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Abstract 
Nanomaterials and nanotechnology have been hot issues during the recent decades. This thesis 

deals with the fabrication and engineering of novel nanomaterials with enhanced functionality, 
particularly nanocomposites and nanostructured surfaces. The study includes two parts; in the 
first part, bulk transparent polymer-inorganic nanocomposites were produced by a novel 
synthesis method and its UV-absorption has been investigated. In the second part, nanostructured 
microporous surface layers, of copper, were fabricated by electrodeposition process and its effect 
on material’s performance for pool boiling has been investigated evaluated. 

In the first part of the thesis, bulk polymer-inorganic nanocomposites composed of 
poly(methylmethacrylate) (PMMA) and zinc compounds were prepared by an in situ sol-gel 
transition polymerization of zinc complex in PMMA matrix. The immiscibility of heterophases 
of solid organic and inorganic constituents was resolved by the in situ sol-gel transition 
polymerization of ZnO nanofillers within PMMA in the presence of dual functional agent, 
monoethanolamine, which provided strong secondary interfacial interactions for both 
complexing and crosslinking of constituents. 

Comprehensive characterization of the polymer-inorganic hybrid materials has been 
undertaken using a wide range of techniques; XRD, 1H NMR, FT-IR, TGA, DSC, UV-Vis, ED, 
SEM, TEM and HRTEM. The homogeneous PMMA-ZnO nanocomposites exhibited enhanced 
UV-sheltering effects in the entire UV range even at very low ZnO content of 0.02 wt%. 
Moreover, the particle size of incorporated ZnO calculated from the effective mass model was 
close to the results obtained from HRTEM. The synthesis method developed in course of this 
work can be used for the fabrication of different polymer-inorganic transparent nanocomposites 
with other functionalities.  

In the second part of the thesis, we studied a method for the fabrication of micro-porous 
surface layer – made of copper nanoparticles – on the surface of copper plates (suitable for heat 
exchangers). The micro-porous surfaces were formed from dendritic network of copper 
nanoparticles obtained by electrodeposition from solution using dynamic bubble formation and 
removal as template. The surface layer engineered and its structures were optimized in order to 
enhance the boiling heat transfer coefficient. To further optimize the dendritic structure, 
additional annealing step was introduce and its effect on the surface layer structure and 
properties were investigated.  

The properties of the deposited surface structures were investigated and its effect on the 
enhancement of the heart transfer coefficient has been studied. The fabricated enhanced surface 
has shown an excellent performance in nucleate boiling. Pool boiling tests were performed on 
refrigerant fluids (R134a) to evaluate the boiling performance of the electrodeposited 
nanostructured micro-porous structures. At heat flux of 1 W/cm2, the heat transfer coefficient is 
enhanced over 15 times compared to a plain reference surface. A model has been presented to 
explain the enhancement based on the structure characteristics. 

 
Keywords: PMMA-ZnO, nanocomposite, Hybrid material, In situ sol-gel polymerization, 
Quantum dots, UV-sheltering, Nanostructured surface, Pool boiling, Heat transfer coefficient, 
Bubble nucleation, Enhanced boiling, Dendritic branch, Electrodeposition, Nanoengineering 
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1 Introduction  
 Nanotechnology is considered to be one of the most important future technologies 

involving several disciplines of science including solid state physics, solid state 

chemistry, solid state ionic, materials engineering, medical science and 

biotechnology.1 Manipulating matter at the nanometer scale, using building blocks 

with dimensions in the nano-size range, makes it possible to design and create new 

materials with unprecedented flexibility and novel or improved properties. 

Nanotechnology is an emerging field of research and development dedicated to 

increasing the control over material structures on nanometer size in at least one 

dimension. Nanostructured materials have indeed become a very active research field 

in the area of materials science involving organic, inorganic and composite materials. 

Nanostructured materials made of nanosized grains or nanoparticles as building 

blocks, have a significant fraction of grain boundaries with a high degree of disorder 

of atoms along the grain boundaries (or particle surfaces), and a large ratio of 

interface (or surface) area to volume. Chemical composition of the phases and the 

interfaces, between nano-grains, must be controlled as well. One of the most 

important characteristics of nanostructured materials is the significant dependence of 

certain properties upon the size in nanoscale region. For example, electronic property, 

with quantum size effects, caused by spatial confinement of delocalized valence 

electrons, is directly dependent on the particle size. Small particle size permits 

conventional restrictions of phase equilibria and kinetics to be overcome during the 

synthesis and processing by the combination of short diffusion distances and high 

driving forces of available large surfaces and interfaces. A wide range of materials, 

including metals and ceramics in crystalline, quasi-crystalline, or amorphous phases 

have been synthesized as nanosized or nanostructured materials. The large surface 

area gives higher reactivity and diffusivity. Thus novel properties may result from 

surface “defects”. In addition, there are other structural features in the nanostructured 

materials that depend on the manner in which these materials are synthesized and 

processed, such as surface pores, grain boundary junctions, and other crystal lattice 
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defects. Some examples are lowered melting temperatures, improved wear resistance 

of nanostructured ceramics, increased strength of metals, and transformation of 

magnetic state from ferromagnetic to paramagnetic or superparamagnetic state as a 

function of size. The changes in lattice parameter can be attributed to changes in 

surface stress, while the reduction in melting temperature results from the increase in 

surface free energy. This opens the doors for tailoring given properties by careful 

synthesis of the building blocks and their assembly to fabricate functional materials 

with improved properties.2,3,4 

  There are numerous techniques used for the creation of nanostructured materials, 

which are generally divided into two main strategies, top-down methods and 

bottom-up methods. Advances in micro-technologies can be used to fabricate 

nano-scale structures and devices. These techniques, collectively considered as 

top-down nano-fabrication technologies, include photolithography, nano-molding, 

dip-pen lithography and nanofluidics. However, the limits for the traditional top-down 

methods are restricted by the miniaturization and precision manufacturing of 

semiconductor products at a smaller scale. Alternatively, in bottom-up approaches, 

nanostructured materials are fabricated from building blocks of atoms, molecules, 

clusters or nanoparticles in a controlled manner either regulated by thermodynamic 

means or using novel concepts such as self-assembly. Therefore, the idea of 

artificially creating substances and materials as well as their unique functionality 

using the bottom-up approach is increasingly important for developing novel and 

multi-functional materials. In this thesis, bottom-up methods are used for the creation 

of novel polymer-inorganic nanocomposites (which could be used for UV-sheltering) 

and engineering of the surfaces (for enhanced boiling). 

1.1 Transparent Nanocomposites with UV-Sheltering Effects 

1.1.1 Nanocomposites 

  Nanocomposites refer to the composites of materials consisting of more than one 



Shanghua Li, Licentiate Thesis 

3 

Gibbsian solid phase where at least one of the components has a dimension in the 

nanometer range. The solid phases can be inorganic or organic, or both, with 

amorphous, semi-crystalline or crystalline phase or combinations of those phases. 

Nanocomposites have been fabricated in several interdisciplinary fields to produce 

and satisfy several functions simultaneously needed in many applications. 

Nanocomposites can be used to produce homogeneous large-grained materials which 

offer useful new properties compared to conventional bulk materials. The properties 

of nanocomposites are affected by the individual properties of the components 

including their size. As the grain size decreases, there is a significant increase in the 

volume fraction of grain boundaries and interfaces. Also as the grain size decreases 

the number of atoms at the interface increase and thus the materials’ properties are 

strongly influenced by interaction of the surface layers with the matrix.  

The polymer-inorganic nanocomposites have attracted considerable interests due to 

enhanced mechanical (stiffness and toughness), thermal (flammability resistance), 

biological, magnetic, optical (reflex index and absorption spectrum), electronic, and 

optoelectronic properties as compared to the corresponding inorganic or polymer 

component only.5,6 By incorporating nanoparticles into polymer matrix even with a 

very little loading, many interesting optical properties including absorption, 

fluorescence, luminescence, nonlinearity, high reflex index (RI), magnetic properties, 

and excellent mechanical properties may be obtained. 

  The methods to synthesize polymer-inorganic nanocomposites include solvent 

processing,7 polymer melt intercalation8 and chemical polymerization.9 In solvent 

processing and polymer melt intercalation, the polymer raw materials (with a specific 

average molecular weight) are used to form solution or suspension with inorganic 

powders. Polymer with those inorganic materials is then re-crystallized to form 

nanocomposites after solvent evaporation or after solidification. However, by physical 

methods (solvent processing and polymer melt intercalation), it is difficult to achieve 

a homogeneous dispersion of the nanoparticles in the polymer matrix. On the other 

hand, chemical method such as in situ polymerization, can control the interfacial 

interaction in nano-region or even on the molecular range resulting in a much more 
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homogeneous composite. If the inorganic nanoparticles are formed by a sol-gel 

process, the final polymer-inorganic nanocomposites are usually called 

polymer-inorganic hybrid materials which can be regarded as nanocomposites with a 

“transparent filler,” while the high transparency of the resulting hybrid polymers is a 

further hint to their submicrometer or nanostructural phase size.10 

1.1.2 Nanocomposites for UV-sheltering 

  Solar radiation spectrum comprises wavelengths of electromagnetic energy which 

range between about 290 and 3000 nm. This range is divided into three different 

regions, namely: 1) untraviolet region (290-400 nm), 2) visible region (400-760 nm) 

and 3) near-infrared region (> 760 nm). The untraviolet region is arbitrarily divided 

into three bands, referred to as the UVA (320-400 nm), UVB (290-320 nm) and UVC 

(200-290 nm) bands. 

  UVC radiation from the sun does not reach the surface of the earth in high quantity. 

Thus protection against UVC radiation is generally not a major concern, in contrast to 

the dangers posed by UVA and UVB radiation. UVB radiation is the principal cause 

of sunburn reactions and it is greatly effective in stimulating the tanning reaction in 

the skin. UVA radiation can also cause sunburns, but its capacity to do so is less than 

that of UVB radiation. Current data reveal that solar radiation containing UVA and 

UVB is a contributing causing of skin cancer, which presently accounts for 30-40 % 

of all new cancers each year.11 UVA radiation has been shown to promote skin cancer 

by inhibiting enzymes that repair cells damaged by UVB radiation and also penetrates 

more deeply into the skin than UVB radiation and causes changes in blood vessels 

and premature aging of the skin, thus adding to the damage produced by UVB 

radiation.12 Moreover, UV radiation perturbs profoundly the body’s immune system. 

In addition to causing human damage, UV radiation is detrimental to buildings 

bleaching, and it fades the color of paintings and natural fibers by photo-oxidative 

process.13 

  During the past decades, the dosage of both UVB and UVA radiation has increased 
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profoundly due to the adverse climate and continuous ozone depletion. From 1998-99, 

the rate of photoinjury due to hazardous UVB emission was about 12 % higher than 

that of during the earlier years of the decade.14 Consequently, a great deal of attention 

has been imparted upon the development of photoprotective materials.15,16,17,18,19 

Currently, titania-based polymer hybrid thin films, which are prevalently utilized in 

high RI films, optical coating, wave-guiding, and in nonlinear optical materials, are 

prevalently utilized as transparent UV-sheltering materials. The current methods of 

preparation make it possible to fabricate transparent materials only as thin films and 

for higher thickness materials become no longer transparent. The films, therefore, are 

always supported by a transparent sustaining substrate. However, they usually exhibit 

low mechanical strength and processability and the UV-sheltering effect will be 

inevitably diminished as a result of mechanical scratch. Furthermore, the low 

adhesion between the hybrid film and the substrate is always a critical problem. 

Therefore, there is a need to develop alternative bulk transparent UV-sheltering 

materials suitable for applications such as UV-sheltering windows, contact lens, 

goggles, etc. Such materials can be made by the proper incorporation of suitable 

UV-absorbing materials into a transparent polymeric matrix. 

1.1.3 PMMA-ZnO Hybrid Materials for UV-sheltering 

1.1.3.1 PMMA 

In the current study, PMMA (polymethyl methacrylate) is selected as a supporting 

matrix for polymer-inorganic composites because it has superior intrinsic 

physio-chemical properties, such as, higher softening point and higher tensile strength 

as well as myriad of uniqueness including optical clarity, biocompatibility, and 

dimensional stability.20 Hence, PMMA has been a popular choice for the preparation 

of polymer-inorganic composites.21 Besides, PMMA is a versatile polymeric material 

that is well suited for many imaging and non-imaging microelectronic applications. 

PMMA is most commonly used as a high resolution positive resist for direct write 

e-beam as well as x-ray and deep UV microlithographic processes. PMMA is also 

widely used as a housing material or surface coating material of machinery because of 

its excellent weather resistance and high transparency. 



Engineering Nanomaterials for Enhanced Functionality 

6 

1.1.3.2 ZnO 

Inorganic UV absorbers such as zinc oxide and titanium dioxide have been used for 

many years to protect people from the effects of UV radiation because they strongly 

absorb UV light but permit visible light transmission. The mechanism of UV 

absorption of these materials is known as the bandgap absorption with ZnO absorbing 

wavelength below 380 nm and TiO2 absorbing wavelengths below 365 nm. However, 

for reasons associated with atomic structure, TiO2 absorbs strongly below 320 nm. 

Only light wavelengths below the bandgap threshold have sufficient energy to excite 

electrons and thus are absorbed by ZnO and TiO2. Inorganic UV absorbers have many 

advantages over organic UV absorbers as they have lower irritancy, broader spectrum 

absorption, and higher chemical stability22. ZnO is superior to TiO2, as it has a higher 

photo-stability and broader absorption spectrum (below 380 nm) compared to TiO2 

nanoparticles (below 320 nm). TiO2 nanoparticles characteristically absorb only 

within UVB ranges; whereas, absorption spectrum of the ZnO nanoparticles covers 

both UVB and UVA ranges (Fig. 1). For this reason, introducing ZnO nanofillers into 

the PMMA matrix is proposed as a better alternative for a transparent UV-sheltering 

material. 

1.1.3.3 PMMA-ZnO Hybrid Materials 

Few studies have recently been reported on the preparation of PMMA-ZnO 

nanocomposites and microspheres by directly incorporating ZnO as a filler into the 

polymer matrix.23,24,25 The interfacial interactions and fractural toughness of the 

nanocomposites fabricated by in situ suspension polymerization23 are relatively 

 
Figure 1. Typical transmittance curves of ZnO and TiO2 
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insufficient because of the deficient reciprocal reactivity between the dissimilar 

immiscible phases. By using this method, it is difficult to achieve a complete 

dispersion of the nanoparticles, and as a consequence, concentration gradients of the 

incorporated nano-fillers in matrix result in opaque materials rather than being 

optically transparent. The fabricated products are thermodynamically unstable and it 

is difficult to achieve reproducible composition without stringent control of the 

process conditions. Producing nanocomposites by mechanical blending is not suitable 

for practical application, since the products require further processing, in order to 

decrease the inhomogeneity, e.g., by heating the materials at elevated temperature and 

pressure simultaneously followed by crushing and re-extrusion. Other physical 

methods for preparing nanocomposites, such as solvent processing23 or spin coating25, 

also result in inhomogeneous dispersion of the nanoparticles in the matrix. Chemical 

methods, based on an in situ sol-gel polymerization26, which can easily manipulate the 

organic-inorganic interfacial interactions at various molecular and nanometer scales 

resulting in homogeneous structures with additional physiochemical properties27,28,29 

have been used to overcome the problem of the nanoparticles agglomeration and the 

inhomogeneity of the resulting composites. PMMA-TiO2 hybrid materials26,30 and 

thin films of PMMA-ZnO nanohybrids31,32 have been prepared. However, very 

limited reports exist on the fabrication of bulk transparent PZHM. 

1.2 Nanostructured Micro-porous Surfaces for Boiling Enhancement 

1.2.1 Nanostructured Surfaces 

Nanostructured surfaces have features on a scale of few to few hundreds of 

nanometers. Typical and well-known examples are the well-ordered surfaces of 

materials which were modified by precise positioning of additional atoms using the 

atomic force microscope. The modification of surfaces or the creation of patterned 

surfaces bearing nano-sized features is an important emerging area for scientific 

research and technological application.33 There has been a significant progress in the 

past decade in the ability to fabricate new porous surfaces with ordered nanostructures 

from a wide range of different materials. This progress has resulted in developing 

materials with unusual properties and with applications beyond the traditional use as 
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catalysts, adsorbents, electrodes, etc. Recently, nanostructured porous surfaces seem 

set to contribute to development in areas ranging from electronic cooling, medical 

diagnostics, thermal barrier coating etc.34,35 

1.2.2 Boiling Enhancement 

  Boiling is used as a means of transferring heat from a hot surface to a relatively 

colder fluid, in contact with the surface. Boiling of liquids on surfaces can be divided 

into two different categories, pool boiling and flow boiling also referred to as 

convective boiling. Flow boiling is not considered in this thesis. Enhanced boiling has 

been the object of intense research over the last couple of decades, since reduced 

temperature differences in heat exchangers are accompanied by an improvement of 

the energy efficiency of a system. 

The standard heat transfer equation is given by the heat flow 

 Q=h·A·∆T                            (1) 

Where h is the heat transfer coefficient, A is an area relating to the heat transfer 

surface and ∆T is the temperature difference between the surface and the bulk fluid. 

Usually, heat transfer enhancement can be achieved by three ways: a) With the same 

area A and temperature difference ∆T, heat flow can be increased. b) For the same 

heat flow and the same temperature difference ∆T, the heat transfer area A can be 

reduced. Thus the size of the heat exchanger can be reduced. c) Keeping the same heat 

flow and heat transfer area, the temperature difference can be reduced. Hence the 

energy loss of the heat transfer process can be reduced and COP of the process can be 

increased. 

  Figure 2 shows an ideal pool boiling curve for an enhanced boiling heat transfer. 

Boiling enhancement includes three phases, namely, earlier boiling incipience, higher 

CHF, and enhanced nucleate boiling heat transfer. Enhanced surfaces for nucleate 

boiling seems to receive more attention to and is frequently identified as “high 

performance nucleate boiling surfaces”. In this thesis, the main focus has been placed 

on enhanced nucleate boiling heat transfer. 
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1.2.3 Enhanced Surfaces for Boiling 

In heat pump applications and refrigeration, it is very advantageous to operate the 

evaporator and the condenser at small temperature differences. As explained earlier, 

the small temperature difference contributes to decrease the difference between the 

condensation temperature and the evaporation temperature which is very important to 

improve the COP of the refrigeration or heat pump system. Based on Eq. 1, to achieve 

low temperature differences, surfaces with high overall HTC or a large heat transfer 

surface area are needed which are thus defined as “enhanced surfaces”. These 

enhanced surfaces can promote bubble nucleation and thereby increase the overall 

HTC of the evaporator. Furthermore, surface enhancement can also be a means to 

reduce the size of the heat exchanger as the enhanced surfaces exhibit high HTC in 

boiling also at low heat fluxes. 

During the past few decades, a large number of enhanced surfaces (coated, plated, 

roughened, extended, etc.) have been manufactured with various techniques, abrasive 

treatments, etching, electroplating, attached wire, screen promoters, etc, as given by 

Webb in a comprehensive review.36 These methods can be divided either into 

mechanical methods37 or chemical methods.38 Mechanical methods include surface 

Figure 2. Pool boiling curve for enhanced boiling heat transfer (bold) 
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deformation techniques such as abrasive treatment39 and inscribing open grooves.40 

Mechanically roughened surfaces showed an enhancement of 2 to 4 times that of the 

untreated surface. Chemical methods are further subdivided into two types; the first 

type being surface erosion techniques like electrolysis and chemical etching41 while 

the second type referring to the coating of a porous layer of chosen material on the 

boiling surface.42 This coated layer can be fabricated in many ways, such as sintering, 

spraying, painting, electroplating, etc. 43  Chemical treated surfaces showed 

enhancement up to 10 times compared to that of the untreated surface.44 

Much of the latest developments within the area of enhanced boiling have come 

from the electronics cooling area.45 Several studies have been made of porous 

structures consisting of small (1-50µm) sized aluminum, copper, silver and diamond 

particles that have been sprayed or painted on a aluminum substrate showing 

enhancement of up to 9 times in FC-72. Porous structures have been proven to be very 

effective in enhancing the nucleation boiling heat transfer.45 Gottzmann et al.44 was 

one of the first to report boiling enhancement of a factor of 10 or more in various 

fluids using porous High-Flux™ surface. Many other similar porous structures built 

by metallic particles have been developed since the High-Flux™ surface of which 

Thome has published a chronological summary.46 

However, it is very difficult to determine the exact micro- and nano-scale structural 

features of these state-of-the-art porous surfaces, due to the disordered nature of the 

particle configuration, which further makes it problematic to determine the 

mechanism of the boiling enhancement. Recently, it has been shown that not only 

micro-scale, but also nano-scale structures are important to the boiling performance of 

a surface, since they can reduce the nucleation energy barrier observed at the onset of 

nucleate boiling.47,48 Nano-scale roughness has also been shown to improve the heat 

transfer coefficient of plain tubes49 and, in combination with micro-scale pin-fin 

structures in silicon chips, it further improves the boiling performance of the 

surface.50 However, no work has been reported on the combination of a metallic 

micro-scale porous structure with nano-scale roughness for enhanced boiling. 
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1.2.4 Dynamic Bubble Templating of Surfaces 

Boiling phenomenon is a process where gas bubbles as formed overheated, departs 

from the surface, and coalesce either on the surface or in the liquid. The principles of 

this phenomenon can be used for directing the fabrication of structures that would 

improve the performance of boiling. Electrodeposition of certain metals from solution 

gives a convenient way to tailor three-dimensional structures.51,52 During the metal 

electrodeposition process, hydrogen evolution is often side-byreaction and is usually 

avoided, since it causes low current efficiency and low mechanical quality of the 

deposited layer. However, if the electrodeposition process is modified to produce high 

concentration of gases, it would affect the patterning of the deposited metallic layers. 

It is possible to utilize hydrogen evolution as a dynamic template to direct the 

deposition of the metal. As proposed earlier,52 hydrogen bubbles generated on the 

cathode prevent Cu deposition on the locations of the bubbles. The bubbles coalesce 

when they rise from the surface, resulting in micro-porous tunnels that are created 

from the Cu deposition around the departing bubbles. These micro-porous tunnels can 

be well controlled by electrodeposition conditions and show a high potential to be 

excellent escape channels for vapour formed during nucleate boiling, since they are 

built with the template of rising hydrogen. Under such conditions, there will be 

continuous production and simultaneous removal of gas bubbles during the 

electrodeposition process. This can be used to produce porous deposited layers. 

1.3 Objectives 

The objective of this thesis is the development of novel nanostructured materials 

with enhanced functionality. The work has been concerned with two types of 

materials; different in shape and composition.  

 

The first material considered is bulk nanostructured composite of inorganic 

nanoparticles dispersed in polymeric matrix. The objective of the work is the 
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fabrication and engineering of transparent bulk nanocomposite where the 

nanoparticles are very homogenously dispersed into the matrix. For this part of the 

thesis, we studied and developed a method for the fabrication of PMMA-ZnO hybrid 

materials and evaluated the effectiveness of this material for UV absorption and 

sheltering. 

  

The objective of the second part of the thesis is the fabrication of nanostructured 

micro-porous surface layer for the enhancement of heat transfer in boiling. For this, 

we studied the use of electrodeposition of copper nanoparticles from acidic solution to 

engineer a porous layer using dynamic bubble formation and removal as template. 

The porosity and structure of the formed surface layer should be optimized for the 

enhancement of the heat transfer in pool boiling.  
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2 Experimental Methods 

2.1 Synthesis Methods 

In this thesis, two different synthesis methods are adopted for the fabrication of 

bulk nanocomposites and surface layers. 

2.1.1 Fabrication of PZHM 

ZnO sol is synthesized according to the method given by Znaidi et al.53 A typical 

sol preparation consists of the following steps: Zn(II) solution (0.01-0.1 mol·L-1) is 

prepared by refluxing zinc acetate dehydrate (ZAD, Kebo) in ethanol (Solveco) at 

80 ºC for 2 h under stirring. MEA (Aldrich) is subsequently added to these solutions 

and thus transparent solutions are obtained. The ratio of MEA to Zn, r (r = 

[MEA]/[Zn2+]), is varied between 0-4.  

ZnO sol was mixed with the MMA monomer and several different wt% ZnO 

containing methyl methacrylate (MMA, Aldrich) have been prepared. After the 

addition of the initiator, 2,2’-azobisisobutyronitrile (AIBN, Acros), the sol has been 

dispersed in the MMA matrix by using ultrasonification. The polymerization was 

carried out at 70 ºC for 12 h under continuous shaking. Polymerization is completed 

after ethanol is evaporated, and the transparent PZHM is obtained. 

2.1.2 Fabrication of NM Surfaces 

  Electrodeposition with dynamic bubble template was used to fabricate the NM 

surfaces. The Cu surfaces used as working electrode (cathode) were polished with 

carborundum paper of different granularity and with diamond paste (1 µm size). After 

ultrasonic treatment in acetone to remove dusts and organic compounds, the Cu 

surfaces were used for electroplating. A thin square copper plate was adopted as the 

counter electrode (anode). The two electrode surfaces were placed in the container 

and parallel to each other. The distance between the cathode and the anode was set to 

2 cm. A constant DC current was applied using a precision DC power supply 
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(Thurlby-Thandar TSX3510) in an electrolytic solution of sulfuric acid (Aldrich) 

containing copper sulfate (Kebo) with different concentration at room temperature. 

Deposition was performed without stirring or additive gas bubbling. After 

electrodeposition for specific time, the surfaces were rinsed and dried with acetone 

and kept in a dessicator. 

  In order to enhance the stability of the deposited structure on Cu surfaces, the 

surfaces were annealed under reducing conditions using H2 gas. The annealing 

treatment was studied at different temperatures, for an average of 5 hours (excluding 

warming up and cooling down time of the oven). After annealing, the surfaces were 

cooled down to room temperature before the gas stops. 

2.2 Characterization 

The materials at the different processing steps are characterized by different means 

of characterization. 

  Optical microscopy (Leica DM RM equipped with Polaroid digital microscope 

camera) is employed for characterization of surface structure and pattern in 

macro-scale view. Surface roughness, in form of scratches and indents, is also 

evaluated by optical microscopy. 

A surface profiling instrument (Talystep step height measuring instrument) which is 

manufactured by Rank Precision Industries, Ltd., Leicester LE1 9JB, England is used 

for surface roughness evaluation.54 

X-ray powder diffraction (XRD) analysis is performed using Philips PW 1012/20 

and 3020 diffractometer with Cu Kα radiation. The average crystallite size, D, could 

be evaluated from the peak broadening of the diffraction pattern, based on Scherrer’s 

equation.55  

θβ
λ

cos
9.0

=D                              (2) 

where β is the pure diffraction line width, full width at half maximum, expressed in 

radians in terms of 2θ at angle θ, and λ is X-ray wavelength. 
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Scanning electron microscope (Jeol, JSM-888 model equipped with energy 

dispersive X-ray spectroscopy) was used for characterization of surface structure and 

pattern. The size and morphology of the sample particles was examined by using a 

transmission electron microscopy (Jeol, JEM-2000EX equipped with electron 

diffraction spectroscopy). For SEM, the samples were prepared with sticking carbon 

tape glued on sample holder and coated with gold to increase the electrical conduction 

of the unit. Whereas for TEM, very small amount of powder was dispersed with ultra 

sounds in water, then few drops of this liquid were put in ethanol and a copper grid 

was immersed in it and dried. High resolution transmission electron microscopy was 

used to analyze the size and morphology of the inorganic phase incorporated into the 

polymer matrix in the case of PZHM.  
1H NMR (Avance-400 MHz spectrometer, Bruker) was used to study the structure 

of PMMA and PZHM. 

FT-IR (Avatar 360 E.S.P., Nicolet) was employed to study the chemical species of 

PZHM. 

  Thermogravimetric measurements were made to study the thermal decomposition 

process of PZHM and PMMA by using TGA Q500, TA Instruments, Inc. Differential 

scanning calorimeter (DSC 2920, TA Instruments, Inc.) was employed to study the 

thermal transitions of polymers when they are heated. 

2.3 Performance 

The enhanced functionalities of novel fabricated materials are evaluated by UV-Vis 

analysis and pool boiling tests. 

2.3.1 UV-Vis for PZHMs 

UV-Vis spectroscope (Cary 100 Bio, Varian) was used to evaluate the 

UV-absorption of the PZHMs. In order to reduce scattering, both sides of bulk 

transparent PZHMs and PMMA were polished with carborundum paper and with 

diamond paste (1 µm size) before measurements. When PMMA was used as  
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reference, synthesized PZHMs and PMMA were cut into the same thickness in order 

to be comparable. Both transmittance spectrum and absorbance spectrum were 

recorded. 

2.3.2 Pool Boiling Test for NM Surfaces 

The following pool boiling tests were conducted at the Division of Applied 

Thermodynamics and Refrigeration (ETT) in Royal Institute of Technology (KTH).  

 
Figure 3. Schematic drawing of the test rig 
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2.3.2.1 Test Set-up 

   The general experimental pool boiling test rig is illustrated in Fig. 3. Chamber B is 

the boiling chamber, where the boiling tests are conducted. The chamber is insulated 

with 10 mm thick foam insulation and has an internal volume of 50 dm3. 

Tetrafluoroethane-1,1,1,2 (R134a), widely used hydroflourocarbon refrigerant, is 

employed as the test liquid in the experiments. Vapour from the boiling chamber is 

condensed in an insulated condensing chamber (Chamber A) which is located above 

the boiling chamber and flows back into the boiling chamber by the gravity. A 

pressure transducer (Druck, PDCR911, P in Fig. 3) is connected to the boiling 

chamber to maintain constant pressure in the chamber. Two thermocouples 

(Pentronics, HF/D-30, type T) are used to measure the liquid temperature and are not 

shown in Fig. 3. 

2.3.2.2 Test Samples 

The NM surfaces are created, on Cu bulk samples of a 6 mm thick Cu cylinder with  

 
Figure 4. Test object design in the test object holder 
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a diameter of 15 mm. This copper stub is to serve for dual purposes; one end of this 

cut-piece is used as the test substrate, while the other end is connected to a coil heater 

which is made by using a high resistance heating wire (Degussa, Isoliert Thermofraht). 

The heater is attached to the base of the Cu cylinder using thermally conducting silver 

epoxy (Circuitworks, CW2400). The Cu cylinder is fitted in a cylindrical Teflon 

casing with a slot machined for the Cu cylinder as illustrated in Fig. 4. To prevent the 

edge nucleation, the opening of the slot is 14 mm in diameter, creating a 0.5 mm long 

edge overlapping. Epoxy adhesive is used on the inside of the Teflon casing edge to 

ensure a flush-mounted Cu cylinder. A hole for thermocouple is drilled from the side, 

2 mm below the surface, into the center of the Cu cylinder. The hole is filled with 

thermoconductive paste (Electrolube, HTC Plus) before insertion of the thermocouple 

and then sealed with fast curing epoxy to prevent test liquid from entering the 

thermocouple well. 

2.3.2.3 Test procedure 

The test object holder with the test object is placed horizontally at the bottom of the 

boiling chamber. A vaccum pump is used to evacuate the chamber to a pressure of less 

than 8 mbar, before it is filled with the test liquid. After filling the test liquid, the 

pressure is lowered to 0.5 bar in order to reduce the vapour trapped in the surface 

structure and therefore give all the tests the same pressure initiation. After the desired 

pressure level is obtained, a waiting period of 2 hours is needed before heating. T he 

heaters, connected in series, are supplied with DC power from a computer controlled 

power supply (Instek, PSP-405). The current is measured with the power supply unit. 

The power supply is recorded with computer software (HPVee, 5.0) every 3 seconds. 

All tests are repeated twice with repeatability within the uncertainty limits.  
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3 Results and Discussion 

3.1 PMMA-ZnO QDs Hybrid Materials and UV-Sheltering Effects 

3.1.1 Visualization 

Figure 5 depicts a photograph of bulk transparent PZHMs containing different 

wt % ZnO contents under (a) visible light irradiation and (b) under a low intensity UV 

light, λ = 362 nm. The color intensities of the PZHMs under visible light vary from 

light pink to yellow as the amount of ZnO nanoparticles increases.  

The present case of the PZHMs differs from the earlier reported studies, where the 

primary focus has been placed on transparency of thin or thick films, since it is 

difficult to control phase separation. This work, on the other hand, is concerned with 

transparent bulk materials with excellent UV-sheltering effects. The transparent bulk 

materials cannot be prepared when the dispersibility and interactions of heterogeneous 

surfaces are not effectively homogenized for immiscible phases, forming solid 

hetero-network composed of both PMMA and ZnO nanoparticles. Therefore, it can be 

concluded that, for the transparent bulk PZHMs, the miscibility and dispersibility of 

the ZnO filler within PMMA has been drastically enhanced by in situ sol-gel 

polymerization with dexterous MEA. 

Figure 6 shows HRTEM images and typical selected area electron diffraction 

(SAED) pattern of ZnO nanoparticles in PZHM synthesized by in situ sol-gel  

Figure 5. a, Digital photographs of the PZHMs under visible light and b, under a low intensity UV light λ 
= 362 nm. The dimension of the bulk specimens is approximately 1 cm thick with a diameter of 2 cm 
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polymerization in the presence of MEA. According to the HRTEM images, ZnO 

nanocrystals are well nucleated and grown by depleting the supersaturation of 

reactants and intimately dispersed in amorphous PMMA matrix with a mean diameter 

of 2.8 nm (SD, 0.41). The ZnO nanoparticles acted as quantum dots (QDs) in PZHMs 

have well defined free spaces, resulting in a prominent photoluminescent and UV 

sheltering effects. The ring pattern in SAD indicates three-dimensional random crystal 

orientation resulting from the coexisting phases of nanocrystal and amorphous. The 

ZnO nanoparticles in PZHMs are spherical with a slight faceting since the facet 

growth of ZnO nanocrystal is restricted by micro-environmental polymeric phase. We 

could not clearly identify the crystal structure with reciprocal lattice fringes of 

non-collinear lattice periodicities because interferences from lattice fringes by PMMA 

result in a blurring of the images. However, the HRTEM images and XRD results 

Figure 6. a, HRTEM images with SAED pattern in the inset for ZnO nanoparticles in PZHM 
synthesized by in situ sol-gel polymerization with MEA. b, Magnified view of (a) showing lattice fringe 
of nanocrystal and amorphous phase.  
 

 

Scheme 1. Sketch of the chemical equilibria taking place during: a, the sol-gel process and b, 
polymerization process 



Shanghua Li, Licentiate Thesis 

21 

indicate that ZnO single crystals are formed by epitaxial arrangements of smaller 

particles.  

3.1.2 Chemical Bonding of PZHM 

Scheme 1a represents the formation of Zn-oxo-acetate oligomers. Three 

nucleophilic complexes (MEA, HO- and CH3COO-) compete for the Zn(II) center and 

as a result, Zn-oxo-acetate oligomers form from the gradual forced hydrolysis. MEA 

containing two functional segments plays a significant role both as a complexing 

agent to govern the hydrolysis of ZAD and as a coupling agent between ZnO 

complexes and non-polar polymer molecules. MEA extends into the particle surface 

to lose their conformational entropy and to inhibit the particle agglomeration in 

polymer matrix by steric repulsion. In the same manner, organic-inorganic hybrid 

materials are simultaneously synthesized in MMA molecules via free-radical 

polymerization, which permits covalent bonding with ZnO complexes (Scheme 1b). 

FT-IR and 1H NMR are used to confirm the chemical bonding conditions given in 

scheme 1. 

FTIR is used to analyze the as-deposited sols (without PMMA) after aging under 

the same condition as in the in situ sol-gel polymerization process. The IR spectrum 

for the sol with MEA (Fig. 7) shows a broad absorption peak at 3250-3850 cm-1 which 

can be assigned to O-H stretching. Absorbed water is also observed at around 1600 

cm-1. Hence, the presence of MEA also accelerates the hydrolysis of zinc acetate. The 
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Figure 7. FT-IR spectra of as-deposited sols after aging 
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two strong peaks at 1650 and 1810 cm-1 are due to carboxylate bonds (asymmetric 

and  

symmetric stretching of C=O, respectively). In absence of MEA, Zn(II) is mainly 

chelated by CH3COO- which showes a weak C=O stretching. While with the presence 

of MEA, the unstable chelating cycle is partially broken and none-chelated CH3COO- 

gives a stronger C=O stretching. 

1H NMR is used to monitor the polymerization process. Figure 8 shows the 

differences of the chemical environment by 1H NMR between synthesized PZHM 

(down) and PMMA (up). The resonance peaks at 0.83-1.21 ppm are assigned to the 

protons of methyl groups of -C(CH3)(COOCH3); the resonance peaks from 1.44 to 

2.07 ppm are attributed to the methylene group of -CH2-, and the resonance peaks 

from 3.41-3.60 ppm correspond to methoxy groups in the primary molecules. Methyl 

methacrylate (MMA) peaks are observed in PMMA spectrum at around 6.10, 5.56, 

3.75 and 2.17 ppm with similar integrated numbers; especially, two single resonance 

peaks observed at 6.10 and 5.56 ppm are obviously indicating the presence of 
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Figure 8. 1H NMR spectra of pure PMMA (up) and PZHM (down): a, general, b, and c, zoom-in 
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methyne protons. For PZHM, however, those resonance peaks corresponding to the 

MMA monomer are extremely attenuated, ca. 30 times, based on integrated numbers. 

The two major resonance peaks for methyne protons in PZHM are found to be 

significantly reduced due to the chemical reactions at the residual double bonds which 

do not contribute to the polymerization process.  

The addition of a small portion of MEA results in a covalent bond with the double 

bonds conjugated to the carbonyl group in PMMA during the polymerizations process 

(Scheme 1b). The resonance peaks for the PZHM at around 3.60, 1.90 (br m), 1.45 (br 

m), 1.02, 0.85 retain the same integrated ratio with those for PMMA signifying that 

those resonance peaks are attributed to the protons in PMMA molecules. New 

resonance peaks at around 3.72 (q), 1.24 (t), 1.57 with close integrated numbers for 

the PZHM are indicating protons of ethanol. Two tiny resonance peaks with close 

integrated numbers at around 4.40, 3.78 (Fig. 8b) indicate protons on the carbons of 

MEA. Accordingly, all the major resonance peaks of the PZHM can be attributed to 

their relevant chemical groups and structures; whereas, no hydroxyl-corresponding 

resonance peaks of MEA are identified by 1H NMR. The hydroxyl groups of MEA are 

related to ZnO species by alcoholysis of Zn(II) since MEA was not evaporated during 

the polymerization process (70 0C) since it has a high boiling point (170 0C). The 

hydroxyl groups in MEA functionalize both polymer molecules of moieties and 

surface of inorganic fillers and have ability to form cross-linking between the 

immiscible surfaces and covalent bonding further. The subsequent interfacial 

interactions between the PMMA constituents and ZnO nanoparticles are adequate to 

overcome the thermodynamically induced phase separations. 

In situ formation of ZnO fillers in the presence of MEA is the major reaction in the 

overall process of this study since the hydrophilic surface of ZnO fillers can be 

directly modified following by the nucleation of ZnO nanoparticles. Thus, the 

dominant interaction forces of ZnO nanoparticles within MMA are shifted from 

attractive to steric repulsive forces while the coupling agent (MEA) on the surface of 

ZnO fillers can be easily isolated and separated as individual species, leading to the 

formation of structurally homogeneous architectures.  

3.1.3 Thermal Analysis of PZHM 



Engineering Nanomaterials for Enhanced Functionality 

24 

From figure 9, DSC curves of PMMA exhibit no distinct glass transition 

temperature, Tg. An exothermic peak at 129 oC is apparent that the sample is 

predominantly comprised of crystalline PMMA. In PZHMs, the PMMA and the ZnO 

fillers are covalently bonded in the mixture where no corresponding signals owing to 

the chemical reactions are monitored by DSC. Bares56 reported that the Tg of polymer 

with homogeneously dispersed particles (~12 nm in diameter) is 20 oC lower than that 

of its analogues bulk phase. This can be due to the large polymer-free surface by 

immiscible nanophase which decreases the Tg based on free surface effects. Obviously, 

the in situ free-radical polymerization of PMMA in the presence of the ZnO fillers can 

alter the overall reaction mechanisms and the rate of the polymerization process. The 

observed Tg of PZHMs is 76 oC with no distinct exothermic peak which supports the 

fact that the incorporated Zn species could take part in the free-radical polymerization 

process for PZHMs resulting in a more amorphous phase. The Tg peak may originate 

from the rotation of the ester side group of C-C bond that links into the focal 

moieties.57 The endothermic peak at 225 oC is attributed to the transition of large 
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Figure 9. The DSC curves of pure PMMA and PZHM (— : PMMA;  : PZHM,0.05 wt%)┈  
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Figure 10. TGA curves of the PZHM and PMMA (▽, 0.11 wt%; △, 0.036 wt%; ○, 0.017 wt%; ■, PMMA) 
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scale mobility of bulky constituent of polymer moieties, and the peak at 283 oC may 

refer to the dislocation of polymeric substances.58 The endothermic peak at 368 oC is 

related to the total decomposition of PMMA constituents to carbon that is consistent 

with TGA observations of PMMA shown in Fig. 10. Due to the large interfacial 

surfaces of ZnO fillers against PMMA constituents even at relatively low filler 

volume fraction, the Tg of PZHM exhibits apparently lower value than that of the 

other reported nanocomposites.59,60 Apparently, the tiny quantity of inorganic fillers 

within polymer matrix can drastically enhance the thermal stability by increasing the 

energy barrier of segmental mobility of bulky segment of polymer moieties, which in 

turn, turns to more rigid phases. As shown in Fig. 9, the major thermal decomposition 

of PZHM is slightly shifted towards higher temperature along with disappearance of 

the two endothermic peaks at 225 oC and 283 oC. The significant decrease of Tg value 

is not only correlated to the size of incorporated fillers, but also to the homogeneity of 

the particle distribution in the polymer matrix. 

TGA has been used to compare the thermal stability of PZHMs at different amounts 

of fillers and PMMA. As shown in Fig. 10, the one-step weight loss due to the thermal 

degradation of PMMA indicates that the polymer is either anionically polymerized or 

stabilized during the free-radical polymerization process.61 Unlike that of the PZHM, 

the TG pattern of PMMA possesses two distinct steps at around 197 oC and 300 oC 

which are responsible for the two different reactions caused by scission initiation 

within the polymer chain. Overall trends of thermal degradation of PZHM are similar 

to that of PMMA except for shift at the onset of the major thermal decomposition to a 

higher temperature regime for PZHM relative to the onset of PMMA at 175 oC. The 

temperature for 5 wt% weight loss of PZHM with 0.11 wt% ZnO is 286 oC which is 

higher than that of PMMA. The thermal stability of PZHMs has been considerably 

improved even with the lowest ZnO filler contents and has steadily increased with the 

increase of ZnO contents. The significant enhancement of thermal stability by 

incorporating the immiscible phase into the polymeric matrix is due to the strong 

interfacial interactions between the polymer molecules and inorganic fillers.62,63  

In conclusion, thermal analysis gives evidence that hydroxyl group and amino 

group in MEA are covalently bonded to the double bonds conjugated to the carboxyl 

group in PMMA and Zn(II) on the surface of ZnO nanoparticles. The MEA 
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incorporated at one terminus would enhance the chain-bridging between the ZnO 

nanoparticles during the free-radical polymerization. The continuous weight losses of 

the PZHMs with a steady rate imply that the structures with PMMA molecules and 

ZnO fillers are well entangled without phase segregations. 

3.1.4 Phase Analysis of PZHM 

XRD pattern for the PMMA is composed of wide diffraction lines which are used 

for the determination of structures. Fig. 11a shows the comparison of the wide angle 

XRD patterns of bulk PMMA and representative PZHM. The intrinsic properties, i.e. 

the crystallinity of the polymeric substances, can not be affected by simple 

mechanical mixing of organic-inorganic materials. Although both diffraction lines 

identify characteristic PMMA crystalline diffraction patterns, the PZHM containing 

0.05wt % ZnO fillers shows lower relative intensity than bulk PMMA that is related 

to crystallinity. It confirms that Zn complex as a sub-phase contributes to 

polymerization mechanisms of PMMA constituents in the presence of MEA and forms 

stable miscible phase. Figure 11b shows the X-ray powder diffraction pattern of the 

residue after the thermal decomposition of PZHMs at 600 oC. After thermal treatment, 

ZnO crystalline peaks can be identified as a characteristic hexagonal wurtzite 

structure with lattice parameters a=0.325 nm and c=0.521 nm. 
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Figure 11. The XRD patterns of a, pure PMMA and PZHM (— : PMMA;  : PZHM)┈  and b, residue after 
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Figure 12. UV-VIS spectra of PZHMs: a, transmittance, b, absorbance of different ZnO contents (the 
thickness of all samples is 2 mm and [MEA]/[Zn] = 3) 

3.1.5 UV-sheltering Effects of PZHM 

The UV-Vis transmittance and absorbance spectra of the PZHMs containing 

different ZnO contents are shown in Fig. 12a. A strong UV-sheltering effect for the 

fabricated PZHMs is observed in both UVA and UVB range. Apparently, the 

transmittance of PZHMs significantly decreases in the wavelength ranges of 290-400 

nm even at a content of as low as 0.017 wt% ZnO. Fauble et al.64 reported the amount 

of UV radiation transmitted by commercially available UV-blocking contact lenses. 

They demonstrated that the thickness of the contact lenses is crucially affected by the 

efficacy of UV transmission. Particularly, the transmission of PZHMs in UVB with an 

increase to 340 nm shows approximately zero value which has higher efficacy than 



Engineering Nanomaterials for Enhanced Functionality 

28 

commercially available UV-blocking contact lenses. The UVA wavelength in 

proximity to visible light region exhibits a steady amount of increase in transmission, 

and this indicates the reduced capability of absorbing UV irradiation. At the 

wavelength of 400 nm, the transmitting efficacy is enhanced twice as that of 

commercial UV-blocking contact lenses. It has been noticed that PZHM containing 

the least amount of filler, i.e. 0.017 wt% ZnO exhibits more profound result than the 

other PZHM samples. The fact is that a very fine dispersion of ZnO nanoparticles 

with a certain free space between the nanoparticles along with a superior interfacial 

link between the heterogeneous phases can be attained as shown in HRTEM images of 

Fig. 6. The absorption spectra exhibit a distinct maximum after the absorption onset 

indicates that the ZnO particle size is small enough to show quantum confinement as 

shown in Fig. 12b. The slight increase in relative intensity of absorbance spectra of 

the PZHMs is accompanied by the onset absorptions and are shifted as the content of 

ZnO nanoparticles increase; consequently, the concentration of the initial chemicals is 

less pronounced for the nucleation of the particle by in situ sol-gel process.  

Although the synthesized PZHMs in the present studies contain about 100 times 

less amount of ZnO fillers than poly(styrene butylacrylate) latex-ZnO nanocomposites 

(7 wt% ZnO ) reported by Xiong et al.Error! Bookmark not defined., a stronger absorbance in 

UVA and UVB and a larger blue shift in overall spectrum are observed. In the case of 

ZnO single crystal, the absorption spectrum in the vicinity of the absorption edge 

shows a band gap of 3.16eV at a wavelength of 410 nm.62 When the size of the 

particle is smaller than the excitation radius, quantum confinement leads to size 

dependent enlargement of the band gap, which, in turn, results in a blue shift in the 
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absorbance onset. The absorption edge of ZnO nanoparticles in PZHMs are 

comparatively broader than the ZnO single crystal because distribution of the ZnO 

particle size in PZHMs are rather broader (SD=0.41) than single crystal itself. It is 

obvious that the PZHMs prepared by the in situ sol-gel process offer very important 

advantageous features over the conventional processes for UV sheltering 

nanocomposites.  

Figure 13 shows the importance of r the UV-sheltering effect. The intensity of UV 

absorbance of the hybrid materials increased linearly as r increased (Fig. 13b), which 

support the conclusion that MEA acts as a coupling agent between ZnO nanoparticles 

and PMMA matrix.  

3.1.6 Theoretical Models for the Calculation of Particle Size 

The particle size can be calculated by the effective mass model. 65 , 66  The 

relationship between the band gap, E*, and the particle size can be deduced from the 

effective mass model for spherical particles with a coulomb interaction term. E* is 

approximated by: 
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2 00
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* −++≅     (3) 

where Eg
bulk is the bulk band gap, ћ is the Planck’s constant divided by 2π, r is the 

particle radius, me is the effective mass of electrons, mh is the effective mass of the 

holes, m0 is the free electron mass, e is the charge on an electron, ε0 is the permittivity 

of free space and ε is the relative permittivity. Since the effective mass of electrons 

and holes in ZnO nanoparticles are comparatively minute (me = 0.24, mh = 0.45),66 the 

band gap enlargements can be only observed when particles are in the quantum 

regime (less than 10 nm).67 The mean diameters of ZnO particles in PZHM are 4.0 ± 

0.2 nm that are calculated from Eq. 3 with the onset values of the absorbance spectra 

of PZHMs, ranged between 357-363 nm, as shown in Table 1. The quantum sized 

ZnO nanocrystals are in good agreement with HRTEM images as shown in Fig. 6. 

The λ1/2 levels off at approximately 365 nm after the ZnO nanoparticles reach a 

diameter of 6 nm. This indicates that quantum confinement and its effect on the UV 

absorption onset are only present in smaller particles.68 
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Table 1. Calculated average diameter of ZnO QDs in PZHMs based on effective mass model 

ZnO content (wt %) 0.017 0.026 0.040 0.050 0.110 
Onset λ (nm) 363 357 357 353 357 

Average diameter (nm) 4.16 3.89 3.89 3.73 3.89 

We can also calculate the particle size by using Meulenkamp equation. 69 

According to the experimental relationship between the average diameter and the 

absorption shoulder (λ1/2) of the ZnO nanoparticle colloids, the particle sizes can be 

calculated based on the following calibrated equation. 

DD /09.1/07.294301.3/1240 2
2/1 ++=λ              (4) 

where λ1/2 is the wavelength at which the absorption is 50% of the excitonic peak or 

shoulder, D is the particle diameter (λ1/2 in nm, diameter in Å).  

By using Eq. 4, the average diameters of ZnO nanoparticles in the hybrid materials 

with different content of ZnO can be obtained and the results are shown in Table 2. 

The mean diameters of ZnO particles in PZHM are 4.6 ± 0.5 nm. The particle size 

calculated by Meulenkamp equation is in agreement with previous results. 

Table 2. Calculated average diameter of ZnO QDs in PZHMs based on Meulenkamp equation 

ZnO content (wt %) 0.017 0.026 0.040 0.050 0.110 
λ1/2 (nm) 361 357 356 356 355 

Average diameter (nm) 5.11 4.46 4.33 4.33 4.21 
 

3.2 NM Surfaces and Enhanced Boiling Effects 

3.2.1 NM Surfaces 

Figure 14 shows that the surfaces of the test samples are greatly improved by 

polishing process. Large amount of grooves on the unpolished surfaces (Fig. 14ab) 

can not be observed in the polished surfaces (Fig. 14cd). These images showed that 

surface polishing is important to give a standard surface condition before 

electrodeposition process. 
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The roughness test by Talystep step height measurement shows a result of around 

78 Å RMS roughness after polishing 5 min by 1 µm diamond paste. 

Figure 15a-b shows representative SEM images of micro-porous surface structured 

with dendritic network of copper nanoparticles created by direct electrodeposition. 

Detailed micro-structure analysis by TEM (Fig. 16c-d) shows the dendritic branches 

comprise nano-sized grains between 10-20 nm. 

  

Figure 14. Optical and SE Microscopy images of (a,b) unpolished, (c,d) polished surfaces of test objects 

respectively 

 

a b

c d

a b
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Figure 15. a, b) Typical SEM images of Cu sample surfaces showing the dendritic growth of Cu into 

micro-porous structures after electrodepositon. c, d) TEM images of dendritic Cu (deposition) scratched 

from the surface produced by electrodeposition 

 

XRD analysis shows a high crystallinity of the deposits and no obvious peak for 

oxide is found, which is due to high acidity of the electrolyte during the 

electrodeposition process that favors the Cu reduction (Fig. 16). 

As proposed earlier in Chapter 1.2.4, hydrogen bubbles generated on the cathode 

prevent Cu deposition on the locations of the bubble formation. The bubbles coalesce 

as they rise from the surface, resulting in formation of micro-porous structures that are 

created from the Cu deposition around the bubbles, as shown in Fig. 17. The 

structures are connected to form tunnels for the escape of the bubbles. 

Further investigation is conducted on the key factors, such as time, electrolyte 

concentration, surface roughness and current density for the structures of the NM 

surfaces. 
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Figure 16. XRD image of copper(deposition) powders scratched from the substrate showing high 

crystallinity of the deposits 
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The duration of the electrodeposition process is a key factor of the surface 

morphology and surface layer structure, which is directly related to the deposition 

amount, thickness, and pore size. Thickness is a function of time and the pore size of 

the uppermost layer as well as the deposition amount is a function of the thickness, as 

shown in Fig. 18. However, when deposition time is above certain value, multilayer 

structures are observed, as shown in Fig. 19. The micro-porous structures are highly 

cross linked and dendritic structure with different size of pores in different layers is 

formed. Thus a much higher porosity of about 95% is obtained for the copper layer 

compared to normal enhanced porous surfaces (50-70%).  

The effect of electrolyte concentration is also investigated. The acidity shows little 

 

Figure 17. Overview of the electrodeposition process 
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effect on the final morphology but the concentration of Cu2+ greatly influences the 

structures in a way similar to reports by Shin et al.52 Moreover, the presence of 

surfactants such as SDS results in the formation of non-ordered porous structure 

because it affects the bubble coalescence. 

Surface roughness of the uncoated Cu plate seems not to be a critical factor for the 

dendritic formation. Using plain machine roughened flat surface, dendritic porous 

structure can also be obtained. 

During the electrodeposition, the competition between hydrogen coalescence and 

metal deposition is critical to the final porous structure. In low current density, a dense 

Cu layer is formed due to a decrease in the amount of gas generated. At increasing 

current density, an increasing number of “cavities” are formed which results in a 

simultaneous increase of bubble population, bubble frequency and tendency to 

coalesce.70 However, an upper limit of current density also exists to the formation of 

NM structure due to the film electrolysis.71 Therefore, the faradaic efficiency of the 

electrodeposition process is kept around 30%. Depending on the orientation of the 

mass transfer, the suitable range of current density to form such NM structure also 

varies. When the cathode is facing down, hydrogen bubble generated on the cathode 

can not escape readily. Thus bubble coalescence is in favor compared to cathode 

facing-up resulting in a need of smaller current density to form such NM structure. 

  
Figure 19. SEM images of deposits from topview and sideview showing multilayer structures 
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In order to enhance the stability of the deposited structure, the NM surfaces are 

annealed under reducing conditions. After annealing, the macro-scale structure 

remains unchanged (pore size, thickness), but sub-micron related features of the 

structure change due to the growth of the grain size of the dendritic branches, as 

shown in Fig. 20. 

 3.2.2 Enhanced Boiling Effects 

Figure 20. SEM images of non-annealed and annealed surfaces 
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3.2.2.1 Pool Boiling Enhancement 

  Pool boiling tests, using R134a as fluid, have shown that assembled NM surfaces 

dramatically enhance the boiling heat transfer performance. Experimental results 

reported in Fig. 21 show the HTC vs. heat flux of six surfaces with different thickness 

of the NM structure (50-250µm), one 180µm thick NM structure that has been 

annealed, and one plain copper reference surface (polished with 240 p, emery paper). 

Improvement of up to 15 times of the heat transfer coefficient (at 1 W/cm2) compared 

to the reference surface has been recorded.  

 

   
Figure 22, 23. Schematic macro and micro view of bubble growth 
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3.2.2.2 A Model for Explanation of the Boiling Enhancement 

Experimental results presented in this work indicate that micro-layer evaporation 

formed by an oscillating vapor-liquid meniscus front with low resistance vapor 

transport through escape channels is mainly responsible for the remarkable heat 

transfer performance of the NM structure. The proposed mechanism is illustrated in a 

macro-view in Fig. 22 and a micro-view in Fig. 23.  

Macro-view: 

The vapor-liquid interface is advancing through the structure, as the vapor pressure 

inside the vapor volume increases (Fig. 22a). After the radius of curvature of the 

forming bubble at the top of the escape channel, rbubble, has reached its minimum, 

(maximum vapor pressure) vapor starts pouring into the bubble resulting in rapid 

bubble growth and a receding vapor-liquid interface in the NM structure (Fig. 22b). 

Buoyancy forces cause the bubble to depart, leaving some of the vapor in the structure, 

and new liquid is sucked in through the vapor escape channel and the porous structure 

walls where the process restarts (Fig. 22c). 

Micro-view: 

In pool boiling over plain surfaces, micro-layer evaporation has recently been 

verified to contribute around 23%-54% (depending on constant heat flux or wall temp 

conditions) of the total heat transfer,72,73 despite the limited area of the liquid layer 

that can form under a growing bubble on a plain surface. The potential for effective 

micro-layer evaporation is much greater than over a plain surface, since a larger area 

of liquid micro-layer can form on the nanodendritic branches, as the liquid-vapor 

meniscus advances into the NM structure (Fig. 23). The micro-layer is rapidly 

evaporating, growing the vapor volume and advancing the liquid front further. The 

low thermal resistance of the micro-layer facilitates a very high evaporation rate at 

minimum liquid superheat. Micro-layer formation in enhanced structures with an 

accompanied effective heat transfer has been verified visually in several studies74,75 

and has often been attributed as the dominant heat transfer mechanism. The thickness 

of the liquid layer varies with fluid, structural properties and heat flux, but is typically 
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in the region of a few micrometers for plain76 and enhanced structures.77 

Verification of the model: 

  For the 50, 80 and 115µm thick NM structures, thicker structure of the porous layer 

yields better performance, as shown in Fig. 21. The thicker structure features a larger 

interfacial area covered with the liquid micro-layer that is left on the branched 

structure behind the advancing liquid-vapor meniscus, resulting in higher heat transfer 

rates. Micro-layer evaporation can only take place within the superheated thermal 

boundary layer (Fig. 23), the thickness of which is estimated with steady-state 

conduction through the NM wall according to the approximation suggested by 

Zuber78:  

convection

structuresatwall
structure hq

TT λλδ =
−

⋅=
&

                  (5) 

where the thermal conductivity of the structure, λstructure, is used, instead of the 

thermal conductivity for the liquid which is used for a plain surface. The thermal 

conductivity of the structure is estimated to be inversely proportional to the porosity 

of the porous structure (98%) and is calculated to be 8 Wm-1K-1 (λcopper=400 

Wm-1K-1).79 With values of hconvection from Fig. 21, the thermal boundary layer 

thickness is calculated to 120-180µm in the high heat flux region. Additional height of 

the structure increases the hydraulic resistance to the oscillating vapor front and the 

incoming liquid and therefore slightly inhibits the boiling performance,80 hence the 

positive relationship between structure thickness and performance only exists up to a 

thickness of 115 µm after which thicker structures yield worse performance, as 

confirmed in Fig. 21. 

    The annealing treatment causes the dendritic grains to grow whereby it changes 

two features of the NM structure: a decrease of the interfacial area and an increase of 

thermal conductivity of the structure walls. Higher thermal conductivity, due to 

increased grain size and reduced porosity, leads to higher liquid temperature in the 

structure, resulting in enhanced evaporation at the advancing vapor-liquid meniscus. 

However, the removal of the nano roughness of the annealed structure followed by a 

decrease in interfacial area results in a smaller area covered in an evaporating 
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micro-layer after each oscillation of the vapor-liquid meniscus in comparison with the 

non-annealed structure with nano-scale features. Hence, the performance of annealed 

structure on nucleation boiling is dependent on the type of mechanism that is 

dominant. Thus, non-annealed structure shows better performance than annealed 

structure mainly due to the large interfacial area between the evaporating micro-layer 

and nanodendritic branches in the high heat flux region. 

  Figure 21 shows that a greater thickness leads to a better boiling performance at 

low heat flux for the non–annealed structure, which can be explained by the increase 

of the total interfacial area with increasing thickness. The extraordinary performance 

of the annealed surface is therefore mainly ascribed to the increased thermal 

conductivity of the structure, which leads to higher temperature in the structure 

resulting in more effective micro-layer evaporation. At higher heat fluxes, the relative 

effect of the increased thermal conductivity for the annealed surface is off-set by the 

decrease in interfacial area and the removal of the nano-roughness, as seen above. 

   Hence, the remarkable heat transfer performance of the NM surface is mainly 

attributed to two structural characteristics. Firstly, the size of nano-scale grains with 

large interfacial area, facilitating formation of large area of a liquid micro-layer, and 

secondly, a large number of well-suited vertical micro-scale channels, providing low 

impedance escape routs for the growing vapor bubbles. The vertical channels formed 

by the electrodeposition process with the template of hydrogen evolution have a 

geometrical form that is well-suited for vapor transportation, since the tunnel diameter 

is increasing with distance from the substrate surface, leaving enough space for the 

growing bubble. 
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4 Conclusion 

In conclusion, nanotechnology has been successfully applied to engineer the 

materials both in the form of bulk nanocomposites and of nanostructured surfaces and 

therefore renders these materials novel or enhanced functionality.   

In the first part of the thesis, bulk polymer-inorganic nanocomposites composed of 

PMMA and zinc compounds has been prepared by a novel method involving in situ 

sol-gel transition polymerization of zinc complex in PMMA matrix. The immiscibility 

of heterophases of solid organic and inorganic constituents was resolved by the in situ 

sol-gel transition polymerization of ZnO nanofillers within PMMA in the presence of 

dual functional agent, monoethanolamine, which provided strong secondary 

interfacial interactions for both complexing and crosslinking of constituents. 

Comprehensive characterization of the polymer-inorganic hybrid materials has been 

undertaken using a wide range of techniques; XRD, 1H NMR, FT-IR, TGA, DSC, 

UV-Vis, ED, SEM, TEM and HRTEM. The homogeneous PMMA-ZnO 

nanocomposites exhibited enhanced UV-sheltering effects in the entire UV range even 

at very low ZnO content of 0.02 wt%. Moreover, the particle size of incorporated ZnO 

calculated from the effective mass model was close to the results obtained from 

HRTEM. The synthesis method developed in course of this work can be used for the 

fabrication of different polymer-inorganic transparent nanocomposites with other 

functionalities.  

In the second part of the thesis, we have studied a method for the fabrication of 

micro-porous surface layer – made of copper nanoparticles – on the surface of copper 

plates (suitable for heat exchangers). The micro-porous surfaces were formed from 

dendritic network of copper nanoparticles obtained by electrodeposition from solution 

using dynamic bubble formation and removal as template. The surface layer 

engineered and its structures were optimized in order to enhance the boiling heat 

transfer coefficient. To further optimize the dendritic structure, additional annealing 

step was introduce and its effect on the surface layer structure and properties were 

investigated.  

The properties of the deposited nanostructured micro-porous structures have been 
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investigated (using several characterisation methods) and its effect on the 

enhancement of the heart transfer coefficient has been studied. The fabricated 

enhanced surface has shown an excellent performance in nucleate boiling. Pool 

boiling tests were performed on refrigerant fluids (R134a) to evaluate the boiling 

performance of the electrodeposited nanostructured micro-porous structures. At heat 

flux of 1 W/cm2, the heat transfer coefficient is enhanced over 15 times compared to a 

plain reference surface. A model has been presented to explain the enhancement based 

on the structure characteristics. 

Future work 
  For PZHMs, more optical properties are to be investigated such as 

photoluminescence properties, non-linear optical properties, etc. The mechanism of 

the in situ sol-gel polymerization process can be better understood and theoretical 

calculations can be done regarding the modified band gap of ZnO QDs. The in situ 

sol-gel polymerization method first introduced in this thesis can be employed in the 

synthesis of other nanocomposites and hybrid materials. Mechanical properties of 

polymers are always improved by incorporating ceramic inorganic phases. Therefore, 

several tests such as nano-indentation are to be done on PZHMs to study the 

mechanical properties. Other important applications of nanocomposites involve 

electrical conductivity, gas permeation, magnetic properties, etc.  It is therefore 

important to prepare several nanocomposites with different filler (such as Fe-oxides, 

ferrites, Al2O3, etc.) and evaluate the performance of these materials in different 

applications.  

 

For nanostructured micro-porous surfaces, the model of the surface enhancement 

by NM surfaces can be improved based on more supporting results. The optimization 

of the fabrication process with respect to heat transfer applications can be further 

investigated. The dynamic bubble behavior during both electrodeposition process and 

pool boiling tests should be investigated in detail. Scaling up of the electrodeposition 

process on big heat exchanger surfaces should be realized for future industry 

applications.  
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