution 

Precipitated at RT and calcined 
at 300 °C for 1 hour 

[83] 

Nickel chloride + ammonium 
bicarbonate aqueous solution  

Precipitated at 40 °C and 
calcined at 400 °C for 1 hour 

[84] 

Nickel chloride + ammonia 
aqueous solution 

Precipitated at RT and calcined 
at 400 °C for 1 hour 

[85] 

Urea 
precipitation 

Nickel sulfate + urea aqueous 
solution 

Precipitated at 95 °C and 
calcined at 400 °C for 2 hours 

[86] 

Coordination 
precipitation 

Nickel nitrate + ethylendiamine + 
sodium hydroxide aqueous solution 

Precipitated at RT and calcined 
at 400 °C for 1 hour 

[87] 

NaOH 
precipitation 

Nickel nitrate + sodium hydroxide 
aqueous solution 

Precipitated at RT and calcined 
at 500 °C for 6 hours 

[88] 

Microwave-
meditated 
technique 

Nickel nitrate + CTAB + urea 
aqueous solution 

Precipitated with microwave at 
120 °C for 15 min and  
calcined at 300 °C for 3 hours 

[45] 

 

 Nanostructured metal oxide for gas sensor applications 

Semiconducting nano-scale metal oxides such as tin oxide [10], zinc oxide [1], nickel oxide [11], 

and copper oxide [12] have been developed as gas sensors that measure the change in electrical 

conductivity upon exposure to a gas. Tin oxide and zinc oxide are representative n-type 

semiconducting gas sensing materials; meanwhile, nickel oxide and copper oxide are 
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representative p-type semiconducting gas sensing materials. A schematic of the formation of 

electronic core–shell structures in n-type and p-type oxide semiconductors is shown in Figure 4. 

 

 

Figure 4. Formation of electronic core–shell structures in (a) n-type and (b) p-type oxide 

semiconductors [43]. 

 

A semiconducting metal oxide gas sensor has a relatively high optimum operating temperature of 

about 250-350 °C [44, 46, 89]. If the temperature of the sensor is increased about 100-200 °C, 

oxygen molecules in the atmosphere are adsorbed on its surface. Then, oxygen ion molecules are 

formed by attracting an electron from the conduction band, as shown in the following equation:  

𝑂𝑂2(𝑔𝑔𝑔𝑔𝑠𝑠) + 𝑒𝑒− ⇔ 𝑂𝑂2−(𝑔𝑔𝑎𝑎𝑠𝑠𝑎𝑎𝑎𝑎𝑎𝑎).                                                                                     (Equation 7) 
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However, at higher temperatures, about 250-350 °C, the oxygen ion molecules dissociate into 

oxygen ion atoms with singly or doubly negative electric charges by attracting an electron again 

from the conduction band of the sensor, as shown below:  

1
2
𝑂𝑂2 + 𝑒𝑒− ⇔ 𝑂𝑂𝑎𝑎𝑎𝑎𝑎𝑎− ,                                                                                                          (Equation 8) 

1
2
𝑂𝑂2 + 2𝑒𝑒− ⇔ 𝑂𝑂𝑎𝑎𝑎𝑎𝑎𝑎2− .                                                                                                        (Equation 9) 

 

 

Figure 5. Schematic diagram for change of the sensor resistance upon exposure to the target gas 

(reducing gas) in the cases of n-type and p-type MOS sensors [89]. 

 

Then, the oxygen ions on the surface of the sensor react with the target gas molecules by giving 

up the electrons from the sensor, as shown in the following equation: 

𝑋𝑋 + 𝑂𝑂𝑎𝑎𝑎𝑎𝑎𝑎𝑏𝑏− ⇔ 𝑋𝑋′ + 𝑎𝑎𝑒𝑒−,                                                                                                  (Equation 10)  
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where 𝑋𝑋 and 𝑋𝑋′ are target gas and out gas, respectively, and the 𝑎𝑎 value is the number of 

electrons. 

Because of the chemical reaction between target gas molecules and oxygen ions, the sensor 

resistance changes as the carrier concentration in the conductivity changes. The change of sensor 

resistance depends on the type of semiconducting metal oxide gas sensor, as shown in Figure 5. 

Among various types of metal oxides, zinc oxide, which shows n-type behavior, is an excellent 

candidate for gas sensors because of its electric properties, such as wide band gap and high 

electron mobility [1, 39, 71]. Various morphologies for ZnO nanostructures, such as nanorods, 

nanotubes, and nanowires, have been investigated to understand morphology-driven properties. 

Recently, some researchers have fabricated hollow micro/nanosphere ZnO and investigated its 

properties [90, 91]. Such a structure has a large surface-to-volume ratio and reduced transport 

lengths for both mass and charge transport, making it suitable for applications such as  dye-

sensitized solar cells, photocatalts, high performance electrodes, and gas sensors [90-94]. J. Rao 

et al. [94] investigated precision detection of ethanol and acetone with low concentration. The 

gas response values of ZnO hollow microspheres are 2.2 in 5 ppm ethanol and 2 in 5 ppm 

acetone, respectively, as shown in Figure 6.  

Some researchers have reported enhanced gas selectivity of ZnO hollow microspheres. D. Wang 

et al. [91] achieved good selectivity to ethanol with hierarchical hollow ZnO microspheres, as 

shown in Figure 7 (a). In addition, these microspheres showed a fast response time of 1 sec and a 

fast recovery time of 19 sec. Also, X. Li et al. [93] found that ZnO hollow microspheres showed 

significant selectivity toward alcohols, such as methanol and ethanol, as shown in Figure 7 (b). 

Those results indicated that the mesoporous and hollow structure of a ZnO microsphere can 

enhance its gas sensitivity and selectivity. 
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Figure 6. Gas response value curves of the ZnO hollow microspheres sensor to (A) ethanol and 

(B) acetone [94].  

 

    

Figure 7. (a) Comparison of the responses to various test gases at 275 °C (b) Response of the 

sensor to various test gases at 350 °C 

 

(a) (b) 
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Figure 8. Design of ultraselective and highly sensitive methyl benzene sensors 

for indoor air monitoring using Cr-doped NiO hierarchical nanostructures [17]. 

 

On the other hand, nickel oxide shows a p-type semiconducting behavior. Despite some 

shortcomings, p-type oxide semiconductors have great potential for use in gas sensors due to 

their reliable and reproducible switch in electrical conductivity between the air atmosphere and 

target gas, chemical stability with a highly electroactive nature, and low cost and toxicity [12, 13, 

43, 95, 96]. Some researchers have reported enhanced gas selectivity of p-type oxide 

semiconductors. H. -J. Kim et al. [17] achieved high selectivity and response to xylene and 

toluene with 1.15 at% Cr-doped NiO hierarchical nanostructures, as shown in Figure 8.  

K. -M. Kim et al. [97] investigated the gas selective detection of pure CuO nanosheets and Cr-

doped CuO nanorods. They found that 2.2 at% Cr-doped CuO nanorods showed highly sensitive 

and selective detection of NO2, as shown in Figure 9. The results indicate that the selectivity and 

sensitivity of p-type oxide semiconductors can be enhanced with the combination of dopants.  
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Figure 9. (a) Sensing transients of CuO nanostructures over the range 5–100 ppm NO2 at 275 °C, 

(b) Sensing transients of 2.2 Cr-CuO nanostructures over the range 5–100 ppm NO2 at 275 °C 

 

In addition, heterostructured gas sensors using oxide p-n junctions have been one of the most 

promising areas of research because various combinations of p- and n-type oxide semiconductors 

have demonstrated higher performance than those with only one of the two types  [43]. C. W. Na 

et al. [98] found that n-type ZnO nanowire with p-type NiO nanoparticles showed significantly 

enhanced gas response. H. -R. Kim et al. [47] suggested that NiO-functionalized SnO2 hollow 

spheres achieved rapid recovery. Decorating p-type oxide semiconductors on n-type oxide 

semiconductors can enhance not only the gas response and selectivity but also the recovery 

kinetics by transferring charge carriers between p- and n-type oxide semiconductors. 
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Chapter 3. Experimental method 

 

 EPD process 

3.1.1 Materials 

Commercially available ZnO powders (Sigma-Aldrich) with different sizes (average size: 50, 

100, 200 and 400 nm), anhydrous ethanol (Fisher Scientific) and distilled water were used to 

prepare suspensions. The prepared ZnO in ethanol suspension is presented in Figure 10.  

 

  

Figure 10. ZnO in ethanol suspension with concentration of 0.02 g/ml. 

 

The particle size distribution of commercially available ZnO powders were described in 

histograms obtained from the SEM images as shown in Figure 11. Polyethyleneimine (PEI, 

molecular weight = 25,000, Alfa Aesar) was added as a dispersant. The pH levels of the 

suspensions were adjusted with ammonium hydroxide (Sigma-Aldrich) and measured by a pH 
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meter (Fisher Scientific™ accumet™ AB15+) and pH test strips (BDH®). The suspensions were 

ultrasonicated for 1 hour to improve dispersion, then were immediately used for EPD. 
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Figure 11. Particle size distribution of commercially available ZnO powders: Histogram obtained 

from the SEM images. 

 

3.1.2 EPD process 

The deposition cell was comprised of a glass beaker containing a stainless steel counter electrode 

and a working electrode as shown in Figure 12. The working electrodes used for EPD included 

301 tempered stainless steel plates (Lyon industry), carbon fabrics (Zoltek), and copper plated 

fabrics (PCPTF, LessEMF). All substrates were cleaned with ethanol and DI water prior to 
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deposition. The area of each electrode was 1 cm2 and the distance between the two parallel-plate 

electrodes was kept constant at 1 cm.  

 

 

Figure 12. The deposition cell of the EPD process 

 

    

Figure 13. Function generator, AC power amplifier, and DC power supply used for the EPD 

process  

 

← Function generator 

 

 

← AC power amplifier 

 

← DC power supply 
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During the EPD process, various DC and AC electric fields were applied across the electrodes. 

The setup for generating the DC and AC electric fields is shown in Figure 13. For DC EPD, a 

DC power supply (Agilent 6645A) was used to generate an electric field of 10-100 V/cm. For 

AC EPD, the square wave form was generated by a function generator (Agilent 33220A) and the 

strength of the electric field was amplified by an AC power amplifier (Trek PZD 700). After 

deposition, the coated substrates were air-dried for 24 hours at room temperature and the weight 

change was measured. 

 

 Synthesis of porous and hollow microsphere zinc oxide 

3.2.1 Materials 

For the synthesis of porous and hollow microsphere zinc oxide, zinc nitrate hexahydrate 

(Zn(NO3)2·6H2O, Fisher Chemical), hexamethylenetetramine (HMT, C6H12N4, Aldrich), and 

sodium citrate (Na3C6H5O7, Sigma-Aldrich) were used as starting materials.  

 

3.2.2 Synthesis process 

Zinc nitrate hexahydrate (Zn(NO3)2·6H2O, Fisher Chemical), hexamethylenetetramine (HMT, 

C6H12N4, Aldrich), and sodium citrate (Na3C6H5O7, Sigma-Aldrich) were stirred in DI water. 

The mixed solution was kept in a hot water bath (Iso Temp 202, Fisher Scientific), as shown in 

Figure 14 (a), at 70 ℃ for 3 hours and dried at 85 ℃ overnight. The resulting precipitates were 

collected and washed several times with DI water. After drying, the precipitates were calcined in 

a tube furnace (Lindberg/Blue M), as shown in Figure 14 (b), at 300 ℃ for 1 hour.   
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Figure 14. (a) Hot water bath and (b) tube furnace used for the power synthesis 

(a) 

(b) 
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 Synthesis of nickel oxide 

3.3.1 Materials 

Nickel chloride (NiCl2, Alfa-Aesar) and ammonium oxalate ((NH4)2C2O4, Sigma-Aldrich) were 

separately dissolved and mixed in DI water. Triethanolamine (TEA, Sigma) was added into one 

solution for altering NiO morphology.  

 

3.3.2 Synthesis process 

Two different morphologies of NiO particles were prepared by a hydrothermal method. Nickel 

chloride (NiCl2, Alfa-Aesar) and ammonium oxalate ((NH4)2C2O4, Sigma-Aldrich) were 

separately dissolved and mixed in 10 ml distilled water. One ml of triethanolamine (TEA, 

Sigma) was added into one solution for altering NiO morphology.  

 

    

Figure 15. Stainless steel autoclave and oven. 
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Both solutions were transferred to Teflon containers and autoclaved at 120°C for 10 hours as 

shown in Figure 15. The two resulting batches of precipitate were collected, washed several 

times with water, and then calcined at 300°C for 1 hour. 

 

 Material characterization 

Zeta potentials of the suspensions were measured using a zeta potential analyzer (Malvern 

Zetasizer 2000). The morphology of the samples was examined by a field emission scanning 

electron microscope (FESEM, JEOL JSM-7000F) and a transmission electron microscopy 

(TEM, Tecnai G2 F30 S-Twin). The crystalline phase of the ZnO was analyzed by X-ray 

diffraction (XRD, Bruker D8 Discover). Dielectric measurement was performed at frequencies 

ranging from 100 Hz to 1 MHz and at 100 mVosc using an impedance analyzer (Agilent 4294A). 

Chemical bonding structure was analyzed by FTIR (Fourier transformation infrared) and the 

bonding change was analyzed by DSC (differential scanning calorimetry). Room temperature 

micro-Raman spectroscopy was employed using the 441.6 nm line (80 mW) from He-Cd laser 

(Kimmon Electric). The ultraviolet-visible diffuse reflectance spectroscopy (UV-vis DRS) was 

measured with the commercial AvaSpec-2048-USB fiberoptic UV-vis spectrometer. The spectra 

were measured from 245 to 800 nm. Barium sulphate was used as a white reference material. 

The room temperature photoluminescence (PL) spectrum was measured with 325 nm line (20 

mW) from a continuous-wave He-Cd laser (Kimmon Electric). Specific surface areas were 

determined using the Brunauer–Emmett–Teller (BET) method with a surface area and pore size 

analyzer (NOVA 2200e Quantachrome Instruments). 
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 Device preparation 

The process of preparing the electrodes is described in Figure 16. 

 

 

Figure 16. The illustration of the process of preparing electrodes. 

 

To measure gas sensing ability, conductive electrodes must be patterned on the substrates to 

measure the change of electrical signal. The interdigitated electrodes, which were designed to 

enlarge the surface area in same dimension resulting in larger conductivity, were patterned on 

substrates to measure the resistance through sensing layers. The arrays of electrodes were 

engraved on stainless steel. Each electrode had a width of 500 μm and a distance of 400 μm 

between electrodes. Each device was 10 x 5 mm. A stainless steel shadow mask of interdigitated 

electrodes and the patterned Pt electrodes on polyimide film are shown in Figure 17.  
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Figure 17. A shadow mask of interdigitated electrodes and patterned electrodes on polyimide 

film 

 

 

Figure 18. Denton Discovery 18 rf/dc sputtering system 
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The substrates were placed inside a magnetron-sputter chamber (Discovery 18, Denton Vacuum) 

as shown in Figure 18. Pt target (Lasker, 99.9 %) was used as the electrode materials because it 

has good electrical conductivity and resistance to being oxidized [99]. Sputter deposition was 

performed when the chamber vacuum became below 5 x 10-5 mTorr. 

 

 Gas sensing property measurement 

Gas sensing behaviors were measured as described in Figure 19.  

 

 

Figure 19. Schematic diagram of configured parts, gas cylinders, temperature controller, MFC 

(Mass Flow Controller), and data acquisition computer run by NI Lab VIEW. 

 

For a gas delivery, the target gas was injected by nitrogen. Cylinders of oxygen and nitrogen 

were prepared to produce a synthetic air. The amount and flow rate of the gases were controlled 

by a MFC (mass flow controller). Once the air mixture flowed into the liquid source, spherical 
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bubbles were generated and flowed into the gas chamber. The resistance change of the sensor 

was measured by a digital multimeter (Model 2400-LV SourceMeter, Keithley Instruments Inc.). 

Two conductive pin points located on the interdigitated electrode were used to detect the 

resistance signals, and the data was recorded on a personal computer running custom Labview 

software. For elevating temperature, an aluminum stage with two heaters was designed as shown 

in Figure 20 and the sensing temperature was controlled by a temperature controller. 

 

    

Figure 20. The aluminum stage for elevating temperature and the sensing chamber 

 

Then the gas responses were calculated by the following equation (7): 

Gas response = 𝑅𝑅𝑎𝑎 𝑅𝑅𝑔𝑔⁄                                                                                                  (Equation 7) 

where 𝑅𝑅𝑎𝑎 is the resistance of the air atmosphere and 𝑅𝑅𝑔𝑔 is the resistance of the target gas 

atmosphere [1]. 
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Chapter 4. Development of EPD for an environmentally friendly process 

 

 Introduction 

Based on the governing equations by Hamaker (1) [20] and Zhang (2) [21], zeta potential, time, 

and electric field are key parameters in the EPD process. These empirical equations are based on 

suspensions with organic solvents and planar metallic substrates. Thus, prior to studying aqueous 

systems for EPD, the parameters of the EPD process were studied using commercial zinc oxide 

powders with different sizes suspended in ethanol deposited on stainless steel plates.   

 

 Experimental method 

Commercially available ZnO powders (Sigma-Aldrich) with different sizes (average size: 50, 

100, 200 and 400 nm), anhydrous ethanol (Fisher Scientific), and distilled water were used to 

prepare suspensions. Polyethyleneimine (PEI, molecular weight = 25,000, Alfa Aesar) was 

added as a dispersant. The pH levels of the suspensions were adjusted with ammonium 

hydroxide (Sigma-Aldrich) and measured by a pH meter (Fisher Scientific™ accumet™ AB15+) 

and pH test strips (BDH®). The suspensions were ultrasonicated for 1 hour to improve 

dispersion, then were immediately used for EPD. 

The deposition cell was comprised of a glass beaker containing a stainless steel counter electrode 

and a working electrode. For both working and counter electrodes, 301 tempered stainless steel 

plates (Lyon industry) were used. All substrates were cleaned with ethanol and DI water prior to 
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deposition. The area of each electrode was 1 cm2 and the distance between two parallel-plate 

electrodes was kept constant at 1 cm.  

During the EPD process, various DC and AC electric fields were applied across the electrodes. 

For DC EPD, a DC power supply (Agilent 6645A) was used to generate electric fields of 10-100 

V/cm. For AC EPD, the square wave form was generated by a function generator (Agilent 

33220A) and the strength of the electric field was amplified by an AC power amplifier (Trek 

PZD 700). After deposition, the coated substrates were air-dried for 24 hours at room 

temperature and the weight change was measured. 

 

 Results and discussion 

4.3.1 EPD with zeta potential 

Figure 21 shows the deposition weight of ZnO nanoparticles with different particle sizes at pH 

ranges of 8-11 under a constant voltage of 50 V for 5 min. The deposition weights from all 

suspensions sharply decreased at pH levels over 10 and the deposition weights increased as the 

particle size decreased. 
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Figure 21. Deposit weight of ZnO nanoparticles with different sizes 
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This relationship can be explained by zeta potential. Figure 22 (a)-(b) shows the zeta potential 

with different pH and particle sizes. The operating pH was fixed to pH 9, which shows the 

highest zeta potential in Figure 22 (a), for all suspensions. The zeta potential values of the 

suspensions are presented in Figure 22 (b). The values of zeta potential decreased from 25.6 mV 

to 12. 6 mV as particle size increased from 50 nm to 400 nm. The increase of zeta potential in 

small particle size could result from a larger specific surface area that tends to adsorb more 

protonated PEI molecules. Previous research has indicated that PEI charges ZnO surface 

positively by adsorbing protons at the imido functional group (-NH) in aqueous suspensions. The 

protonated PEI is maintained at basic pH conditions and modifying the ZnO surfaces increases 

the isoelectric point (IEP) [26, 27]. In previous work [100, 101], the following reaction on the 

positive charge of PEI was considered in ethanol solutions, with results similar to a water 

solution:  

(−𝐶𝐶𝑂𝑂2 − 𝐶𝐶𝑂𝑂2 − 𝑁𝑁𝑂𝑂 −)𝑛𝑛 + 𝐶𝐶2𝑂𝑂6𝑂𝑂𝑂𝑂+ → (−𝐶𝐶𝑂𝑂2 − 𝐶𝐶𝑂𝑂2 − 𝑁𝑁𝑂𝑂2+ −)𝑛𝑛 + 𝐶𝐶2𝑂𝑂5𝑂𝑂𝑂𝑂     (Equation 8) 

The kinetic equation proposed by Hamaker (1) [20] and Zhang (2) [21] can also explain the 

effect of particle size on the deposition behavior. Once stable suspensions are obtained, the 

electrophoretic mobility (μ) is directly proportional to the zeta potential (ζ), as shown in the 

following equation:  

𝜇𝜇 = 𝜉𝜉𝜉𝜉
4𝜋𝜋𝜋𝜋

                                                                                                                                          (Equation 9) 

where ε is permittivity and η is the viscosity of the suspension. Therefore, slower deposition in 

larger particles can be attributed to reduced electrophoretic mobility driven by zeta potential.  
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Figure 22. Zeta potential of ZnO nanoparticles dispersed in ethanol with PEI (a) at different pH 

and (b) with different sizes 

 

4.3.2 EPD with varying voltage 

The effect of applied voltage during the EPD process was verified as shown in Figure 23 (a)-(d). 

EPD was performed with 40, 80, 200, and 400 nm ZnO powders at pH 9 for 1 min with the 
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applied voltage of 10-100 V. Figure 23 (a)-(d) shows the effect of the applied voltage on the 

deposition weight. The experimental results were compared with Zhang’s equation (2) [21]. As 

expected, the deposition weight increased as the voltage increased, and the results were mostly 

consistent with Zhang’s equation (2). However, in the case of 40 nm ZnO, the deposition yield 

was smaller than the expected value. It is possible that smaller particles agglomerate so that they 

behave as if they are larger particles. To confirm this possibility, analysis of particle size in the 

suspension is required. 

 

0 20 40 60 80 100
0.000

0.005

0.010

0.015

0.020

0.025

0.030

 

 

 50
 Zhang's eq

De
po

si
t W

ei
gh

t (
g)

Applied Voltage (V)

(a)
0 20 40 60 80 100

0.000

0.005

0.010

0.015

0.020

0.025

0.030

 

 

 100
 Zhang's eq
De

po
si

t W
ei

gh
t (

g)

Applied Voltage (V)

(b)

 

0 20 40 60 80 100
0.000

0.005

0.010

0.015

0.020

0.025

0.030

 

 

 200
 Zhang's eq

De
po

si
t W

ei
gh

t (
g)

Applied Voltage (V)

(c)
0 20 40 60 80 100

0.000

0.005

0.010

0.015

0.020

0.025

0.030

 

 

 400
 Zhang's eq

De
po

si
t W

ei
gh

t (
g)

Applied Voltage (V)

(d)

 

Figure 23. Deposit weight with increasing applied voltage at pH 9 for 1 min: (a) 50 nm, (b) 100 

nm, (c) 200 nm, and (d) 400 nm. 
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4.3.3 EPD with ZnO suspension in mixture of ethanol and water  

In previous studies [19, 102], water was regarded as a catalyst. Added water could create H+ and 

OH- ions by electrolysis and then H+ ions would be a charging agent by adsorbing on the surface 

of the metal oxide particles. Because of the interaction between H+ ions and negative ions in the 

diffuse layer, the electrical double layer could be reduced. Then the particles could move more 

rapidly due to the increase of Van der Waals forces. However, too high a concentration of ions in 

the suspension decreases the particle mobility. Thus, the EPD result might have a maximum as a 

function of added water amount. 
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Figure 24. Deposit weight of ZnO nanoparticles dispersed in mixture of ethanol and water (0, 10, 

15, 20 and 30 % of water) by EPD on stainless steel plate. 

 

For the feasibility study, 100 nm of ZnO particles were dispersed in mixtures of ethanol and 

water (0, 10, 15, 20 and 30 % of water) in Figure 24. The EPD process was carried out on 

stainless steel plates (SSP) at 10 and 50 V for 1 min. Up to 15 vol % of water, deposition weight 
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increased as the amount of water increased, but at higher percentages, deposition weight 

decreased. When more than 20 vol % of water was added, the suspensions were not stable and 

particles agglomerated. Thus, the deposition layer was not smooth and chunks of powder were 

deposited on the substrate. Also, these cases showed large data deviations. It is possible that too 

many H+ and OH- ions by the electrolysis of water hinders the deposition of particles in 

suspensions. 

 

4.3.4 EPD with ZnO suspension in water  

To achieve an eco-friendly aqueous EPD system, the aqueous EPD process imposes AC electric 

fields which can reduce the gas bubbles formed by the decomposition of water. An important 

parameter to consider in AC-EPD is frequency. In previous studies [66, 103, 104], the deposition 

rate varied with frequency and several aqueous suspensions were found to have a maximum 

deposition yield due to the reduced wave cycles at low frequency and the insufficient deposition 

time at high frequency. However, the effect of frequency on the deposition rate has not yet been 

systemically investigated. In this work, the effect of frequency on the kinetics of AC-EPD is 

studied by comparing ZnO in aqueous suspensions and ethanol suspensions. 

The variation of deposit yield versus frequency is shown in Figure 25. 100 nm of ZnO particles 

were dispersed in water and ethanol was deposited by AC-EPD with rectangular wave. The AC-

EPD process was carried out on stainless steel plates at 50 V for 1 min with frequency increasing 

from 0.1 Hz to 10 kHz. In the case of ethanol suspensions, frequency up to 100 Hz had no 

significant effect, but above 100 Hz, the deposition yield decreased. However, for water 

suspensions, the maximum deposition rate showed at 100 Hz.  
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In previous studies [66, 103, 104], AC-EPD with aqueous systems showed a maximum 

deposition yield because the reduced wave cycles at low frequency caused electrolysis of water 

and too rapid vibration of particles at high frequency caused insufficient deposition time. 

However, for ethanol systems, since there was no effect of electrolysis of the medium, frequency 

did not affect deposition yield. 
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Figure 25. Deposit weight of ZnO nanoparticles dispersed in water and ethanol by AC-EPD on 

stainless steel plate with frequency (0.1 – 10,000 Hz). 

 

Unlike ethanol suspensions, water suspensions showed a maximum deposition condition at 50V 

and 100 Hz. The results showed that in AC-EPD using an aqueous solution, which is 

environmentally safe and economically feasible, deposition kinetics can be controlled through 

frequency to deposit either thin or thick metal oxide films as needed for many applications. 
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 Summary and conclusions 

Prior to studying EPD with aqueous suspensions, ZnO nanoparticles suspended in ethanol were 

used to study the parameters of zeta potential and applied voltage. The deposition weights 

sharply decreased at pH levels over 10 and deposition weights increased as particle size 

decreased due to an enhanced zeta potential. Although the deposition weight showed a linear 

relationship with applied voltage, the dried morphology of the ZnO nanoparticle layers showed 

more uniform packing at smaller size and lower applied voltage. 

Based on these findings, ZnO nanoparticles suspended in a mixture of ethanol and water systems 

were deposited to study the effect of adding water. The EPD result showed a maximum as a 

function of added water amount. The charging agent effect of H+ ions formed by water 

electrolysis competed with reducing particle mobility by too high a concentration of ions in the 

suspension.  

To achieve an environmentally benign aqueous EPD system, this study identified approaches for 

an aqueous EPD process conducted with AC electric fields which can reduce the gas bubbles 

formed by the decomposition of water. The effect of frequency, which is a key parameter, on the 

kinetics of AC-EPD was compared with ZnO in aqueous suspensions and ethanol suspensions. 

AC-EPD with an aqueous system showed a maximum deposition yield because the reduced 

wave cycles at low frequency caused electrolysis of water and too rapid vibration of particles at 

high frequency caused insufficient deposition time. However, for ethanol systems, low frequency 

had no significant effect on deposition yield.  
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Chapter 5. Conductive and flexible substrates for EPD 

 

 Introduction 

Much efforts to control the structure and function of materials at the nanoscale have made due to 

their great potential for a wide range of applications, such as energy conversion devices, 

electronic components, data storage devices, biosensors and biomedical applications [1, 2]. As 

methods to build nanostructures on the surface of materials, coating from solution precursors 

such as electrolytic deposition (ELD) and electrophoretic deposition (EPD) has been applied 

[105]. In particular, the electrophoretic deposition (EPD), one of colloid techniques provides 

various advantages in the processing of ceramic materials because of its high versatility for 

coating a wide variety of compounds with different structures as well as low cost equipment [3-

5, 106]. Uniform coating of electrophoretically deposited materials has been demonstrated on 

three-dimensional, porous, and even flexible substrates [5]. In case of flexible fibers or wire 

substrates for EPD, there are reports on bohemite coating on stainless steel fiber mats [107] and 

alumina on stainless steel wires [108]. The applicability of EPD by coating metal oxides on solid 

substrates has been well studied, but few studies have been performed on fabrics. The use of 

fabrics for embedding or coating nanostructured functional materials could leverage wearable 

multi-functional devices [7-9]. 

In this study, ZnO nanoparticles were coated by EPD on flexible fabric and solid plate substrates. 

The effects of particle size, applied voltage, and substrate type on the EPD kinetics and 
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morphological properties were investigated. Stable ZnO suspensions were formed by 

characterizing the zeta potential, indicating controlled electrostatic interactions between the 

particles dispersed in ethanol. The deposition kinetics of the ZnO particles were evaluated by 

examining the zeta potential and the electric field for different particle sizes. The structural, 

optical properties, and dielectric properties of deposit ZnO layers by EPD were also examined by 

X-ray diffraction (XRD), Micro-Raman spectroscopy, ultraviolet-visible diffuse reflectance 

spectroscopy (UV-Vis DRS), photoluminescence (PL) spectroscopy, and impedance analyzer. 

 

 Experimental method 

Commercially available ZnO powders (Sigma-Aldrich) with different sizes and anhydrous 

ethanol (Fisher Scientific) were used to prepare suspensions. Polyethyleneimine (PEI, molecular 

weight = 25,000, Alfa Aesar) was added as a dispersant. The pH levels of the suspensions were 

adjusted with ammonium hydroxide (Sigma-Aldrich), and the pH for suspensions with different 

particle sizes was kept at 9. The suspensions were ultrasonicated for 1 hour to improve 

dispersion and were immediately used for EPD. The Zeta potentials of the suspensions were 

measured by using a zeta potential analyzer (Malvern Zetasizer 2000). The substrates used for 

EPD included 301 tempered stainless steel plates (Lyon industry), copper plates (Sigma-

Aldrich), carbon fabrics (Zoltek), and copper plated fabrics (PCPTF, LessEMF). All substrates 

were cleaned with ethanol and DI water prior to deposition. The deposition cell was comprised 

of a glass beaker containing a stainless steel counter electrode and a working electrode. The area 

of each electrode was 1 cm2 and the distance between two parallel-plate electrodes was kept 

constant at 1 cm. During EPD process, various voltages were applied across the electrodes. After 
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deposition, the coated substrates were dried in air for 24 hours at room temperature, and the 

weight change was measured.  

The morphology of the deposited ZnO layer was examined by using a field emission scanning 

electron microscope (FESEM, JEOL JSM-7000F). The crystalline phase of the ZnO was 

analyzed by using X-ray diffraction (XRD, Bruker D8 Discover) with Cu Kα radiation in the 2θ 

range from 20 to 80◦ with a step size of 0.02◦. In order to measure the dielectric properties, we 

sputtered platinum on the surface of the dried ZnO layer. The dielectric measurement was 

performed at frequencies ranging from 100 Hz to 1 MHz and at 100 mVosc by using an 

impedance analyzer (Agilent 4294A). Room temperature micro-Raman spectroscopy was 

employed using the 441.6 nm line (80 mW) from He-Cd laser (Kimmon Electric). The UV-vis 

DRS measurements were performed with the commercial AvaSpec-2048-USB fiberoptic UV-vis 

spectrometer. The spectra were measured from 245 to 800 nm. Barium sulphate was used as a 

white reference material. Room temperature PL spectrum was measured with 325 nm line (20 

mW) from a continuous-wave He-Cd laser (Kimmon Electric). 

 

 Results and discussion 

5.3.1 Electrophoretic deposition behavior of ZnO nanoparticles and their properties 

on conductive fabrics 

Zeta potential of ZnO nanoparticles in ethanol and PEI suspensions prepared at different pH 

levels were characterized. Since ZnO is easily soluble in acid [26], suspensions were measured at 

basic pHs. Figure 26 shows that PEI charges ZnO surface positively. ZnO has a relatively high 

positive zeta potential at pH 9, and then it decreases with increasing pH levels. It is reported that 

PEI in ZnO aqueous suspension modifies the surface of ZnO particles by increasing the 
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isoelectric point (IEP) [26, 27]. PEI can adsorb protons in the suspension due to the imido 

functional group (−NH) so that PEI becomes positively charged [26, 27]. Since the protonated 

structure of PEI can be maintained at basic pH levels, PEI is regarded as an effective dispersant 

[27]. The reactions of PEI in ethanol suspensions had not been reported. But the following 

reaction on the positive charge of PEI in ethanol can be expected from PEI and water system 

[100, 101]: 

(−𝐶𝐶𝑂𝑂2 − 𝐶𝐶𝑂𝑂2 − 𝑁𝑁𝑂𝑂 −)𝑛𝑛 + 𝐶𝐶2𝑂𝑂6𝑂𝑂𝑂𝑂+ → (−𝐶𝐶𝑂𝑂2 − 𝐶𝐶𝑂𝑂2 − 𝑁𝑁𝑂𝑂2+ −)𝑛𝑛 + 𝐶𝐶2𝑂𝑂5𝑂𝑂𝑂𝑂     (Equation 8) 
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Figure 26. Zeta potential of ZnO nanoparticles dispersed in ethanol with PEI. 

 

It is likely that ZnO surface may lose protons and zeta potential become lower at high pH. This 

can explain the decrease of zeta potential with pH as shown in Figure 26. Once stable 

suspensions are obtained, one of the important parameter to influence EPD kinetics can be the 

electrophoretic mobility since the mobility of particles is directly proportional to zeta potential. 

Therefore, pH 9 representing the highest positive charge, was kept and other parameters relating 
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to EPD such as voltage and time were investigated. Suspensions of ZnO nanoparticles with a 

concentration of 2.5 wt% in ethanol were used in this EPD.  
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Figure 27. Deposit weight of ZnO nanoparticles by EPD on Cu coated fabric and Cu plate as a 

function of applied voltage. 

 

ZnO nanoparticles were deposited on flexible fabrics and solid plates for comparative study. The 

weight gain of the deposit on both substrates was measured as a function of applied voltage as 

shown in Figure 27. The weight gain of ZnO deposits on both Cu coated fabric and Cu plate 

increased linearly with the applied voltage. The kinetic equation proposed by Zhang et al. [21] 

was used to observe the deposition behavior. The equation shows that the weight of the deposit 

(W) can be expressed as an exponential function of time of the reaction: 

W(t) = W0�1 − e−kt� with k =  fAε0εrξE
4πVη

                                                                           (Equation 11) 
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where the kinetic constant is k, the deposition time is t, the deposition area is A, the volume of 

suspension is V, the starting weight of the particle in the suspension is W0, the dielectric constant 

of the liquid is ε, the zeta potential of the particle in the solvent is ζ, the viscosity of the 

suspension is η, the applied voltage is E, and the voltage drop across the deposited layer is ΔE. 

The experimental and the calculated data indicate good agreement. But larger deposition weight 

of ZnO nanoparticles on Cu coated fabric was observed than the predicted values by the Zhang’s 

equation. Larger surface area of woven fabric due to non-flat surface can be attributed to more 

deposition of ZnO nanoparticles. At higher applied voltage of 100 V, ZnO deposition showed 

smaller weight than the predicted values by the equation. The reduced potential by shielding 

effect [5] of pre-deposited particles can lower the deposition rate.  
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Figure 28. XRD patterns of ZnO nanoparticle layer by EPD on a Cu coated fabric and a plate. 
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The deposited ZnO particles on Cu plate and fabric were examined by XRD as shown in Figure 

28. The deposition was performed at 10 V and 1 min. XRD patterns show only peaks of ZnO and 

Cu for both samples. No preferred orientation of ZnO layers was observed. Micro-Raman 

spectroscopy was employed to characterize ZnO nanostructure deposited by EPD on Cu plate. 

Lorentzian functions were used to fit Raman spectra. Figure 29 shows a very strong band at 435 

cm−1 corresponding to E2 vibration and a weak band at 576 cm−1 presenting A1 vibration, which 

are typical ZnO peaks in Raman spectrum. The E2 phonon frequency of the as-deposited ZnO 

layer is comparable to the report [109]. The observed E2 vibration frequency of the ZnO layer 

was decreased compared to that of bulk ZnO (438.5 cm−1) due to the phonon confinement or the 

presence of intrinsic defect on nanostructures [109]. 
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Figure 29. Micro-Raman spectrum of ZnO nanoparticle layers by EPD on a Cu plate. 
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The morphologies of EPD ZnO on Cu substrates are shown in Figure 30. ZnO coverage on both 

Cu plate and fabrics appears to be uniform. But ZnO layer deposited at 10 V shows slightly 

dense and less porous microstructure compared with ZnO deposited at 50 V. Higher electric field 

in EPD process promotes particles to be coated more quickly, but uniform and dense coating 

may be limited. In addition, faster EPD deposition showed cracks on the surface for both 

substrates as a consequence of the drying gradient. Therefore, an adequate control of the 

suspensions and deposition rate is necessary to obtain crack-free deposits. 

 

 

Figure 30. SEM images of ZnO layers by EPD at 10 V on (a) Cu coated fabric and (b) Cu plate 

and at 50 V on (c) a Cu coated fabric and (d) a Cu plate. 
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Figure 31. (a) UV-Vis absorption spectrum, (b) diffuse reflectance spectrum, and (c) Kubelka-

Munk transformed reflectance spectrum of ZnO layer deposited at 10 V on Cu coated fabric. 
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Figure 32. Photoluminescence spectrum of ZnO nanoparticle layers by EPD on a Cu plate. 

 

The optical properties of dried ZnO layer on Cu coated fabrics deposited at 10 V was studied by 

UV Vis DRS as shown in Figure 31. The absorption spectra of ZnO was expressed as the 

Kubelka-Munk function [F(R∞)] obtained from diffuse reflectance measurements as shown in 

Figure 31 (a), and the diffuse reflectance spectrum of the ZnO layer is given in Figure 31 (b). In 

the UV-Vis absorption spectrum, a sharp decrease in intensity is observed around 390 nm, and 

the reflectance spectrum shows broad absorption below 400 nm. Such change is caused by band 

edge absorption as reported [110-112]. In Figure 31 (c), [F(R) • E]2 versus photon energy (E) is 

plotted, where F(R) is the Kubelka-Munk function with F(R) = (1-R) 1/2/2R and R that is the 

observed diffuse reflectance [111]. The intersection between the linear line and the axis of 

photon energy represents the value to Eg [111, 113]. The band gap energy is determined to 3.23 

eV, which is comparable to nanostructured ZnO [110, 111, 113]. Compared with reported bulk-
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shaped ZnO (3.37 eV), the smaller value could be attributed to the presence of surface defects 

driven by low drying temperature and/or smaller nanoparticle size [110, 111, 113].  

Photoluminescence spectrum of the ZnO layer on Cu plate by EPD is shown in Figure 32. A very 

strong emission peak was detected at 379 nm (3.27 eV) which is very similar to the reported 

values [71, 109], but the peak was slightly shifted to lower value. The peak shift in the as-

deposited ZnO layer could result from higher defect density on the surface of the ZnO layer [71, 

109]. 

 

5.3.2 Growth and dielectric properties of ZnO nanoparticles deposited by using 

electrophoretic deposition  

Figure 33 shows the deposition weight of ZnO nanoparticles with different particle sizes. When 

the same deposition conditions of pH, time, and voltage were used, the deposition weight of the 

ZnO layer corresponding to the deposition rate shows a higher value for a smaller particle size. 

Such a relationship can be explained by the zeta potential. The values of zeta potential decrease 

from 25.6 mV to 12.6 mV with increasing particle size from 50 nm to 400 nm as shown in 

Figure 33. The increase in the zeta potential for small particle size can result from a larger 

specific surface area which tends to adsorb more protonated PEI molecules. PEI has been 

reported to charge the ZnO surface positively by adsorbing protons at the imido functional group 

(-NH) in aqueous suspensions. The protonated PEI is maintained at basic pH conditions and the 

modification of the ZnO surfaces increases the isoelectric point (IEP) [26, 27]. In a previous 

work [100, 101], the following reaction on the positive charge of PEI was considered in ethanol 

similar to that in a water solution: 

(−𝐶𝐶𝑂𝑂2 − 𝐶𝐶𝑂𝑂2 − 𝑁𝑁𝑂𝑂 −)𝑛𝑛 + 𝐶𝐶2𝑂𝑂6𝑂𝑂𝑂𝑂+ → (−𝐶𝐶𝑂𝑂2 − 𝐶𝐶𝑂𝑂2 − 𝑁𝑁𝑂𝑂2+ −)𝑛𝑛 + 𝐶𝐶2𝑂𝑂5𝑂𝑂𝑂𝑂     (Equation 8) 
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Figure 33. Zeta potential and deposition weight of ZnO nanoparticles dispersed in ethanol. 

 

The kinetic equation proposed by Hamaker [20] can also explain the effect of particle size on the 

deposition behavior. The equation shows that the deposition weight (W) follows a linear function 

of the reaction time:  

W(t) = CµAEt                                                                                                                           (Equation 12) 

where the electrophoretic mobility is μ, the electric field is E, the deposition area is A, the 

particle mass concentration in the suspension is C, and the deposition time is t. Once stable 

suspensions are obtained, the electrophoretic mobility (μ) is directly proportional to the zeta 

potential (ζ): 

𝜇𝜇 = 𝜉𝜉𝜉𝜉
4𝜋𝜋𝜋𝜋

                                                                                                                                          (Equation 9) 

where ε is the permittivity and η is the viscosity of the suspension. Therefore, a slower deposition 

for larger particle can be attributed to the reduced electrophoretic mobility driven by the zeta 

potential. 
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Figure 34. SEM images of deposited ZnO layers prepared from different sizes of ZnO. For 

average particle size of (a) 50 nm, (b) 100 nm, (c) 200 nm and (d) 400 nm. 

 

Figure 34 shows the morphologies of the ZnO layers deposited from ZnO nanoparticles with 

average sizes of 50, 100, 200 and 400 nm. A smaller size of the ZnO particles gives a denser and 

less porous microstructure compared with a larger size of the ZnO particles. A dense 

microstructure for smaller particles in electphoretically deposited oxide layers can be found in 

previous reports. Sato et al. [114] deposited an yttrium barium copper oxide (YBCO) 

superconducting film from micronsized and submicron-sized particles by using the EPD method. 
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The film fabricated from a micron powder showed a porous structure. Farnoush et al. [106] 

performed EPD with submicron-sized and nano-sized hydroxyapatite. Large pores were shown 

in submicron samples compared with nano-sized samples. In addition, a rougher surface was 

obtained for the submicron sample. To determine the density of the ZnO deposit layers, we used 

Archimedes’ principle. The calculated density decreased with increasing particle size as shown 

in Figure 34. 

Based on the density calculation, the measured porosity was estimated at around 30 in the film 

formed from 50 nm particles to 50% in the films formed from 400 nm particles. Such effective 

packing in the film from smaller ZnO particles can result in more deposition weight, as shown in 

Figure 33. 

The types of substrates for EPD deposition were investigated by coating ZnO nanoparticles on 

stainless steel planar substrates and flexible fabrics. The weight gains of the samples deposited 

on planar and fabric substrates were measured as functions of the applied voltage, as shown in 

Figure 35. The weight gains of ZnO deposited on both planar and fabric substrates increased 

linearly with the applied voltage. In particular, the deposition rate on the stainless steel planar 

substrate showed good agreement with the values predicted from Hamaker’s equation (Eq. (1)). 

At higher voltages above 30 V, ZnO layers showed lower deposition rates than the predicted 

values. A reduced potential due to shielding with progressing deposition can lower the deposition 

rate [6]. However, the larger deposition weights of the ZnO nanoparticles on the both copper-

plated fabric and the carbon fabric were observed and compared with those of the ZnO 

nanoparticles on planar substrate. The larger surface area of the fabric due to its non-flat and 

porous structure allows more deposition of ZnO nanoparticles in the fabric. When the surface 

area of each fabric substrate is estimated from the Hamaker equation, the surface areas of the 
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carbon fabric and the copper-plated fabric are estimated to be 1.5 and 1.2 times that of the planar 

stainless steel, respectively. 
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Figure 35. Deposited weight of ZnO nanoparticles fabricated by using EPD on a stainless steel 

planar substrate, a carbon fabric, and a copper-plated fabric as functions of the applied voltage. 

 

 The morphologies of ZnO layers on stainless steel plate, carbon fabric and copper-plated fabric 

are shown in Figure 36 (a)−(c). ZnO nanoparticles were uniformly deposited irrespective of 

substrate type, but fabric substrates yielded higher deposition rates, as presented in Figure 35. The 

result implies that the high deposition rate is due to the large surface area due to the woven textile 

structure. Careful observation from the SEM photo shows that the surface of an individual fiber, 

even in the inner layer of the woven fabric is uniformly coated with ZnO nanoparticles, as shown 

in Figure 36 (d).  
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Figure 36. SEM images of ZnO layers by using EPD (a) on stainless steel planar substrate at 50 

V, (b) on carbon fabric at 50 V, (c) on copper-plated fabric at 50 V, and (d) cross section of the 

copper-plated fabric at 50 V. 

 

Because the EPD process uses suspended particles in a liquid medium, charged particles due to 

the electric field can easily penetrate through the spaces in the textile structure and be deposited 

on each fiber of the fabric. The ability to coat particles on complex shapes by using EPD has 

been used to produce fiber-reinforced ceramics and ceramic matrix composites. Boccaccini et al. 

[115] demonstrated uniform infiltration of titania and alumina particles on carbon and stainless 
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steel fibers. Recently, Wang and Dryfe [116] fabricated a porous structure of a hybrid graphene-

carbon-nanotube layer on carbon cloth by using EPD to demonstrate flexible supercapacitors. 

Thus, EPD is capable of coating multifunctional oxides on flexible and wearable substrates. 

The deposited ZnO particles on three different substrates were examined by using XRD, and the 

results were compared with those for the raw ZnO powder, as shown in Figure 37. All samples 

show XRD patterns consistent with ZnO of a zincite structure (JCPDS 36-1451). When the raw 

ZnO powder and the powder deposited by using EPD were employed, no peak shifts were found. 

It indicates that suspended ZnO particles contribute to deposition on the substrate without 

chemical reactions during the EPD process. Therefore, the XRD patterns of the deposited ZnO 

on three different substrates show only the peaks of ZnO and the substrates without any preferred 

orientation.  
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Figure 37. XRD patterns of raw ZnO nanoparticle and electrophoretically deposited ZnO layers 

on stainless steel planar substrate, carbon fabric, and copper plated fabric. 
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Figure 38. (a) Dielectric constant and (b) dielectric loss versus frequency of ZnO layers 

deposited from different sizes of ZnO particles. 

 

The dielectric constant and the dielectric loss of the deposited ZnO layers dried at room 

temperature were measured in the 1 kHz − 1 MHz frequency range, as shown in Figure 38. The 

dielectric constants of the ZnO layer deposited from different particle sizes decrease with 
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increasing frequency and become almost flat at frequencies above 10 kHz. At 10 kHz, the 

dielectric constants increase from 2.2 to 4.1 with decreasing particle size from 500 nm to 40 nm. 

The measured values are lower than the reported value in sintered and bulk ZnO, εbulk = 8.66 

[117], but they are comparable to the values reported for nanostructured ZnO [118, 119]. 

Another reason for the smaller dielectric constant in ZnO deposited from larger particles is 

related to low particle packing density. As more pores are introduced in the deposited ZnO, its 

dielectric constant decreases due to the added volume of air in the following equation describing 

a mixture of two parallel layers of dielectrics,  

ε′ =  𝑉𝑉1𝜀𝜀1 +  𝑉𝑉2𝜀𝜀2                                                                                                                  (Equation 10) 

where ε_ is the dielectric constant of the composite, V1 and V2 are the volume fractions of phases 

1 and 2, respectively, and ε1 and ε2 are the dielectric constants of the phases [120]. As observed 

in Figure 34, the smaller particles show denser structures with fewer pores. Thus, controlling the 

deposition morphology by using the EPD process is critical in determining the dielectric 

properties. 

 

 Summary and conclusions 

EPD was performed to deposit ZnO nanoparticles on conductive fabrics and plates from a ZnO-

ethanol suspension system. The deposition behavior of ZnO nanoparticles was examined by 

varying the applied voltage and compared using a kinetic equation. The deposition rate increased 

with as particle size decreased due to an enhanced zeta potential. Although the deposition weight 

showed a linear relationship with applied voltage, the rough surface or larger surface area of 

woven fabric yielded a higher weight gain than a flat plate substrate.  
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The dried morphology of ZnO nanoparticle layers showed uniform at lower applied voltage, but 

higher voltage corresponding to a faster deposition rate caused cracks on the surface during 

drying. ZnO layers without preferred orientation was confirmed by XRD. Such variation in the 

particle packing density influenced the dielectric properties. Smaller particle size gave a denser 

structure in the deposited ZnO layer, and the denser structure enhanced the dielectric constant.  

A UV-Vis DRS showed good UV blocking properties and energy bandgap comparable to 

reported values. PL and Raman spectra also show similar results with bulk ZnO. Although the 

values in PL, UV, and Raman spectra were slightly shifted compared with bulk ZnO, this 

difference can be attributed to smaller particle size and defects in the as-deposited ZnO layer.  

EPD can be an effective method for uniform deposition of ZnO nanoparticles onto fabrics at 

lower temperatures. This EPD method will be useful for developing multifunctional devices on 

flexible substrates. 
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Chapter 6. Development of synthesis methods for ZnO and NiO 

 

 Introduction 

A number of researchers have investigated various methods of synthesizing metal oxide 

nanostructures, including chemical [33-35], electrochemical [35, 36], and physical deposition 

techniques [37, 38]. Among many nanosized metal oxide preparation routes, a solution based 

synthesis method [34, 35] was chosen for this research. Since an important issue in synthesizing 

nanoparticles is preventing agglomeration of particles, a low processing temperature is preferred. 

Among metal oxides, diverse morphologies of ZnO crystal structures by the precipitation method 

are well known to be possible at relatively low processing temperatures [34, 35, 39]. On the 

other hand, in order to control different morphologies of NiO by a simple operation, some 

researchers have reported using a hydrothermal method. B. Liu et al. [95], B. Miao et al. [13], 

and L. Lin et al. [96] suggested a NiCl2-Na2C2O4-H2O hydrothermal system with polyethylene 

glycol, ethylene glycol, and glycine as surfactants. In their work, different aspect ratios of NiO 

nanostructures were obtained with varying types of surfactant and hydrothermal conditions.      

In this work, synthesis of ZnO by a precipitation method and NiO by a hydrothermal method is 

studied with controlling morphology to apply the in-situ EPD process. 
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 Experimental method 

6.2.1 ZnO by a precipitation method 

ZnO hollow microspheres were prepared by a simple precipitation method. For the synthesis of 

porous and hollow microsphere zinc oxide, zinc nitrate hexahydrate (Zn(NO3)2·6H2O, Fisher 

Chemical), hexamethylenetetramine (HMT, C6H12N4, Aldrich), and sodium citrate (Na3C6H5O7, 

Sigma-Aldrich) were used as starting materials. Zinc nitrate was used as a zinc source. HMT 

provided hydroxyl ions. 0.01 M of zinc nitrate, 0.01 M of HMT, and 0.002 M of sodium citrate 

were stirred in DI water. The mixed solution was kept in a hot water bath (Iso Temp 202, Fisher 

Scientific) at 70 °C for 3 hours and dried at 85 °C overnight. The resulting precipitates were 

collected and washed several times with DI water. After drying, the precipitates were calcined 

with a tube furnace (Lindberg/Blue M) at 300 °C for 1 hour. 

The morphology of the particles was examined with a scanning electron microscope (SEM, 

JEOL JSM-7000F) and transmission electron microscopy (TEM, Tecnai G2 F30 S-Twin). The 

crystalline phase of the ZnO was analyzed by X-ray diffraction (XRD, Bruker D8 Discover). 

Chemical bonding structure was analyzed by FTIR (Fourier transformation infrared) and the 

bonding change was analyzed by DSC (differential scanning calorimetry).  

 

6.2.2 NiO by a hydrothermal method 

Two different morphologies of NiO particles were prepared by a hydrothermal method. 1.6638 g 

of nickel chloride (NiCl2, Alfa-Aesar) and 0.9948 g of ammonium oxalate ((NH4)2C2O4, Sigma-

Aldrich) were separately dissolved and mixed in 10 ml of distilled water. 1 ml of triethanolamine 

(TEA, Sigma) was added into one solution for altering NiO morphology. Both solutions were 
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transferred to Teflon containers and autoclaved. The two batches of resulting precipitate were 

collected, washed several times with water, and then calcined at 300°C for 1 hour.  

X-ray diffraction (XRD) was used to characterize the crystalline phase and phase transition of 

the synthesized powders. The morphology of the deposited NiO particles was examined with a 

scanning electron microscope (SEM). 

 

 Results and discussion 

6.3.1  ZnO porous and hollow microspheres by a precipitation method 

According to the DSC profile of the as-precipitated powder, as-precipitates decomposed as 

shown in Figure 39. On the DSC curve, a sharp exothermic of decomposition was observed 

between 350 and 400 °C. According to the DSC result, the calcination temperature was 

determined to be 500 °C for the fully transformed process. 
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Figure 39. DSC profile of as-precipitated powder (zinc citrate) 
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Figure 40 shows the XRD pattern of as-precipitated and calcined powders from citrate ion 

modified ZnO. In Figure 40 (a), the diffraction result of the as-precipitated powders by a 

precipitation method showed amorphous structure, so it was considered to be zinc citrate [90].  

In Figure 40 (b), the diffraction peaks of powders after calcination at 500 °C present pure ZnO 

phase (XRD JCPDS data file No. 36–1451) indexed as (100), (002), (101), (102), (110), (103), 

(200), (112), (201), and (202) lattice planes, respectively.  
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Figure 40. XRD patterns of (a) as-precipitated and (b) calcined powders from citrate ion 

modified ZnO. 

 

Figure 41 shows the FTIR spectra of as-precipitated and calcined powders from citrate ion 

modified ZnO. FTIR spectra of an as-precipitate sample, as shown in Figure 41 (a), showed a 

similar result to those reported in previous literature [90]. The FTIR spectra showed strong and 

sharp absorption bands for the carboxylate groups of the coordinated citrates. Antisymmetric 

stretching vibrations, νasym(COO-), were observed between 1568 and 1564 cm-1. Symmetric 
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stretching vibrations, νsym(COO-), appeared between 1414 and 1406 cm-1. In addition, a strong 

absorption band at 3500 cm-1 was attributed to the vibration of the hydroxyl group of adsorbed 

water. This result showed that citrate ions were participated in the reaction. As shown in Figure 

41 (b), the sample which was calcined at 500 °C had a strong absorption band below 500 cm-1, a 

characteristic which corresponds to the E2 mode of hexagonal ZnO (Raman active) [121]. The 

conversion of amorphous zinc citrate into crystalline zinc oxide was confirmed by XRD and 

FTIR. 
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Figure 41. The FTIR spectra of (a) as-precipitated and (b) calcined powders from citrate ion 

modified ZnO. 

 

Figure 46 shows SEM and TEM images of citrate ion modified ZnO by a precipitation method. 

The surface morphology of the as-precipitated particles shown in Figure 42 (a) presents as 

microspheres. As shown in Figure 42 (b), there was no obvious change of the particle 

morphology or diameter after calcination at 500 °C. Hemispheres appeared as well as 
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microspheres. For further understanding of hollow structure, TEM images were also analyzed. 

The morphology of the hollow shell structures was confirmed as shown in Figure 42 (c). The 

SAED patterns in Figure 42 (d) indicates that ZnO hollow microspheres are polycrystalline. 

Figure 43 shows the particle size distribution of ZnO hollow microspheres obtained from the 

SEM image. The SEM images revealed distribution parameters of an average diameter of 

1.7±0.5 µm.  

 

   

              
Figure 42. SEM image of (a) as-precipitated powders and (b) calcined powders, (c) TEM image 

of calcined powders, and (d) diffraction patterns of TEM. 

 

(a) (b) 

(c) (d) 
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The specific surface area (BET) was measured. The ZnO hollow microspheres had a BET 

surface area of 27.86 m2/g. This value is larger than that of different forms of nano-structured 

ZnO such as nanorods and dendelions [122] and is comparable to previously reported values of 

ZnO hollow spheres [94, 122, 123], as summarized in Table 5. 

 

Table 5.  Specific surface area (BET) (m2/g) of ZnO hollow microspheres. 

Morphology BET surface area (m²/g) Ref 

ZnO dendelions 8.19 [122] 

ZnO nanorods 12 [122] 

ZnO hollow spheres 

18.7 [122] 

17 [123] 

28.48 [94] 

27.86 This work 
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Figure 43. Particle size distribution of ZnO hollow microspheres: Histogram obtained from the 

SEM image. 
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According to the literature [90, 91], Ostwald ripening is the growth mechanism of hollow 

microsphere structures. ZnO hollow microspheres were obtained from zinc citrate solid 

microspheres through the Ostwald ripening mechanism, which occurs when smaller particles are 

dissolved and deposited on larger particles. The driving force of this phenomenon in particle 

growth is the solubility difference between larger particles and smaller particles [90, 91].  

 

 

Figure 44. A schematic illustrating the evolution of the morphology for the zinc citrate 

microspheres with aging time (the aging time is indicated) [90]. 

 

The growth mechanism of ZnO hollow microspheres in this work can be explained based on the 

work by Xie et al. [90] as illustrated in Figure 44. After the solution was removed from the 70°C 

water bath, the reaction did not stop immediately, but the reaction rate slowed significantly due 

to the decreasing solution temperature. Thus, the initial solid microspheres grew continuously, 

and zinc citrate flocs formed on the surface of the solid microspheres due to the supersaturated 
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concentration of zinc citrate in solution. During the drying process, the flocs on the surfaces of 

the solid microspheres formed a dense and thick shell. This shell formation continued until a 

concentration of the previously supersaturated zinc citrate in solution reached equilibrium with 

that of solid zinc citrate. Then the shells begin redeposition by dissolving the inner cores into the 

solution and the shells become thicker, resulting in hollow microspheres. 

 

6.3.2 Different morphologies of NiO by a hydrothermal method 

Figure 45 shows the XRD pattern of as-synthesized precipitates and calcined powders from 

pristine and TEA-modified solutions. 
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Figure 45. XRD patterns of (a) as-synthesized precipitates without TEA, (b) after calcination, (c) 

as-synthesized precipitates with TEA, and (d) after calcination.  

 

The diffraction peaks of the as-synthesized powders by a hydrothermal method without TEA 

(Figure 45 (a)) and with TEA (Figure 45 (c)) correspond to those of nickel oxalate hydrate 
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(NiC2O4, XRD JCPDS data file No. 25–0582). The diffraction peaks of both powders after 

calcination at 300 °C present pure and cubic phase of NiO (XRD JCPDS data file No. 47–1049) 

indexed as (111), (200), and (220) lattice planes, respectively.  

 

 

Figure 46. SEM images of synthesized NiO by hydrothermal method (a) without TEA after 

calcination, (b) enlarged part of (a), (c) with TEA after calcination, and (d) enlarged part of (a). 
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Figure 47. Particle size distribution of NiO (a) cube-like shape without TEA and (b) needle-like 

shape with TEA: Histogram obtained from the SEM image. 

 

Figure 46 shows SEM images of calcined NiO by a hydrothermal method from the solution with 

and without TEA. The surface morphology of the resulting particles from the solution without 

TEA after calcination at 300 °C, as shown in Figure 46 (a-b), presents as a cube-like shape. As 
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shown in Figure 46 (b), each particle has a rough surface. In Figure 46 (c), the particles 

synthesized from the solution without TEA show a needle-like shape after calcination at 300 °C. 

As shown in Figure 46, the SEM images revealed the distribution parameters of cube-like NiO 

(Figure 47 (a)) with an average size of 0.61±0.15 µm and needle-like NiO (Figure 47 (b)) with 

an average size of 3.35±1.27 µm. For further understanding of the role of surface area, the 

specific surface area (BET) was measured. The sample synthesized with TEA has a BET surface 

area of 171.8 m2/g, while the sample without TEA has a smaller BET surface area of 64.3 m2/g.  

The method of synthesizing NiO nanowire mainly focused on the thermal decomposition of 

NiC2O4·H2O. The NiC2O4·H2O nanowire was synthesized by a hydrothermal reaction of NiCl2 

with NaC2O4 and H2O, with polyethylene glycol (PEG) and ethylene glycol (EG) added as 

surfactants [13, 95, 96]. B. Liu et al. [95] suggested a possible formation mechanism of 

NiC2O4·H2O. NiC2O4·H2O nanoparticles, which have monoclinic structure, grow along the [101] 

direction and the basal and lateral planes are (101�) and (010), respectively. Thus, without any 

surfactants, rod-like NiC2O4·H2O can be obtained. The addition of different surfactants can 

selectively control the growth of a specific crystal plane. In the presence of EG, NiC2O4·H2O 

nanowires can be obtained because the adsorption of EG on (101�) and (010) planes promotes 

growth along the [101] direction. However, the NiCl2-Na2C2O4-H2O-EG hydrothermal system 

may form nanowire bundles due to electrostatic attraction between two NiC2O4·H2O nanowires 

and EG. To avoid gathering, B. Miao et al. [13] introduced both EG and PEG as surfactants. 

PEG not only promotes crystallization along the [101] direction but also restrains the formation 

of nanowire bundles. Some research has reported the use of triethanolamine (TEA) as an additive 

to form rod and wire structures of metal and metal oxides [14, 124-126]. However, the possible 

formation mechanism of rod/wire-like NiO assisted by TEA has not been intensively studied. 
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Based on the mechanism of NiCl2-Na2C2O4-H2O-EG hydrothermal system [95], the chemical 

reaction of NiCl2-(NH4)2C2O4-H2O-TEA hydrothermal system can be formulated as follows: 

𝑁𝑁𝑖𝑖𝐶𝐶𝑁𝑁2 + (𝑁𝑁𝑂𝑂4)2𝐶𝐶2𝑂𝑂4 → 𝑁𝑁𝑖𝑖𝐶𝐶2𝑂𝑂4 + 2𝑁𝑁𝑂𝑂4𝐶𝐶𝑁𝑁,                                                             (Equation 11) 

𝑁𝑁𝑖𝑖𝐶𝐶2𝑂𝑂4 + 𝑇𝑇𝐸𝐸𝐴𝐴 ↔ [𝑁𝑁𝑖𝑖(𝑇𝑇𝐸𝐸𝐴𝐴)]− + 2𝐶𝐶𝑂𝑂2,                                                                    (Equation 12) 

2𝑁𝑁𝑖𝑖𝐶𝐶2𝑂𝑂4 + 𝑂𝑂2 → 2𝑁𝑁𝑖𝑖𝑂𝑂 + 4𝐶𝐶𝑂𝑂2.                                                                                (Equation 13) 

TEA is a multidentate ligand with three –OH groups and one amine group. In the presence of 

TEA molecules, they may interact with Ni2+ to form a Ni-TEA complex, [Ni(TEA)]-. This Ni-

TEA complex may promote the formation of NiC2O4 with a higher aspect ratio.   

 

 Summary and conclusions 

Synthesis of ZnO and NiO was studied with controlling morphology to apply the in-situ EPD 

process. Hierarchically structured ZnO was synthesized by a simple precipitation method with 

the addition of sodium citrate. A simple hydrothermal method was successfully implemented to 

synthesize NiO with tailored morphology using TEA.  

When citrate ion was added to the solution for a precipitation method, hollow microsphere ZnO 

was fabricated. After calcination at 500 °C for 1 hour, as-precipitated particles were transformed 

from amorphous zinc citrate to polycrystalline ZnO phase. The citrate ions participated in the 

reaction and formed porous and hollow microspheres with significantly large surface areas. 

When TEA was added to a solution for a hydrothermal method, highly anisotropic needle-like 

NiO particles were grown. After calcination at 300 °C for 1 hour, as-synthesized precipitates 

were transformed from NiC2O4 to pure NiO phase. The presence of TEA may promote the 

formation of NiC2O4 with a higher aspect ratio.
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Chapter 7. Gas sensing property of different morphologies of metal oxides 

 

 Introduction 

Over the past few years, researchers have intensively investigated highly miniaturized gas sensor 

systems that could be integrated into wearable and flexible devices. For example, a wearable 

breath monitoring system with integrated gas sensors would allow continuous monitoring of 

patients’ breath gases such as acetone gas for diabetes [40], ammonia for renal disease [41], and 

ethanol for hepatic steatosis [42]. Therefore, a great demand exists for diverse sensing materials 

with good selectivity and sensitivity that could be integrated into wearable/flexible substances.  

Semiconducting nano-scale metal oxides such as tin oxide [10], zinc oxide [1], nickel oxide [11], 

and copper oxide [12] have been developed as gas sensors that measure the change in electrical 

conductivity upon exposure to the gas. Among them, zinc oxide, which shows n-type behavior, is 

an excellent candidate because of its electric properties such as wide band gap and high electron 

mobility [1, 39, 71]. Various morphologies for ZnO nanostructures such as nanorods, nanotubes, 

and nanowires have been investigated to understand morphology-driven properties. Recently, 

researchers have fabricated hollow micro/nanosphere ZnO and investigated its properties [90, 

91]. Such a structure has a large surface-to-volume ratio and reduced transport lengths for both 

mass and charge transport, making it suitable for applications such as dye-sensitized solar cells, 

photocatalts, high performance electrodes, and gas sensors [90-94]. J. Rao et al. [94] investigated 

precision detection of ethanol and acetone with low concentration. The gas response values of 

ZnO hollow microspheres are 2.2 in 5 ppm ethanol and 2 in 5 ppm acetone, respectively. Some 
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researchers have reported enhanced gas selectivity of ZnO hollow microspheres. D. Wang et al. 

[91] achieved good selectivity to ethanol with hierarchical hollow ZnO microspheres. In 

addition, these microspheres showed a fast response time of 1 sec and a fast recovery time of 19 

sec. Also, X. Li et al. [93] found that ZnO hollow microspheres showed significant selectivity 

toward alcohols such as methanol and ethanol. Those results indicated that the mesoporous and 

hollow structure of a ZnO microsphere can enhance its gas sensitivity and selectivity. 

On the other hand, nickel oxide shows a p-type semiconducting behavior. Despite some 

shortcomings, p-type oxide semiconductors have great potential for use in gas sensors due to 

their reliable and reproducible switch in electrical conductivity between the air atmosphere and 

target gas, chemical stability with a highly electroactive nature, and low cost and toxicity [12, 13, 

43, 95, 96]. Some researchers have reported enhanced gas selectivity of p-type oxide 

semiconductors. H. -J. Kim et al. [17] achieved high selectivity and response to xylene and 

toluene with 1.15 at% Cr-doped NiO hierarchical nanostructures. K. -M. Kim et al. [97] 

investigated the gas selective detection of pure CuO nanosheets and Cr-doped CuO nanorods. 

They found that 2.2 at% Cr-doped CuO nanorods showed highly sensitive and selective detection 

of NO2. The results indicate that the selectivity and sensitivity of p-type oxide semiconductors 

can be enhanced with the combination of dopants.  

In addition, heterostructured gas sensors using oxide p-n junctions have been one of the most 

promising areas of research because various combinations of p- and n-type oxide semiconductors 

have demonstrated higher performance than those with only one of the two types [43]. C. W. Na 

et al. [98] found that n-type ZnO nanowire with p-type NiO nanoparticles showed significantly 

enhanced gas response. H. -R. Kim et al. [47] suggested that NiO-functionalized SnO2 hollow 

spheres achieved rapid recovery. Decorating p-type oxide semiconductors on n-type oxide 
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semiconductors can enhance not only the gas response and selectivity but also the recovery 

kinetics by transferring charge carriers between p- and n-type oxide semiconductors. 

Currently, the NiO films fabricated by physical and chemical vapor deposition and 

electrochemical deposition [127-130] are widely used for gas sensing application. However, in 

order to control different morphologies of NiO by a simple operation, some researchers have 

reported using a hydrothermal method. B. Liu et al. [95], B. Miao et al. [13], and L. Lin et al. 

[96] suggested a NiCl2-Na2C2O4-H2O hydrothermal system with polyethylene glycol, ethylene 

glycol, and glycine as surfactants. Different aspect ratios of NiO nanostructures were obtained 

with varying types of surfactant and hydrothermal conditions.      

In this study, NiO particles with different morphologies were investigated by a new NiCl2-

(NH4)2C2O4-H2O-TEA hydrothermal system to form different aspect ratios of NiO 

nanostructures. In-situ electrophoretic deposition (EPD) was also explored to construct uniform 

hierarchically structured NiO films. Ethanol-sensing characteristics of the films were 

investigated to examine morphological properties of NiO particles. 

 

 Experimental method 

7.2.1 Preparation of materials  

The synthesis process of ZnO hollow microspheres, NiO cubes, and NiO rods are described in 

6.2.  

In addition, to study the effect of silver as a catalyst, silver particles were decorated on the 

surface of ZnO hollow microspheres as shown in Figure 48. Synthesized ZnO hollow 

microspheres were dispersed in 0.8 mM of silver nitrate solution for 12 hours. The resulting 
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powders were collected and washed several times with DI water. The crystal structure and 

morphologies of prepared powder samples were characterized by XRD, SEM, and EDS. 

 

 

 

 

Figure 48. A schematic of the silver decoration on the ZnO hollow microspheres 

 

To further compare gas sensing properties of different morphologies of NiO, flake-like NiO 

particles were prepared by a simple precipitation method. For the synthesis, nickel nitrate 

hexahydrate (Ni(NO3)2·6H2O, Alfa Aesar) and sodium hydroxide (NaOH, Sigma-Aldrich) were 

used as starting materials. The solution was mixed in DI water and kept in a hot water bath (Iso 

Temp 202, Fisher Scientific) at 75 °C for 3 hours and dried overnight. The resulting precipitates 

were collected and washed several times with DI water. After drying, precipitates were calcined 

with a tube furnace (Lindberg/Blue M) at 300 °C for 1 hour. 

 

7.2.2 Preparation of electrodes 

Prior to gas sensing measurement, a Pt electrode with an interdigitated pattern, using a stainless 

steel shadow mask, was deposited on a polyimide substrate by sputter deposition. Each sensing 

material, ZnO (hollow microspheres) and NiO (cubes, rods, and flakes), was then coated by 

electrophoretic deposition. The electrophoretic deposition setup used an interdigitated platinum 
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electrode as a working electrode and a stainless steel plate (1 cm × 1 cm × 0.25 mm) as a counter 

electrode. For suspensions, each sensing material, ZnO hollow microspheres, NiO flakes, NiO 

cubes, and NiO rods, was uniformly dispersed in ethanol by ultrasonication. The deposition was 

carried out at 50 V for 5 min at room temperature, resulting in a thin uniform layer of a sensing 

material.  

 

7.2.3 Gas sensing measurement  

     Gas sensing properties were measured in a sensing chamber with flowing synthetic air, a 

mixture of 20% oxygen and 80% nitrogen, and characterized using 25 - 200 ppm of ethanol or 

acetone gas at 200 - 350 °C. Sensing response was recorded by using a Keithley Digital 

Sourcemeter (model 2400) and an automated data acquisition system. 

 

 Results and discussion 

7.3.1 ZnO porous and hollow microspheres and their gas sensing properties 

Figure 49 shows the XRD pattern of silver decorated ZnO hollow microspheres.  
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Figure 49. XRD pattern of Ag decorated ZnO hollow microspheres. 
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As shown in Figure 49, the diffraction peaks indicated a mixed crystal phases of ZnO and Ag. 

The peaks coincided with ZnO phase (XRD JCPDS data file No. 36–1451) and the rest of the 

peaks were indexed to Ag (XRD JCPDS data file No. 36–1451). No other phases corresponded 

to impurity. Figure 50 shows the EDS elemental mapping of the Ag decorated ZnO hollow 

microspheres. The signals of Ag were detected on the surface of the ZnO hollow microspheres. 

 

  

Figure 50. EDS elemental mapping of Ag decorated ZnO hollow microspheres. 

 

The ethanol gas sensing characteristics of ZnO hollow microsphere films by EPD were studied 

by measuring resistance change. Figure 51 shows the resistance change of ZnO films against 100 

ppm of ethanol with increasing temperature, 200-350 °C. Their gas response rates (R) were 

determined as the ratio of the resistance measured in detecting gas (Rg) to that measured in air 

(Ra). The optimum working temperature of this sensing system was determined to be 300 °C. 

This trend corresponds to the behaviors of semiconductor oxide gas sensors [44, 46]. A 

competition exists between slow kinetics at low temperatures and enhanced desorption at high 

O 

Zn Ag 
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temperatures. Metal oxide gas sensors show a maximum gas response at certain operating 

temperatures; the maximum gas response of ethanol is obtained around 300 °C [131-135]. 
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Figure 51. (a) Resistance change profile of ZnO hollow microsphere films against ethanol with 

increasing temperature and (b) comparison of gas response rate at different temperatures. 
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Figure 52. (a) SEM image of ZnO nanorods [1], (b) Resistance change profile of ZnO nanorods 

against different concentration of ethanol at 300 ̊C [1], (c) SEM image of ZnO hollow 

microspheres, and (d) Resistance change profile of ZnO hollow microspheres against 25 ppm of 

ethanol at 300 ̊C. 

 

As shown in Figure 52, the R ratio of hollow microspheres was compared to that of nanorods. 

The R of ZnO hollow microsphere films against 25 ppm of ethanol at 300 °C was 1.75, as shown 

in Figure 52 (d). In the previous study from this group, the R of ZnO nanorods at the same 

(a) (b) 

(c) (d) 
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condition was less than 1.5, as shown in Figure 52 (b) [1]. This difference can be explained by 

the porous structure and larger surface-to-volume ratio of ZnO hollow microspheres. 
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Figure 53. (a) Resistance change profile of ZnO hollow microsphere films against ethanol and 

acetone and (b) comparison of gas response rate with different gases. 
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Figure 53 shows the resistance change of ZnO films against 25 ppm of ethanol and acetone gases 

at 300 °C. ZnO hollow microspheres show good response with ethanol and acetone gases as well 

as a higher response rate than other structures.  

 

0 5 10 15 20 25 30
0.0

0.2

0.4

0.6

0.8

1.0

 

 
Re

si
st

an
ce

 (a
rb

. u
ni

t)

Time (min)

ZnO Hollow Microspheres
Ethanol 2 min @ 300 οC
Ra/Rg = 12.1

On

Off

  

0 1 2 3 4 5 6 7 8 9 10
0.0

0.2

0.4

0.6

0.8

1.0

Ag decorated ZnO 
Hollow Microspheres
Ethanol 2 min @ 300 οC
Ra/Rg = 7.09

 
 

Re
si

st
an

ce
 (a

rb
. u

ni
t)

Time (min)

On

Off

 

Figure 54. Resistance change profile of (a) ZnO hollow microspheres against ethanol and (b) Ag 

decorated ZnO hollow microspheres. 
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The effect of silver catalyst was studied as shown in Figure 54. In Figure 54 (a), ZnO hollow 

microspheres showed good response with ethanol. But as shown in Figure 54 (b), decorating Ag 

on the surface of ZnO hollow microspheres resulted in a rapid response rate and significantly 

reduced recovery time. The improvement of the ZnO hollow microspheres’ sensitivity upon Ag 

addition can be explained as a “chemical” process [44]. This process is related to the effective 

dissociation catalytic ability of Ag. Ag can dissociate more oxygen than ZnO, so more absorbed 

oxygen species, O2- and O-, can react with ethanol gas than with the pristine ZnO. Also, the 

active surface area can be increased by the decoration of Ag.  

 

7.3.2 Different morphologies of NiO and their gas sensing properties 

In order to further investigate the morphological influence on properties, ethanol gas sensing 

characteristics of NiO films coated by EPD were investigated by measuring resistance change. 

Figure 55 shows the resistance change of NiO films against 100 ppm of ethanol with increasing 

temperature, 200-400 °C. NiO is a p-type semiconductor. As shown in Figure 55 (a), the 

resistance increased when the NiO films were exposed to ethanol gas through the elimination of 

the adsorbed oxygen species. The films’ gas response rates were determined as the ratio of the 

resistance measured in detecting gas (Rg) to that measured in air (Ra). As shown in Figure 55, 

better gas response was obtained at 300 °C. The values of gas response rate in this work are 

comparable with previously reported values [96, 124, 135]. A competition exists between slow 

kinetics at low temperatures and enhanced desorption at high temperatures. Metal oxide gas 

sensors show a maximum gas response at certain operating temperatures; the maximum gas 

response of ethanol is obtained around 300 °C [131-135]. The ethanol detecting reaction on the 

surface of NiO [129] is shown as follows:  
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𝐶𝐶2𝑂𝑂5𝑂𝑂𝑂𝑂𝑎𝑎𝑎𝑎𝑎𝑎 + 𝑂𝑂𝑎𝑎𝑎𝑎𝑎𝑎− ↔ 𝑂𝑂2𝑂𝑂 + 𝐶𝐶𝑂𝑂2 + 𝑒𝑒−,                                                                   (Equation 14) 

𝐶𝐶2𝑂𝑂5𝑂𝑂𝑂𝑂𝑎𝑎𝑎𝑎𝑎𝑎 + 𝑂𝑂𝑎𝑎𝑎𝑎𝑎𝑎2− ↔ 𝑂𝑂2𝑂𝑂 + 𝐶𝐶𝑂𝑂2 + 2𝑒𝑒−,                                                                 (Equation 15) 
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Figure 55. (a) Resistance change profile and (b) ratio of resistance of NiO. 
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During reaction, ethanol gas consumes adsorbed oxygen species, O2- and O-, on the NiO surface. 

At higher operating temperatures, the interaction between NiO and ethanol forms more oxygen 

species and obtains enough energy to overcome the activation energy. However, due to the 

difficulty of exothermic ethanol gas adsorption, the rate of response is degraded above 300 °C. 

Therefore, 300 °C is the optimum operating temperature.  
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Figure 56. Ratio of resistance of different morphologies of NiO. 

 

Figure 56 shows the resistance change of NiO films with different morphologies of samples 

against 100 ppm of ethanol gas. As shown in Figure 56, the highest gas response was obtained 

with cube-like NiO particles synthesized without TEA. Since the gas sensing sensitivity is 

largely related to the surface reactions, the surface area to volume ratios of the sensing materials 

is an important factor. The gas sensing sensitivity results shown in Figure 56 corresponded to the 
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BET surface area because of the larger surface area of a smaller particle size and uniformly 

coated layer without aggregation of particles.  

 

 Summary and conclusions 

ZnO hollow microspheres were prepared using a precipitation method. After calcination at 500 

°C for 1 hour, the as-precipitated particles were transformed from amorphous zinc citrate to 

crystalline zinc oxide. In addition, to study the effect of silver as a catalyst, silver particles were 

decorated on the surface of ZnO hollow microspheres by dispersing in silver nitrate solution. 

ZnO hollow microsphere films fabricated by electrophoretic deposition were utilized for a gas 

sensor. When ethanol and acetone, the target gases, were measured in synthetic air by ZnO 

sensors at different temperatures, the highest sensing response was observed at 300 °C. The 

improved sensing behavior of ZnO hollow microsphere may be due primarily to its large surface-

to volume ratio. The response and recovery time was significantly reduced by silver decoration 

on ZnO hollow microspheres. 

Different morphologies of NiO were prepared using by a hydrothermal method. After calcination 

at 300 °C for 1 hour, as-precipitated particles were transformed from nickel oxalate to the pure 

nickel oxide phase. NiO films fabricated by electrophoretic deposition were utilized for ethanol 

gas sensors. 100 ppm of ethanol gas in synthetic air was measured by NiO sensors at different 

temperatures. The best gas response was obtained at 300 °C. NiO particles synthesized without 

TEA showed a higher gas response due to the high surface area.
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Chapter 8. Conclusion and future work 

 

 Conclusion 

Prior to AC-EPD of aqueous suspensions, the dominant parameters, zeta potential and electric 

field, of DC-EPD have been studied with ZnO nanoparticles suspended in ethanol to understand 

and develop the kinetics of AC-EPD. Smaller particle size promoted zeta potential of particles, 

which is directly proportional to particle mobility. Thus, higher deposition rates were achieved 

with smaller particles. Also, the deposition weight showed a linear relationship with the electric 

field, which is a driving force of particle movement. Thus, an increased electric field controlled 

by applied voltage resulted in a higher deposition rate. The dried morphology of the ZnO 

nanoparticle layers showed more uniform packing at smaller size and lower applied voltage. 

A cost-effective and clean EPD process was achieved by adding water. When ZnO nanoparticles 

suspended in a mixture of ethanol and water systems were used, the EPD result showed a 

maximum as a function of added water amount. The charging agent effect of H+ ion by water 

electrolysis competes with the decrease of particle movement due to high conductivity of the 

suspension. Water as an additive had comparable deposition kinetics to a polymer additive. 

To achieve an environmentally benign aqueous EPD system, this research developed approaches 

for an aqueous EPD process conducted with AC electric fields, which can reduce the gas bubbles 

formed by the decomposition of water. The effect of frequency, which is a key parameter, on the 

kinetics of AC-EPD was compared with ZnO in aqueous suspensions and ethanol suspensions. 

AC-EPD with an aqueous system showed the maximum deposition yield because the reduced wave 
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cycles at low frequency caused electrolysis of water and too rapid vibration of particles at high 

frequency caused insufficient deposition time. However, for ethanol systems, low frequency had 

no significant effect on the deposition yield. 

EPD was performed to deposit ZnO nanoparticles on conductive fabrics and plates from a ZnO-

ethanol suspension system. Deposition behavior of ZnO nanoparticles was examined by varying 

applied voltage and compared using a kinetic equation. The deposition rate increased as particle 

size decreased due to an enhanced zeta potential. Although the deposition weight showed a linear 

relationship with applied voltage, the rough surface or larger surface area of woven fabric 

yielded higher weight gain than did a flat plate substrate.  

The dried morphology of ZnO nanoparticle layers showed uniform at lower applied voltage, but 

higher voltage corresponding to faster deposition rate caused cracks on the surface during drying. 

ZnO layers without preferred orientation were confirmed by XRD. Such variation in the particle 

packing density influenced the dielectric properties. Smaller particle size gave a denser structure 

in the deposited ZnO layer, and the denser structure also enhanced the dielectric constant.  

An UV-Vis DRS showed good UV blocking properties and energy bandgap comparable to 

previously reported values. PL and Raman spectra also showed similar results with bulk ZnO. 

Although the values in PL, UV, and Raman spectra were slightly shifted compared with bulk 

ZnO, this difference can be attributed to smaller particle size and defects in the as-deposited ZnO 

layer.  

EPD can be an effective method for uniform deposition of ZnO nanoparticles onto fabrics at 

lower temperatures. This EPD method will be useful for developing multifunctional devices on 

flexible substrates. 
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Synthesis of ZnO and NiO was studied with controlling isotropy and porosity to apply the in-situ 

EPD process. Hierarchically structured ZnO was synthesized by a simple precipitation with the 

addition of sodium citrate. A simple hydrothermal method was successfully implemented to 

synthesize NiO with tailored morphology using TEA.  

When citrate ion was added to a solution for a precipitation method, isotropic porous and hollow 

microsphere ZnO was fabricated. After calcination at 500 °C for 1 hour, as-precipitated particles 

were transformed from amorphous zinc citrate to polycrystalline ZnO phase. The citrate ions 

participated in the reaction and formed porous and hollow microspheres with a significantly 

large surface area. In addition, to study the effect of silver as a catalyst, silver particles were 

decorated on the surface of ZnO hollow microspheres by dispersing in silver nitrate solution. 

When TEA was added to a solution for a hydrothermal method, highly anisotropic needle-like 

NiO particles were grown. After calcination at 300 °C for 1 hour, as-synthesized precipitates 

were transformed from NiC2O4 to the pure NiO phase. The presence of TEA may promote the 

formation of NiC2O4 with a higher aspect ratio. In addition, to study the effect of morphology, 

flake-like NiO was prepared by a precipitation method. 

ZnO hollow microsphere films fabricated by electrophoretic deposition were utilized for a gas 

sensor. When ethanol and acetone, the target gases, were measured in synthetic air by ZnO 

sensors at different temperatures, the highest sensing response was observed at 300 °C. The 

improved sensing behavior of ZnO hollow microspheres may be due primarily to large surface-to 

volume ratio. The response and recovery time was significantly reduced by silver decoration on 

ZnO hollow microspheres. 

Different morphologies of NiO films fabricated by electrophoretic deposition were utilized for 

ethanol gas sensors. Ethanol gas in synthetic air was measured by NiO sensors at different 
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temperatures, and better gas response was obtained at 300 °C. The highest gas response was 

obtained with cube-like NiO particles synthesized without TEA due to their high surface area. 

 

 Future work 

Thus far, hierarchically structured ZnO and NiO have been researched by using a simple 

synthesis method. The specific surface area of hierarchical nanostructure should be applied to 

VOCs sensor devices because of the improved sensitivity. However, in-situ EPD should be 

further studied with the goal of simplifying the process and better controlling the deposited 

layers. Also, even though the sensitivity was improved, metal oxide gas sensors designed for 

daily use need lower operating temperatures and lower detectable gas concentration. Thus, more 

studies will be required to power the operation temperature and diluted concentration of target 

gases. Moreover, it would be interesting to study gas sensors with nanostructured p-n junction 

devices because such devices would have merits in both surface to volume ratio and energy 

barrier for the gas reactions.  
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